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a b s t r a c t
In the present study, two special characteristics of “constant capacity” of thermal vapour compres-
sion (TVC) have been revealed and the advantage the adjustable TVC is researched based on the 
aerodynamic theory. And the spectrum features of critical mode transferring features under differ-
ent condition of the adjustable TVC is obtained. The results indicate that the adjustable TVC can 
always operates on the optimal critical state based on combined regulation with varying primary 
pressure under different primary nozzle opening, which enlarges the range of stable operating con-
dition of the TVC. In critical mode, the flow characteristics has strong similarity and the suction flow 
shows strong characteristics of “constant capacity”. In the range of throat opening ψ from 80% to 
120%, the adjustable TVC can promote the performance with entrainment ratio increasing 195.6% 
mean while the efficiency improving 148.7% in subcritical mode, and the entrainment ratio and 
efficiency improving 29.6% and 24.6%, respectively in critical mode.

Keywords: �Desalination; Adjustable thermal vapor compressor; Critical mode; Transferring character-
istics; Qualitative and quantitative combined regulation

1. Introduction

Energy crisis which is combined with the environmental 
problems such as climate change and global warming issues 
caused by greenhouse gas emission [1], and freshwater crisis 
which means more than 1.2 billion people, or about one-fifth 
of the world’s population lives in areas of physical scarcity, 
meanwhile another 1.6 billion people, or almost one quar-
ter of the world’s population face economic water shortage 
by the year 2030 [2], are two important and critical issues 
all over the globe in 21st century and beyond. The utiliza-
tion of renewable energy, nuclear energy and waste thermal 
energy which should be recovered in the thermodynamic 

system to achieve high efficiency, will play key role in help-
ing mankind overcome the energy crisis in the history of 
“Carbon Peak” and “Carbon Neutrality” [3]. And seawa-
ter desalination, as an energy consuming process, should 
combine with renewable energy, nuclear energy and waste 
heat energy extensively for sustainable development in the 
future, to help the water-scarce  countries  and  regions sur-
viving the freshwater crisis [4–6].

The two main types of modern desalination techniques 
adopted around the world are thermal and membrane tech-
nologies. Many early desalination projects developed in the 
1940s used thermal desalination, mainly including multi-
stage flash (MSF) and multi-effect distillation (MED), and 
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are still the dominant desalination technology in the Middle 
East. Membrane technologies were developed in the 1960s, 
among which reverse osmosis (RO) is by far the most dom-
inant process, and at present constitute 84% of total num-
ber of operational desalination plants, producing 69% of 
total global desalinated water [7]. Among various seawater 
desalination technologies, MED operating at low tempera-
ture, especially large capacity unit combined with thermal 
vapour compression (TVC), shows strong competitiveness 
and has sharp increase in the market in terms of contracted 
capacities in Gulf countries and South-East Asia, occupied 
about 35.9% of total capacity by 9.4% portion of plant num-
ber in China [8]. With the development of new technologies 
such as process controlling technology of small tempera-
ture difference heat transfer [9], preheating optimization 
technology [10], hybridization technology with other ther-
mally driven cycles such as adsorption or absorption cycle 
[11,12], pre-treatment technology with nanofiltration (NF) 
[13], combination technologies with renewable energy such 
as solar and geothermal energy [14,15], recovery technol-
ogy of waste heat [6,16–18] and new technologies of nuclear 
desalination [19–21], MED will reinforce its development 
rapidly in the future, with much higher GOR (Gain output 
ratio) which can increase to 20, much broader operating 
temperature with the lowest operating temperature dipping 
to 10°C, lower specific power consumption below 6  kWh/
m3 which can compare to RO and larger scale more than 
15 MIGD [4,22,23].

As shown in Fig. 1, in the MED-TVC systems, the TVC 
works as a vapor compressor, which recycles low-pressure 
vapour from the rear effect of evaporator to gain steam 
with suitable pressure entering the first effect evaporator to 
decrease the consumption of high-pressure motive steam, 
maximized the GOR. In the MED-TVC system, the TVC is 
an essential part that governs the overall process, so the 
thermodynamic state of the steam and the position of TVC 

in a MED desalination plant will affect its performance 
significantly. Several researchers modelled the MED-TVC 
system performance to investigate the effects of location of 
TVC and operating parameters on the GOR, specific energy 
consumption, specific heat transfer area and specific cooling 
seawater [25–39].

Faisal compared different vapor compression technol-
ogies in a single-effect evaporator desalination system, the 
results showed that the performance of the TVC system 
increases at higher motive steam pressures, with higher 
GOR, lower specific heat transfer area and specific cool-
ing seawater [24]. The effects of suction position of TVC 
were investigated by Kouhikamali et al. [25], Al-Mutaz and 
Wazeer [26], Zhou et al. [27], Khalid et al. [28] and Delgado 
et al. [29], respectively. The common results show that the 
highest GOR can be obtained when TVC is set near the mid-
dle effect of evaporator. And the optimum location of TVC 
varies with the top brine temperature (TBT) increasing [26]. 
The specific heat transfer area decreases with the suction 
pressure increasing when the position of TVC moves for-
ward corresponding to higher entrainment ratio of TVC 
[25–27], but Khalid et al. [28] research found that the bene-
fit of higher entrainment ratio of TVC might be neutralized 
when the heat transfer coefficient drops obviously with the 
boiling temperature decreasing in each evaporator, and at 
the same time the specific heat transfer area is also affected 
by the thermodynamic losses in the MED system [29]. The 
common conclusions for the influence of TBT exhibit that 
the specific heat transfer area decreases with the increas-
ing of TBT mainly because of the raise of heat transfer 
temperature difference, while the decreasing trend slows 
down due to the reduction of the entrainment ratio of TVC 
and the potential increasing of the thermodynamic losses 
caused by the raise of boiling temperature [28,30]. The dif-
ferent conclusions show that the thermodynamic losses 
caused by boiling point elevation, pressure drops within 

 
Fig. 1. Schematic diagram of MED-TVC system.
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the tube bundle, demister and tubes, and losses associated 
with condensation in the tube in addition to non-equilib-
rium allowance should be considered carefully during the 
small temperature difference heat transfer process in the 
MED-TVC system [9]. The specific cooling seawater is also 
affected by the performance of TVC remarkably, and results 
show that it has a lower value at the optimum location of 
TVC [27,28]; but the influence of TBT on it is more distin-
guished when the compression ratio (the ratio of discharg-
ing pressure and the suction pressure) of the TVC occupies 
a high value, owning a dramatically drop with the decrease 
of TBT due to the increase of the entrainment ratio; how-
ever, when the compression ratio becomes much lower, the 
benefit of the TVC on the specific cooling seawater fade 
gradually until disappeared [28], similar with the trend of 
traditional MED system simulated by El-Dessouky et al. 
[31]. This character further verifies the conclusion drawn 
by Amer [32], the optimal ranges of compression and 
entrainment ratios are between 1.81 to 3.68 and 0.73 to 1.65 
for MED-TVC system with 4–12 effects.

However, the influences of motive pressure on perfor-
mance of the MED-TVC system are controversial. For the 
design methodology, GOR increases with the raise of motive 
pressure as the entrainment ratio increases correspondingly 
and more low pressure steam is recycled in the MED-TVC 
system [24,27,28,30,33], but the research of Al-Mutaz and 
Wazeer [26], Elsayed et al. [34], Kamali et al. [35] show that 
the increasing trend of GOR declines when the motive pres-
sure rise to a certain value, after that the GOR keeps a nearly 
constant value. Different developing trend was reported by 
Khalid et al. [28], in their research GOR increases firstly and 
then decreases with the motive pressure increasing, which 
means for a MED-TVC system with the TVC located in its 
optimum position, the operating motive steam pressure 
has an optimal value. While for off-design analysis, Kamali 
et al. [35] pointed that GOR increases firstly to the design 
point and then decreases when the production load varies 
from 80% to 120% with the increasing of the motive pres-
sure of TVC. The different conclusions above are mainly 
caused by the different prediction method for the TVC.

Some researches have also investigated the exergy effi-
ciency or exergy destruction of the MED-TVC system based 
on the second-law of thermodynamics [27,30,33,34,36,37]. 
The results show that usually the higher entrainment ratio 
responds to a greater GOR and relatively lower specific 
exergy losses for a designed MED-TVC in which the posi-
tion of TVC is fixed [33,36]. But for the varying motive steam 
pressure condition, the exergy destruction will increase sig-
nificantly corresponding to decreasing of the exergy effi-
ciency, with the raising of motive steam pressure [29,30,34], 
even though the specific heat consumption drops mean-
while [26,30]. Generally, more than 70% of exergy destruc-
tions are caused by the TVC and evaporators in the low 
temperature MED-TVC system, among which the TVC 
occupies the highest portion [27,30,34,36]. It is the key tech-
nical requirement in the MED-TVC desalination technology, 
how to make the TVC working at optimal performance with 
high entrainment ratio and exergy efficiency in the eco-
nomical range of motive steam pressure, especially in the 
dual-purpose plants [23,29,38].

As suggested by El-Dessouky et al. [39], the TVC should 
be designed or operated under critical conditions to allow 
normal and stable operation of MED-TVC system. Fig. 2 
shows three different operational modes of TVC depend-
ing on the primary pressure, which are back flow, subcrit-
ical mode and critical mode respectively [40]. The primary 
mass flow rate increases with the primary pressure in all 
the three modes. In contrast, the variation trend of second-
ary flow is different in each mode: in the back flow mode 
(0  –  Pme), there is no suction mass flow and when the pri-
mary pressure reaches above Pme the TVC starts to work. In 
the subcritical mode (Pme  –  Pmc), the suction flow increases 
strongly and reaches its highest value at the transition point 
to the critical mode, where the entrainment ratio also reaches 
the optimal value. When the primary pressure higher than 
Pmc (Pm  ≥  Pmc), the TVC operates in critical mode, which is 
more stable than the other two modes. In the critical mode, 
the suction flow rate decreases firstly and then remains 
quite constantly in the high primary pressure regions.

The performances of the TVC in critical mode with 
varying primary pressure have been revealed by several 
researchers by experimental or simulation research with 
different fluid and structure of TVC. Researches of Sun [41], 
Engelbracht et al. [42], Wang et al. [43], Ruangtrakoon and 
Thongtip [44] and Yan and Cai [45] found that in the critical 
model the entrainment ratio decreases with the increasing 
of the primary pressure, but the suction flow rate decreases 
more obviously when the primary fluid is ideal gas and 
the decreasing trend diminishes slightly or even the suc-
tion flow rate keeps nearly constant when the primary fluid 
is real gas. The difference is also pointed by Besagni et al. 
[46] with explanation of supersonic or subsonic states in 
critical mode. Tang et al. [47] and Han et al. [48] found the 
entrainment ratio decreasing trend is affected by the effec-
tive flow area of suction flow, which reduces slightly with 
the increasing of primary pressure in critical mode.

The influence of the primary pressure on performance 
of TVC in critical mode is also investigated for adjustable 
TVC. Yapıcı et al. [49] experiment results show that the 
entrainment ratio of TVC increases sharply in subcritical 

 

Fig. 2. TVC characteristics in different operating modes.
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mode and decreases obviously in critical mode with the 
increasing of the primary pressure under different area 
ratios. Yen et al. [50] and Chen et al. [51] experiment results 
show that in critical mode the suction flow rate decreases 
slightly with the increasing primary pressure under differ-
ent throat openings of primary nozzle but the optimal value 
of the TVC increases on the same time. Li et al. [52] found 
that the entrainment ratio of the adjustable TVC has an expo-
nential relation with the primary pressure under different 
area ratios. Gu et al. [53] invented an auto-tuning area ratio 
TVC equipped with a bellows-driven spindle to enhance the 
performance of MED-TVC desalination system, and their 
research found that the auto-tuning area ratio TVC has the 
capacity to enhance performance up to 1.88 times compared 
with fixed structure TVC with varying primary pressure.

Generally, in the MED-TVC or other thermodynamic 
systems, the fixed structure TVC has only one optimum 
operating point, so the TVC should be designed at the oper-
ating conditions accurately to match the system. Deviations 
from the design point mostly result in a reduced efficiency 
for the TVC and the system. Thus, adjustable TVC has been 
usually applied to fit for variable operating conditions of 
desalination systems [54–56]. So accurate prediction of the 
adjustable TVC performance with different steam parame-
ters, especially investigating the effect of motive steam pres-
sure on the entrainment ratio of adjustable TVC are very 
significant for the optimization of the MED-TVC system.

In this paper, based on aerodynamics theory, the per-
formance prediction model of adjustable TVC has been pre-
sented. The model gives the variation of the performance of 
TVC as a function of the primary pressure for different area 
values of throat, and provides a foundation for the research 
of characteristics for adjustable TVC in subcritical and crit-
ical mode. Base on the study, two special characteristics 
of “constant capacity” of TVC have been revealed and the 
advantage the adjustable TVC is researched based on the 
aerodynamic theory. The combined regulation, qualitative 
and quantitative combined regulation with varying primary 
pressure under different primary nozzle opening has been 
analysed. And the spectrum features of critical mode trans-
ferring features under different condition of the adjustable 
TVC is obtained. Based on which, the necessary for the uti-
lization of the adjustable TVC in the MED-TVC system and 
the controlling principle for the adjustable TVC have been 
researched.

2. Mathematical modelling for adjustable TVC

2.1. Operating mechanism of adjustable TVC

As shown in Fig. 3, an adjustable TVC construction com-
prises four distinct parts: a convergent divergent primary 
nozzle with a removable axial spindle, a suction chamber, 
a mixing chamber attached to a constant area duct and a 
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Fig. 3. Structure diagram of the adjustable TVC construction and analysis model.
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diffuser. The adjustable TVC employs an adjustment spin-
dle, which axially extends into the primary steam nozzle, 
and is actuated either manually or by an electric positioner. 
Different from the traditional fixed structure TVC, in which 
the flow regulation only by adjusting the working pres-
sure that named as qualitative regulation, in the adjustable 
TVC, the flow regulation can accomplish through adjust-
ing the primary nozzle throat area by moving the position 
of the spindle which results in the mass flow rate chang-
ing of primary fluid at the same pressure named as quan-
titative regulation [57]. As the performance of the TVC is 
greatly affected by the area ratio (AR) of the constant area 
section of mixing chamber to primary nozzle throat and pri-
mary nozzle exit cross section to throat, when the primary 
nozzle throat area varies the entrainment ratio and critical 
discharging pressure will change correspondingly. And it 
makes the adjustable TVC more competitive that the adjust-
able TVC can always work at its critical operating points by 
adjusting the primary nozzle throat combined with vary-
ing operating conditions, which means that the adjustable 
TVC can always operate at higher efficiency under different  
condition.

2.2. Mathematical model for adjustable TVC

The general governing equations for the adjustable TVC 
is mainly same as the traditional fixed structure ejector. The 
semi-empirical calculation method for ejector is used to 
describe the performance of the ejector [55,57], in which it 
assumed that the mixing of primary flow and suction flow 
begins from the entrance of the mixing chamber. Base on 
the assumption, the momentum and mass flow equations 
can be written as follows:

� � � �2 2 2 3 2 2 2 2G + G G + G = f  P P + f  P Pm m s s m s m 3 m s 3 s� � � � � �� � �� � 		
	 (1)

The mass flow rate equation can be written as follows:

G G G G ud m s m= + = +( )1 	 (2)

where the entrainment ratio u is calculated as follows:

u
G
G

s

m

= 	 (3)

In Eqs. (1)–(3), as shown in Fig. 2, subscript 1 denotes the 
outlet section of the primary nozzle, while 2 and 3 denote 
the entrance and outlet section of the mixing chamber 
respectively. ωm2, ωs2 are velocity of primary flow and suc-
tion flow at the entrance of the mixing chamber; ω3 is the 
velocity of mixing flow at the outlet of the mixing chamber; 
Pm2, Ps2 are the static pressure of primary flow and suction 
flow at the entrance of mixing chamber; P3 is the static pres-
sure of mixing flow at the outlet of the mixing chamber; 
fm2, fs2 are the circulate area of the primary flow and suction 
flow at the entrance of the mixing chamber; φ2 is the veloc-
ity efficiency of the mixing chamber and the value of φ is 
always below 1 considering the friction loss.

The static pressure of primary flow and suction flow at 
the entrance of mixing chamber Pm2, Ps2 and the static pres-
sure of mixing flow at the outlet of the mixing chamber 
P3 can be calculated as follows:
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where Π refers the relative pressure, which is the ratio of the 
local static pressure to the stagnation pressure at the calcu-
lated section, calculated as follows
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In Eq. (1), ωm2, ωs2 can be calculated as follows
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As the similar, ωs2 and ω3 can be calculated as follows

ω ϕ λs s sa2 4 2= * 	 (9)

ω
ϕ
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3
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d
* 	 (10)

φ1, φ3, φ4 are the velocity efficiency for primary nozzle, 
diffuser and mixing chamber entrance respectively. And 
a* denotes the critical velocity of the calculated section, 
λ is the equivalent isentropic velocity.

Based on the aerodynamic theory, the critical flow section 
area can be calculated as follows:

f
k P*

*

*

=
Ga
Π 0

	 (11)

So the flow section area everywhere can be calculated as 
follows:

f
f
q

= * 	 (12)

where q is the calculated mass flow velocity, which can be 
calculated as follows:

q
a

=
ωρ

ρ* *

	 (13)
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In which ρ* is the critical density at the critical velocity.
And so fm2 and fs2 in the Eq. (1) can be calculated as follows:

f
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where qm2 = qms and qm2, qs2 denote the calculated mass flow 
velocity for primary fluid and suction fluid in section 2 
(the entrance section of the mixing chamber) respectively.

In the mixing chamber, the circulate areas have the fol-
lowing relation equation,
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where qd3 is the calculated mass flow velocity for dis-
charging flow in section 3 (the outlet section of the mixing 
chamber).

Based on Eqs. (1)–(16), the general calculation equa-
tions for the TVC can be conducted as follows:
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where K1 and K2 are the velocity coefficient for primary flow 
and suction flow. And K1, K2, K3 and K4 can be calculated 
as follows:

K1 1 2 3= ϕ ϕ ϕ 	 (18)
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Based on Eq. (17), the entrainment ratio u can be calcu-
lated without the geometry parameters, and the equation is 
the basic equation for the designing of the TVC. While for 
calculating the performance of the TVC with given struc-
ture, the calculating equation should be given in another 
expression.

With the changing of the primary nozzle throat area, 
the mass flow rate will change at the same time. So in the 

model for the adjustable TVC, the mass flow rate of the pri-
mary fluid with different nozzle throat area can be calculated 
as follows:

G
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where fm* is the section area of the primary nozzle.
Based on the aerodynamic theory of TVC, the chang-

ing of adjustable TVC performance is described by altering 
of the ratio of primary nozzle exit section to throat and the 
area ratio of mixing chamber section to the primary nozzle 
throat. Different from the model in literature [55], the rela-
tionship equation of suction pressure and primary pressure 
in literature [57], which is conducted in the model to predict 
the performance of TVC in subcritical mode with variable 
suction pressure and primary pressure under fixed discharg-
ing pressure.
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2.3. Calculation method for the critical model of TVC

As shown in Fig. 3, the TVC device usually operates 
in three critical modes, when the choking happens in the 
mixing chamber. The first critical mode occurs when the 
velocity of the suction flow reaches to the critical value at 
the entrance of the mixing chamber, and the second critical 
mode occurs at the position of X where the velocity of the 
suction flow reaches to the critical value in the mixing cham-
ber, and the third critical mode occurs when the velocity of 
the discharge flow reaches to the critical value at the outlet 
of the mixing chamber. And in the three different work-
ing modes, the three different critical entrainment ratios 
are calculated as following [55,57],
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where θ = =
T
T
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s

m
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2

2
. qmX denotes the calculated mass flow 

velocity for primary fluid at the section X where the sec-
ond critical state occurs in the mixing tube. And (uпm)1, 
(uпm)2 and (uпm)3 are the first critical entrainment ratio, 
the second entrainment ratio and the third entrainment 
ratio respectively.
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2.4. Prediction method for variable condition characteristics 
of adjustable TVC

Based on the mathematical model built in section of 
2.2 and 2.3, the performance of TVC with variable operat-
ing condition and structure can be exactly predicted both 
in subcritical mode and critical mode. Fig. 4 shows the 
calculation flow chart of variable condition characteristics 
for adjustable TVC. To determine the performance charac-
teristics with varying primary pressure Pm, the combined 
performance with the suction pressure should be calcu-
lated firstly. Based on the definite value of operating con-
dition such as Pm, Tm, Pd, Ts and structure parameters fm*, fm1, 
f3, the performance of the TVC can be calculated through 
Eq. (23) to obtain the entrainment ratio u0 for different suc-
tion pressure Ps in subcritical mode. While the performance 
in three different critical modes (uпm)1, (uпm)2, (uпm)3 can be 
calculated through Eqs. (24)–(26), respectively. In every 
calculation step for Ps, select the minimum value of the 
entrainment ratio as the obtained parameter to match the 
subcritical or critical mode. The variable characteristics of 
the TVC for different suction pressure Ps can be calculated 
at a calculation step of Δu in the form of u, Gd, Td by the 
given Pm. The needed value for definite Ps can be calculated 
based on the interpolation method. Base on the calcula-
tion flow chart, the variable characteristics for different Pm 
can be obtained by varying the value. The variable condi-
tion characteristics of the adjustable TVC can be calculated 
by changing the throat area of the primary nozzle fm*.

3. Transferring characteristics of performance 
for adjustable TVC

3.1. Validation of the mathematical model

Based on the aerodynamic model proposed above, an 
adjustable steam TVC is designed in the paper, and its reg-
ulation principle and characteristics under different modes 
are simulated and analyzed. The design parameters of the 
TVC are as shown in Table 1.

Fig. 5 shows the performance characteristic curve of 
TVC with variable primary pressure. It reveals that the pre-
diction value is in good agreement with the design point, 
where the TVC has the best operating performance, indi-
cating the accuracy and reliability of the calculation model. 
Fig. 6 shows the comparison between the entrainment ratio 
in critical mode obtained by the calculation model and the 
experimental data by Chen and Sun [58] who has got the 
optimal critical entrainment ratios of the TVC with part 
of long cylindrical mixing chamber in the literature, and 
the result shows that the relative error is less than 5%, 
indicating that the calculation model has high prediction 
accuracy for critical mode.

3.2. Critical mode transferring characteristics with variable 
operating condition

As shown in Fig. 5, the entrainment ratio at the design 
point is the highest, indicating that the structure designed 
by the aerodynamic model is the optimal structure. When 
the primary pressure is lower than 0.55 MPa, the TVC oper-
ates in subcritical mode and the entrainment ratio decreases 

rapidly with the drop of primary pressure. When the pri-
mary pressure is higher than the design pressure, the TVC 
operates in critical mode, and the entrainment ratio decreases 
with the increase of primary pressure. As shown in Fig. 7, 
when adjusting the back pressure, the operating character-
istics of the TVC in critical mode has strong similarity and 
the critical entrainment ratio under different discharging 
pressure converges on a curve which is approximately expo-
nential relationship with the primary pressure. For different 
discharging pressure, the transition point has the optimal 
critical entrainment ratio, which is the maximum value of 
the critical entrainment ratio where the TVC performance 

Fig. 4. Calculation flow chart of variable condition characteristics 
for adjustable TVC.

Table 1
Design parameters of the TVC

Primary pressure Pm 0.55 MPa
Primary fluid temperature Tm 185°C
Suction pressure Ps 0.015 MPa
Suction fluid temperature Ts Saturated 

temperature
Discharging pressure Pd 0.028 MPa
Rated discharging flow rate Gd 50 t/h
Discharging flow rate regulation range Up to 120%
Primary nozzle throat diameter Dm* 102.65 mm
Primary nozzle outlet diameter Dm1 225.30 mm
Mixing chamber diameter D3 667.84 mm
Mixing chamber structure Cylindrical
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transfer from subcritical mode to critical mode being a 
unique value. With a lower discharging pressure, the optimal 
critical entrainment ratio has a higher value, and the primary 
pressure where the TVC reaches critical mode Pmc is lower. 
To be mentioned is that, as shown in Fig. 7, the entrainment 
ratio will drop obviously from critical mode to subcritical 
mode when the discharging pressure increases. But as the 
discharging pressure decreasing, two bifurcation trends will 
occur: when the TVC operates in critical mode, the entrain-
ment ratio keep constant with characteristics of “constant 
capacity”, but if the TVC operates in subcritical mode the 
TVC will transfer from subcritical mode to critical mode 
with increasing of the entrainment ratio.

In Fig. 8, another special characteristic of “constant 
capacity” has been revealed. Under different discharging 
pressure, the suction flow rate keeps a relatively stable value 
with slightly decrease in critical mode with the increasing of 
primary pressure mean while the suction and discharging 
pressure holding on a stable value ignoring the effect of the 

velocity, and all the suction flow rate in critical mode con-
verges on a curve. This is because the suction flow reaches 
critical state in the mixing chamber in critical mode. With 
the increase of primary pressure, the flow area occupied 
by the primary flow increases slightly, resulting in a slight 
decrease of the effective flow area for the suction flow. As 
shown in Fig. 8, when the discharging pressure decreases, 
the range in which the TVC can work steady increases sig-
nificantly. When the TVC transfers to subcritical mode due 
to the decrease of primary pressure, the suction performance 
will deteriorate rapidly, in this condition, the discharging 
pressure should be adjusted appropriately so that the TVC 
still operates in critical mode to maintain stable performance.

A remarkable trend is that the discharging flow rate in 
critical mode also converges on an approximately linear 
curve just like the suction flow, and the discharging flow 
rate in critical mode increases monotonically with the rise 
of primary pressure. Corresponding to Fig. 9, the lower dis-
charging pressure is conducive to keep more stable critical 
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performance and to maintain higher discharging flow rate, 
when the primary pressure decreases.

3.3. Critical mode transferring characteristics with variable 
structure

Different from the fixed structure TVC owning the best 
performance only under the design operating condition, the 
advantage of adjustable TVC is that it can make the TVC 
adapt to the change of the operating condition by adjusting 
the structure, which makes the adjustable TVC to obtain 
higher operating performance in a much wider working 
range.

Fig. 10 shows the regulation characteristics of the adjust-
able TVC under different primary nozzle throat open-
ing ψ, which is ratio of the primary nozzle throat area at 
the adjustment position to the primary nozzle throat area 
under the design structure. As shown in the figure, the 
performance transferring trend of the TVC under different 

primary nozzle throat opening ψ has good consistency, and 
the TVC with different structure all transfer from the sub-
critical mode to critical mode with the increasing of the pri-
mary pressure. The difference is that with the increasing of 
primary nozzle throat, the primary pressure at the critical 
transferring point where the operating mode transfers from 
subcritical mode to critical mode Pmc decreases, but the opti-
mal critical entrainment ratio under the structure is smaller 
with higher value of ψ. That is, the optimal critical entrain-
ment ratio increases with the increasing of the primary 
pressure, but under smaller primary nozzle throat.

Based on Fig. 10, when the TVC transfers from critical 
mode to subcritical mode due to the reduction of the pri-
mary pressure, by moving the adjustable spindle to increase 
the throat area of the primary nozzle, the adjustable TVC 
can still operates stably in critical mode with much higher 
performance. And when the primary pressure increases, 
the adjustable TVC can achieve a higher entrainment ratio 
in critical mode by reducing the primary nozzle throat. 
Which means the adjustable TVC can always keep best 
operating performance with highest entrainment ratio and 
efficiency. That is the adjustable TVC has a much wider 
operating range under critical mode.

As shown in Fig. 11, different from the fixed structure 
TVC, the suction flow rate in critical mode of the adjust-
able TVC is different under different primary nozzle throat 
opening, and the smaller throat opening ψ corresponds to 
a higher critical suction flow rate, which makes a higher 
entrainment ratio in critical mode under the smaller throat 
opening. This is because the suction flow reaches criti-
cal state in the mixing chamber in critical mode. With the 
reduction of the primary nozzle throat opening, the flow 
area occupied by the primary flow decreases slightly, result-
ing in the increasing of the effective flow area of the suction 
flow. This conclusion is consistent with the experimental 
results in literature [51]. A remarkable trend is that the 
adjustable TVC also has the special characteristics of “con-
stant capacity” under different throat opening ψ, which 
means the “constant capacity” in critical mode is a universal 
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law for TVC whatever the changing of operating condition 
or the changing of the structure.

Fig. 12 shows the characteristics of discharging flow rate, 
the total flow rate, under different throat opening ψ with 
the rising of primary pressure. With the increase of the pri-
mary nozzle throat area, the total flow rate grows obviously. 
According to Figs. 10 and 11, the operating range in critical 
mode enlarges with the increasing of throat opening. And 
the adjustable TVC can meet much higher total flow rate 
demand when the desalination system needs to improve 
the load of fresh water production. That is the adjustable 
TVC greatly improves the flexibility of load regulation in a 
much broader operating range.

Fig. 13 summarizes the transferring characteristics of 
critical mode for adjustable TVC under different throat 
opening with varying primary pressure and discharging 
pressure. As shown in the figure, the critical mode distribu-
tion characteristics of adjustable TVC has strong similarity 

under different throat opening. For the fixed nozzle throat 
opening, the critical entrainment ratio converges on a curve, 
which is approximately exponential relationship with the 
change of primary pressure, the characteristics and trend 
are similar with the experiment result in literature [52] and 
the simulation result in the critical mode range in litera-
ture [59]. For the fixed structure, with the increasing of the 
primary pressure, the critical entrainment ratio decreases, 
while the critical discharging pressure Pd* at which the TVC 
achieves the optimal critical entrainment ratio increases at 
the same time. The red line in the figure shows the transfer-
ring characteristics of the optimal critical entrainment ratio 
of the adjustable TVC with the throat opening under dif-
ferent discharging pressure. Similar with Fig. 7, with lower 
discharging pressure, the optimal critical entrainment ratio 
is higher. While under the same discharging pressure, the 
optimal critical entrainment ratio of the adjustable TVC is 
approximately linear relationship with the throat opening 
or the area ratio of mixing chamber section to the primary 
nozzle throat. For the adjustable TVC, with smaller nozzle 
throat opening, which means smaller nozzle throat area 
and higher area ratio, the critical entrainment ratio of the 
adjustable TVC is higher.

3.4. Advantage of adjustable TVC

3.4.1. Regulation mode of the adjustable TVC

The advantage of the adjustable TVC is that it can achieve 
qualitative and quantitative combined regulation by adjust-
ing the primary nozzle throat united with varying operating 
pressure. The fixed structure TVC has only one optimum 
operating point at the design condition, deviations which 
mostly result in a reduce efficiency for the TVC in the qual-
itative regulation mode by changing the primary pressure. 
Adjustable ejector can achieve higher efficiency in the quan-
titative regulation by adjusting the primary nozzle throat 
with a higher entrainment ratio. Especially, it can always 
work at its critical operating points by adjusting the primary 
nozzle throat combined with varying operating conditions 
in qualitative and quantitative combined regulation mode, 
which means that the adjustable TVC can always operate at 
highest efficiency under different condition.

3.4.2. Performance evaluation of adjustable TVC

The most important advantage of the adjustable TVC is 
that it can adapt the operating condition change to make it 
working in a wider range with high performance by adjust-
ing the structure of the TVC. The performance evaluation 
of the adjustable TVC in this paper is mainly based on 
the efficiency proposed by Sokolov and Zinger [57].

η =
u i i T s s

i i T s s
d ,c d s

m d ,c m d

⋅ − − ⋅ −( )
− − ⋅ −( )

[ ]s 0

0

	 (27)

where T0,c is the environment temperature for efficiency 
calculation which is taken 293.15 K in this model.

Based on Figs. 10–12, the adjustable ejector can achieve 
quantitative regulation both with varying primary pressure 
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or fixed primary pressure. Figs. 14 and 15 show the ideal 
regulation state in qualitative and quantitative combined 
regulation, in which mode the primary and the primary noz-
zle throat can be both adjusted. The red line is the entrain-
ment ratio and efficiency fitting line of the optimal critical 
entrainment ratio for the adjustable TVC with varying of the 
primary pressure, while the black curve is the entrainment 
ratio and efficiency of the TVC for the design structure. As 
shown in the figures, the fixed structure TVC has only one 
optimal critical operating point which is under the design 
condition, and the entrainment ratio and efficiency increases 
with the rising of the primary pressure in subcritical mode 
while decreases with the increasing of the primary pressure 
in critical mode. For the adjustable TVC, with the varying 
of the primary pressure, the TVC can always operate at the 
optimal critical state by adjusting the primary nozzle throat 
area, which makes the adjustable TVC maintains the optimal 
entrainment ratio and efficiency all the time to match the 
varying the operating condition.

In the range of throat opening ψ from 80% to 120%, com-
pared to the fixed structure ejector, the adjustable ejector 
can promote the performance of the ejector form subcritical 
mode to critical mode with the entrainment ratio increasing 
195.6% (2.96 times of the fixed structure ejector) when the 
primary pressure decreases, with the efficiency increasing 
148.7%. And when the primary pressure increases relative to 
the design condition, the entrainment ratio of the adjustable 
ejector can promote by 29.6% in critical mode, with operat-
ing efficiency of the adjustable TVC promoting by 24.6%. The 
results reveal the effectiveness of the auto-tuning area ratio 
TVC invented in literature [53].

To be emphasized, the red line in Figs. 14 and 15 show the 
maximum entrainment ratio and efficiency of the adjustable 
TVC under the designed suction pressure and discharging 
pressure, and the optional adjustable space for the adjust-
able TVC is the triangular area between the red line and the 
black curve. When the adjustable TVC cannot operate at the 
optimal performance, it can be adjusted preferentially in the 
triangular area. As shown in Figs. 10, 13 and 14, the optimal 
critical entrainment ratio of the adjustable TVC increases 
with the increasing of the primary pressure in an approxi-
mately linear trend. While in Fig. 14, the optimal efficiency 
of the adjustable TVC decreases with the increasing of the 
primary pressure. This is because, in all the critical mode, the 
suction flow achieves critical state with choking in the mix-
ing chamber, with the decreasing of the nozzle throat area, 
the optimal entrainment ratio increases, but the shock loss 
in the TVC increases with the raise of the primary pressure 
correspondingly, so the optimal efficiency declines relatively. 
The remarkable characteristic of the adjustable TVC is that 
the adjustable TVC can achieve higher entrainment ratio and 
higher operating efficiency than the design structure with 
different nozzle throat opening, based on combined regula-
tion of qualitative and quantitative regulation together.

4. Conclusions

In the present study, based on the aerodynamic theory, 
a performance prediction model for adjustable TVC under 
variable operating condition has been presented. The trans-
ferring characteristics of performance for adjustable TVC 
especially in critical mode under variable condition and 
structure have been investigated. Based on the compression 
of the characteristics between the subcritical mode and crit-
ical mode or the fixed structure TVC and adjustable TVC, 
the optimal regulation criterion has been proposed. And the 
main conclusions are obtained as follows:

•	 The aerodynamic model proposed in the paper can 
predict the performance of the adjustable TVC under 
variable operating condition and structure with high 
accuracy.

•	 In subcritical mode the entrainment ratio increases with 
the rising of the primary pressure, while in critical mode 
the entrainment ratio decreases with the increasing of the 
primary pressure, and the optimal performance is under 
the designed primary pressure for the fixed structure 
TVC. But the adjustable TVC can always operates on the 
optimal critical state based on combined regulation with 
varying primary pressure under different primary nozzle 
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opening, which enlarges the range of stable operating 
condition of the adjustable TVC. The optimal entrain-
ment ratio of adjustable TVC increase with the increasing 
of primary pressure but the optimal efficiency decreases 
slightly at the same time. The adjustable TVC can achieve 
higher entrainment ratio and higher operating efficiency 
than the design structure with different nozzle throat 
opening.

•	 The entrainment ratio in the critical mode has strong 
similarity, and the critical entrainment ratio under differ-
ent discharging pressure converges on a curve which is 
approximately exponential relationship with the primary 
pressure. With lower discharging pressure, the optimal 
critical entrainment ratio is higher, and the optimal crit-
ical entrainment ratio decrease with the increasing of 
primary pressure but the optimal critical discharging 
pressure increase at the same time.

•	 In critical mode, the suction flow has strong similarity, 
and shows special characteristics of “constant capac-
ity”, all the suction flow rate in critical mode converge 
on same curve with slightly decreasing under different 
discharging pressure. In the adjustable TVC, adjusting 
the primary nozzle throat, the suction mass flow rate 
and discharging mass flow rate can be regulated.

•	 Under the same suction pressure and discharging pres-
sure, the optimal entrainment ratio of the adjustable 
TVC is approximately linear relationship with the throat 
opening. The critical entrainment ratio of the adjustable 
TVC with smaller nozzle throat opening can achieve 
higher value.

•	 In the range of throat opening ψ from 80% to 120%, com-
pared to the fixed structure TVC, the adjustable TVC can 
promote the performance with entrainment ratio increas-
ing 195.6% mean while the efficiency improving 148.7% 
in subcritical mode, and the entrainment ratio increas-
ing 29.6% mean while the efficiency improving 24.6% 
in critical mode.
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Symbols

AR	 —	 Area ratio, –
a	 —	 Critical velocity, m/s
D	 —	 Diameter, m
f	 —	 Cross-sectional area, m2

G	 —	 Mass flow rate, kg/s
i	 —	 Specific enthalpies, kJ/kg
K	 —	 Velocity coefficient, –
k	 —	 Specific heat ratio, –
P	 —	 Pressure, Pa
q	 —	 Calculated mass flow velocity, –
s	 —	 Specific entropy, kJ/kg·K
T	 —	 Temperature, K
u	 —	 Entrainment ratio, –
λ	 —	 Equivalent isentropic velocity, –

Π	 —	 Relative pressure, –
ρ	 —	 Density, kg/m3

φ	 —	 Velocity efficiency, –
ψ	 —	 Throat opening, –
ω	 —	 Velocity, m/s

Subscripts

d	 —	 Discharging flow
m	 —	 Primary flow
s	 —	 Suction flow
X	 —	 X-X cross section
0	 —	 Stagnation
1,2,3	 —	 Position in ejector
*	 —	 Critical parameter

Greek symbols

Γ	 —	 Expansion ratio, –
η	 —	 Ejector efficiency, –
θ	 —	 Temperature Ratio, –
Λ	 —	 Compression ratio, –
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