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Abstract 
 
A thermo vapor compressor is simply a steam ejector employed in a multi effect desalination process. A greater un-

derstanding of flow phenomena inside an ejector plays an important role in its performance improvement. In this paper, 
CFD investigation has been carried out to study the flow structure inside a steam ejector. This research revealed the 
influence of operating pressures and ejector geometries on the flow structure and the performance of a steam ejector. 
The CFD results were verified with available experimental data. The angle of the converging duct as the geometry 
parameter was varied as 0o, 0.5o, 1o, 2o, 3.5o and 4.5o. The best performance was obtained by the ejector with converg-
ing duct angle of 1o.  
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1. Introduction  

A thermo vapor compressor (TVC) is simply a 
steam ejector employed in the multi effect desalina-
tion (MED) system. It is an essential part in govern-
ing the total process of the MED system [1-3]. Hence, 
the accurate prediction of the TVC performance is 
needed to promote the reliability of the process. The 
enhancement of the TVC entraining efficiency im-
proves the performance of MED significantly. Ac-
cordingly, a high efficiency TVC should be designed 
that can save motive steam and increase the amount 
of suction steam. 

To improve the performance of ejector systems, an 

investigation of the flow inside the ejector is required. 
Flow visualization methods are useful to determine 
the different flow patterns occurring in ejectors [4], to 
study the pseudo-shock structure of supersonic jets 
[5] and to visualize the turbulent structures of the 
flow [6]. Desevaux (2001) proposed a method for 
visualizing the mixing zone between two co-axial 
flows in an ejector with laser tomography [7]. Never-
theless, successful visualizations have been obtained 
only for low values of the entrainment ratios (less 
than 0.3). For the higher suction flow rates (entrain-
ment ratio more than 0.3), this method produced a 
poor quality of the flow visualizations and the mixing 
zone could not be identified accurately. This method 
obviously could not be used to visualize the flow 
phenomena inside the TVC that typically has en-
trainment ratio more than 0.3. Achieving this objec-
tive, computational fluid dynamics (CFD) technique 
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can be applied reasonably. 
Numerous CFD studies about supersonic ejectors 

and nozzles have been performed since the 1990s [8-
11]. However, some very fundamental problems have 
yet to be overcome, especially the modeling of shock-
mixing layer interaction or ejector operation at differ-
ent conditions. Some of them did not consider com-
pressibility [9] or turbulence [8].  

In this paper, the effects of compressibility and tur-
bulence are accommodated to study the flow phe-
nomena inside a steam ejector by CFD technique. 
This research is focused on the influence of operating 
pressures and ejector geometries on the performance 
of a steam ejector. 

An important parameter used to describe the per-
formance of an ejector as TVC is ‘an entrainment 
ratio’:  
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where sm&

 
and mm&  are mass flow rate for secon-

dary fluid and motive fluid, respectively. 
 

2. Steam ejector 

The second part consisting of the paper body must 
be edited in double column format. 

A steam ejector performs the mixing and recom-
pression of two fluid streams (Fig. 1). The fluid with 
the highest total energy called primary or motive 
stream (stream 1 in Fig. 1), flows through a conver-
gent divergent nozzle to reach supersonic velocity, 
creates the low pressure region at the nozzle exit. The 
secondary or suction stream (stream 2) is drawn into 
the flow by an entrainment-induced effect and then it 
is accelerated. Mixing and recompression of the re-
sulting stream then occurs in a mixing chamber (con-
verging duct and/or throat), where complex interac-
tions occur between the mixing layer and shocks. In 
this occurrence, a mechanical energy is transferred 
from the highest to the lowest energy level, with a 
mixing pressure lying between the motive or driving 
pressure and the suction pressure. 

Generally, steam ejectors can be classified into two 
categories according to the position of the nozzle [12]. 
For the ejector with its primary-nozzle exit located 
within the constant-area section, the mixing of the 
primary and the entrained flows occurs inside the 
constant-area section and the ejector is known as  

Table 1. Ejector specifications. 
 

Ejector Type Specifications Value 

Model Constant pressure 
mixing ejector 

Overall length 2800 mm 
Body Material Carbon Steel 
Primary Inlet D 52.7 mm 

Secondary Inlet D 195.9 mm 
Outlet D 202.7 mm 

First Experiment 
(Pilot Plant) 

Operating Fluid Steam 

Model Constant pressure & 
area mixing ejector

Overall length 5485.4 mm 
Body Material Carbon Steel 
Primary Inlet D 80 mm 

Secondary Inlet D 404.4 mm 
Outlet D 436 mm 

Second Experiment 
(Pilot Plant) 

Operating Fluid Steam 
 

 
 
Fig. 1. Typical ejector geometry. 
 

 
 
Fig. 2. Ejector configurations. 
 
“constant-area mixing ejector.” For constant-pressure 
mixing ejector, the primary-nozzle exit is located 
within the converging-area section (converging duct). 
In this kind of ejector, it was assumed that the mixing 
of the primary and the entrained streams occurs in the 
converging duct with a uniform or constant pressure. 
The ejector used in these experiments has the general 
specifications and configuration as shown in Table 1 
and Fig. 2. 
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Fig. 3. 2D axisymmetric quadrilateral grid structure. 

 

3. CFD modeling 

3.1 Ejector model 

The ejector was modeled as a 2D axisymmetric 
model in a commercial CFD software package 
(FLUENT). The grid structure was quadrilateral 
structured as shown in Fig. 3. The grid was initially 
made at about 24,000 elements and later adapted to 
about 30,000 elements to confirm that the results are 
grid independent. The grid density was concentrated 
on the areas where significant phenomena were ex-
pected. 

In the CFD simulation process, suitable turbulence 
model also play an important part in order to get rea-
sonably good results. Along with the grid refinement 
test, two different turbulence models were also tested 
in this research. The results are illustrated in Table 2. 

From this table, it is observed that the entrainment 
ratio was insensitive neither to the grid number nor to 
the turbulence model. However, from the comparison 
to the experimental result, it is seen that standard k-ε 
with adapted grid produces the highest error. This 
error is based on the experimental data and the value 
is over than 10%, both from the coarse and fine grid. 
Conversely, the standard k-ε with original grid 
showed a better result compared to the previous one 
for both coarse and fine grid. In fact, they give the 
same result obtained from a realizable k-ε model with 
both adapted grid structure. 

To investigate the flow phenomena and the influ-
ence of ejector geometries on its performance, varia-
tions of converging duct angle were made at 0.5o,  
1o, 2o, 3.5o and 4.5o for the constant-pressure mix-
ing ejector. The constant-area mixing ejector is  
also investigated by setting the converging duct 
angle as 0o. 

Table 2. Comparison of CFD model to experimental results. 
 

Original 
Cell 

Number

Turbulence 
Model 

y+ Wall 
Treatment

Final Cell 
Number 

ER from 
CFD 

Calcula-
tion 

Error 
(%)

12,000 Standard
k - ε 

Non adap-
tion 12,000 0.91 9.6 

12,000 Standard
k - ε Adaption 24,000 0.93 12.0

12,000 Realizable 
k - ε Adaption 24,000 0.91 9.6 

24,000 Standard 
k - ε 

Non adap-
tion 24,000 0.91 9.6 

24,000 Standard 
k - ε Adaption 30,000 0.92 10.8

24,000 Realizable 
k - ε Adaption 30,000 0.91 9.6 

The entrainment ratio obtained from experimental is 0.83 

 
3.2 Governing equations 

Modeling ejector flow is based on the conservation 
equations; namely, the continuity, momentum, and 
energy equation. Because of the nature of flow in the 
ejector, those equations need to be written in the 
compressible, steady state, axisymmetric form. For 
variable density flows, the Favre averaged Navier-
Stokes equations are the most suitable. The governing 
equations refer to the commercial code. (FLUENT) 

Although a steady state is desired, the unsteady 
term is conserved since from a numerical point of 
view, governing equations are solved with a time 
marching technique. The discretized system was 
solved by using the “coupled-implicit” solver. 

 
3.3 Turbulence modeling 

High speed flow and extensive mixing occur in the 
ejector. This makes the flow highly turbulent and this 
turbulent mixing is the dominant entrainment mecha-
nism in the ejector. The realizable k-ε model is em-
ployed to govern the turbulence characteristics in this 
work. This turbulence model was proposed by Shih et 
al. [13]. The term “realizable” means that the model 
satisfies certain mathematical constraints on Reynolds 
stress, consistent with the physics of turbulent flows. 
An immediate benefit of this model is that it more 
accurately predicts the spreading rate of both planar 
and round jets.  

In addition, standard wall functions are considered. 
Special care is given to the near wall grid, by a local 
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adaptation following 30 50y+≤ ≤ . 
The density of the saturated steam is evaluated us-

ing the ideal gas relation as part of the calculation as it 
progresses. Other properties are defined as constant 
throughout the simulation. 

 
3.4 Fluid properties 

Saturated steam is used as the working fluid of the 
model by employing the assumption of an ideal gas. 
Even though the ideal gas relation seemed to be the 
unrealistic assumption to the model, for the ejector 
application where the operating pressure is relatively 
low, it was proved by some researchers that it pro-
vided similar results to a real gas model [14]. The 
properties of saturated steam are as shown in Table 3. 

 
3.5 Boundary conditions 

Boundary conditions were set as pressure-inlet for 
two faces entering a primary nozzle and ejector. Pres-
sure-outlet boundary was set for the one leaving ejec-
tor. These parameters were varied during the simula-
tion. 

The variations of motive pressure at pressure-inlet 
boundary are 2.66, 3 and 3.5 bar. The suction pres-
sures are varied between 0.13, 0.16 and 0.19 bar. At 
the pressure-outlet boundary, the discharge pressure 
was varied from 0.2 bar to 0.31 bar. The values of 
each boundary were assigned as the saturation proper-
ties (temperature and pressure) of each operating state. 
There was no difference between an input of the stag-
nation pressure and static pressure considering that 
the velocity of the flow entering and leaving the do-
main was thought to be relatively small compared 
with the supersonic speed during the flow process of 
the ejector A motive and suction side applied the 
pressure condition that they define the turbulence 
intensity as 5% and the wall applied the standard wall 
function, that is, the no-slip condition. 

 
 

Table 3. Properties of saturated steam. 
 

Property Value 

Density Ideal Gas Model 

Cp (Specific Heat) 2170 J/kgoK 

Conductivity 0.0276 W/moK 

Viscosity 1.31619 x 10-5 kg/ms 

Molecular Weight 18.015 kg/mol oK 

4. Results and discussion 

The calculations were considered as converged 
when the following two converging criteria were met. 
First, every type of the calculation residual must be 
reduced [to] lower than the specified value (less than 
10-6). Second, the calculated mass fluxes of every face 
of the model were stable. In addition, the converged 
solutions have to satisfy the principle of conservation 
of mass. The difference between the summation of 
mass fluxes entering and leaving the model should 
not be greater than 10-4 kg.s-1. 

 
4.1 The effect of operating pressures 

Fig. 4 shows the Mach number and static pressure 
distribution in the ejector from the inlet of the con-
verging duct to the exit of the subsonic diffuser. It can 
be seen at the nozzle exit plane that the supersonic 
primary stream leaves the primary nozzle with its 
static pressure greater than that in the mixing chamber. 
Accordingly, it is capable of additional expansion and 
acceleration as an “under-expanded” wave with some 
value of the “expansion angle.” The first series of 
oblique shock and expansion waves, called the “dia-
mond wave” pattern, is induced to maintain the static 
pressure across the free boundary between the pri-
mary jet core and the surrounded fluid,. The region 
where the series of shock waves occurs is called the 
shock train region. This phenomenon creates the fluc-
tuation of static pressure at the center line of the ejec-
tor while the flow passes through a mixing tube (Fig. 
4(b)). The shock train phenomenon obtained in this 
CFD investigation is conformable to that of laser 
tomography obtained from experiment of Desevaux 
(2001). 

The occurrence of a diamond wave jet core in the 
mixing tube indicates the semi-separation between the 
high speed primary flow and the surrounding secon-
dary fluid. The shear stress layer interfacing between 
them is presented because of the large velocity differ-
ence between these two streams. The shear mixing of 
two streams begins when the secondary fluid is en-
trained and interfaces with the expanded wave. This 
shear mixing process causes the secondary fluid to 
accelerate flowing through the converging duct. Con-
versely, the shear mixing and the viscosity of the fluid 
cause the diamond wave to decay. As investigated in 
Fig. 4(b), the static pressure of the flow has a steady 
decrease at the beginning of the flow process, and the 
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(a) Contour of Mach number. 

 

 
(b) Static pressure distribution. 

 
Fig. 4. Mach number and static pressure distribution inside 
the steam ejector. 

 
 

intensity of the diamond wave is reduced.  
Most of the entrained secondary fluid accelerates 

and reaches sonic velocity at the throat of the mixing 
tube. Very small amounts of them move slightly fast-
er than the sonic value when it flows close to the 
shear stress layer, but slower when it flows close to 
the wall boundary layer. Moreover, it is seen that the 
intensity of the diamond wave reduces when the pri-
mary jet core runs with lower supersonic speed result-
ing in a relatively smooth jet core. Hence, the secon-
dary flow can be considered as choked. The choke 
area or “Effective area” of the secondary fluid can be 
estimated from the annulus area between the wall of 
an ejector throat and the primary fluid jet core. During 
the choke flow mode, the entrainment ratios remained 
constant.  

At a certain distance into the ejector throat or in the 
beginning of the diffuser section, called the “Shocking 
position,” a non-uniform stream produces the second 
series of oblique shock waves. Accordingly, the static 
pressure recovers gradually to discharge value and the 
flow speed decreases gradually to subsonic level as it  

 
 
Fig. 5. The effect of discharge pressure on the ejector per-
formance. 

 

 
 
Fig. 6. Contour of Mach number for various discharge pres-
sures; (a) Pd = 0.2 bar, (b) Pd = 0.25 bar, (c) Pd = 0.26 bar, (d) 
Pd = 0.275 bar, (e) Pd = 0.3 bar, and (f) Pd = 0.31 bar. 

 
passes through the diffuser. This phenomenon is de-
scribed in Fig. 4(b). Across this process, the mixed 
stream loses most of its total pressure.  

The operating modes of ejector are divided into the 
double choking, single choking and reverse flow 
modes by the changes of discharge pressures. In the 
double choking range, the entrainment ratio remains 
constant and stable below the maximum discharge 
pressure (MDP) and the choked motive steam in the 
nozzle mixes the suction stream and passes the con-
verging/diverging duct. At the discharge pressure 
over the MDP, the entrainment ratio decreases sharp-
ly. The sudden drop of entrainment ratio indicates the 
ejector operates in the single choking mode (Fig. 5).  

Fig. 6 shows the Mach contour at different dis-
charge pressures, while the motive and suction pres-
sure remain constant at 2.66 bar and 0.16 bar, respec-
tively. This figure illustrates the changing of flow 
structure, represented by Mach contour, affected by  
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Fig. 7. The effect of discharge pressure on static pressure 
distributions along the center line of the ejector. 

 
discharge pressure as plotted in Fig. 5. Increasing 
discharge pressure causes the shocking position to 
move upstream into the ejector throat. However, 
when the back pressure does not exceed the critical 
point or within the double choked flow region (a, b, c 
and d), the shock will not affect the mixing behavior 
of the two streams. Moreover, flow structures in front 
of a shocking position are shown unchanged and the 
size of the primary jet core remains constant and in-
dependent from downstream conditions. It is thought, 
that during this choke flow region, the effective areas 
are always forced to appear within the constant area 
throat, since, the entrainment ratio remained constant. 

When the discharge pressure is increased to higher 
than the critical point (e and f), the second series of 
oblique shocks is forced to move further upstream 
and combine with the first series of oblique shocks to 
form a single series of oblique shocks. This move-
ment of the second series of oblique shocks causes 
the secondary fluid to be no longer choked, hence, 
disturbing the entrainment process. It can be investi-
gated from the low-entering of an entrained fluid 
speed and hence, the increasing of static pressure 
before shock (Fig. 7). 

Fig. 8 shows the effect of discharge pressure (Pd) on 
the entrainment ratio at various motive pressures (Pm) 
at constant suction pressure (Ps). The entrainment ratio 
decreases inversely to the increase of motive pressure. 
This phenomenon could be explained by the fact that 
the increase of motive pressure will affect the increase 
of nozzle exit pressure. While the suction pressure 
remains constant, the increase of motive pressure re-
sults in the decrease of pressure difference between 
suction and nozzle exit. Obviously, a lower pressure  

 
 
Fig. 8. The effect of operating pressure on the ejector per-
formance for various motive pressures. 

 
difference between suction and nozzle exit (mixing 
chamber) would yield a less-entrained flow rate from 
the secondary suction inlet. Therefore, entrainment 
ratio would decrease as the primary-flow pressure 
increases. 

On the other hand, a larger motive pressure would 
push the oblique shock wave occurring in the diffuser 
section more downstream, thus increasing the shock 
intensity. Consequently, the critical discharge pres-
sure is increased by increasing motive pressure. Fig. 9 
illustrates the Mach contour for various motive pres-
sures at constant suction and discharge pressure of 
0.16 bar and 0.275 bar, respectively. The increase of 
motive pressure results in the increase of mass flow 
through primary nozzle and the momentum of the 
flow. The increasing of momentum allowed the pri-
mary fluid to leave and further under-expand and 
accelerate with larger expansion angle. It causes the 
diamond flow to shock at a higher Mach number at 
the first oblique shock as can be seen in Fig. 10. The 
increased expansion angle causes the enlarging of a 
jet core; therefore, the annulus effective area is re-
duced and less secondary fluid can be entrained and 
accelerated through the steeper converging duct. 
However, with higher momentum of the jet core, the 
shocking position moves downstream and the ejector 
can be operated at a higher discharged pressure. 

Fig. 11 presents the entrainment ratio as a function 
of the discharge pressure at three different values of 
Ps and constant Pm = 2.66 bar. An increase in Ps al-
ways causes an increase in the driving pressure dif-
ference between suction and nozzle exit pressure and 
thereby increases the entrainment ratio. Furthermore, 
increasing the suction pressure increases the critical  
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Fig. 9. Contour of Mach number for various motive pres-
sures; (a) Pm = 2.66 bar, (b) Pm = 3.0 bar, and (c) Pm = 3.5 bar. 

 

 
 
Fig. 10. The effect of primary fluid pressure on static pres-
sure distributions along the centerline of the ejector. 

 

 
 
Fig. 11. The effect of operating pressure on the entrainment 
ratio at various suction pressures. 

 
discharge pressure.  

Fig. 12 illustrates the contour of Mach number for 
various suction pressures. It can be seen that the ex-
pansion angle of the under-expanded wave is influ-
enced by an increasing of the secondary fluid pressure. 
The pressurized condition causes the lowering of 
expansion angle, thus resulting in smaller jet core and 
larger effective area. The expanded wave is further 
accelerated at a lower Mach number. Therefore, the  

 
 
Fig. 12. Contour of Mach number for various suction pres-
sure; (a) Ps = 0.13 bar, (b) Ps = 0.16 bar, (c) Ps = 0.19 bar. 

 

 
 
Fig. 13. The effect of suction pressure on static pressure 
distribution along the center line of the ejector. 
 
momentum of the jet core is reduced. However, an 
enlarged effective area allows a larger amount of 
secondary fluid to be entrained and pass through the 
converging duct. Total momentum of the mixed 
stream, which is decreased by the jet core, is compen-
sated by the higher secondary fluid pressure. It can be 
concluded that the total momentum of the mixed 
stream becomes higher and the shocking position 
moves downstream as the secondary fluid pressure 
rises. This enables the ejector to be operated at higher 
discharge pressure. The static pressure distribution 
along the center line of the ejector is illustrated in Fig. 
13. The shocking position is shifted at more down-
stream as the secondary fluid pressure increased. Fur-
thermore, the increasing of suction pressure affects 
the higher pressure on the series of oblique shock. 
 
4.2 The effect of converging duct angle 

The simulation is conducted at constant primary 
and discharge pressure at 2.66 bar and 0.25 bar, re-
spectively. The suction pressures are varied at 0.13, 
0.16 and 0.19 bar. 
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Fig. 14. The effect of converging duct angle on the entrain-
ment ratio. 

 

 
 
Fig. 15. Effect of converging duct angle on the contour of 
Mach number. 
 

Fig. 14 and Fig. 15 demonstrate the influence of 
converging duct angle on the entrainment ratio and 
contours of Mach number of the ejector, respectively. 
It is seen that the trend lines for different suction pres-
sures are similar. The entrainment ratio increases 
sharply from constant-area mixing ejector (α = 0o) to 
constant-pressure mixing ejector at α = 0.5o. Concern-
ing the flow structure, the constant-area mixing ejec-
tor is apparently different from the converging duct 
mixing (constant-pressure mixing) ejector.  

The effect from the converging duct inlet is obvi-
ous. Less shear mixing and viscous effect in the con-
verging duct causes the expanded wave to leave the 
nozzle with a large expansion angle. The result is a 
very large primary jet core and, consequently, a very 
small converging duct. For these reasons, smaller 
amounts of the secondary fluid can be entrained 
through this converging duct, and lessen the ejector 
entrainment ratio. Since the flow structures inside the 
constant-area mixing ejector are quite different from 

Table 4. Experimental data sheet. 
 

 
 
 

 
 
Fig. 16. The entrainment ratio of ejector with α = 1o at vari-
ous motive pressure; Pm = 2.66 bar. 

 
 

 
 
Fig. 17. Comparison of entrainment ratio between CFD and 
experimental results; Pm = 2.66 bar. 
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those of the converging duct mixing ejector, the posi-
tion of the effective area is moved. Thus, the prediction 
of the trend of critical discharge pressure cannot be 
based only on the comparison of shocking position 
between these two ejectors. On the other hand, for the 
converging duct mixing ejector, the entrainment ratio is 
slightly increased when the angle varies from α = 0.5o 
to α = 1o. Further increase in converging duct angle 
beyond α = 1o results in a decrease of entrainment ratio. 
These slight differences in the entrainment ratio can be 
explained by the flow structures. The primary jet core 
of the smaller entrance ejector flows with slightly 
greater speed and hence higher momentum. 

Entraining the secondary fluid under a higher effect 
of the shear mixing and the viscosity of the fluid on 
the expanded wave introduces the higher total pres-
sure loss to the mixed stream. Therefore, the ejector 
with α = 0.5o entrains lower secondary fluid. How-
ever, the benefit of increasing the converging duct 
angle is restricted to the fact that it also causes an 
increase of nozzle exit pressure, consequently de-
creasing the driving pressure of the suctioned fluid. 
For this reason, the entrainment ratio decreases con-
trary by further increase of converging duct angle 
beyond α = 1o. 

For validation purposes, the CFD codes in this 
study are applied to simulate the real ejector and 
compare to the experimental data. The comparison is 
conducted for the ejector with converging duct angle 
α = 1o. The results are shown in Figs. 16 and 17. The 
discrepancies are less than 15%; therefore, the CFD 
results have a good agreement with experimental data. 
Experimental data is shown Table 4. 

 
5. Conclusions 

The effects of various operating pressures on the 
ejector performance have been investigated. Ejector 
shapes or geometries, i.e., converging duct angle, are 
also varied and the ejector performance is simulated. 
The converging duct angle α = 1o gives the highest 
entrainment ratio. The CFD results have been vali-
dated with experimental results and they show a good 
agreement. The CFD visualization becomes a great 
benefit in the study because it can reveal the phenom-
ena inside the ejector in detail. In all, the view points 
on ejector performance related to its flow structure 
can be understood precisely and it may be a very 
powerful tool to design an appropriate ejector for a 
particular case. 
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Nomenclature----------------------------------------------------------- 

d : Discharge 
ER : Entrainment ratio 
m : Motive 
m&  : Mass flow rate (kg/s) 
P : Pressure (bar) 
s : Suction 
α : Converging duct angle (o) 
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