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A Numerical Study on the Nozzle Geometry of a Steam Ejector
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Nomenclature vV Volume(m®)
a : Angle of converging duct(®)
A : Cross sectional area(m®) e ¢ Turbulence dissipation rate(m %/s%)
C, Specific heat at constant pressure(J/kgK) © : Angle of mixing chamber entrance(’)
D : Diameter(m) i Viscosity(kg/m - s)
E : Total internal energy(J/kg) v & Kinematic viscosity(m%/s)
ER : Entrainment ratio p  Density(kg/m®)
h . Specific enthalpy(J/kg) 7 Shear stress(N/m?)
H : Total enthalpy(])
k . Turbulent kinetic energy(m?s?) 1. Introduction
l . Length scale(m)
m ' Mass flow rate(kg/s) Ejectors are wused in several different
NXP : Nozzle exit position engineering applications such as refrigeration and
P, p : Pressure(Pa) desalination system'”. Steam ejector performs the
T . Temperature(K) mixing and re-compression of two fluid streams
t . Time(s) (Fig. 1). The fluid with the highest total energy
u : Velocity in the x-direction(m/s) called primary or motive stream (stream 1 in Fig.

1), flows through a convergent divergent nozzle
to reach supersonic velocity, creates the low
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Seragea pressure region at the nozzle exit. The secondary
E-mail : hschung@gnu.ackr, Tel : 055-640-3185 or suction stream (stream 2) is drawn into the
AT L JAGREE) 7L flow by an entrainment-induced effect and then it
EU-REE : Diponegoro Univ. Indonesia is accelerated. A mixing and re-compression of
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chamber (converging duct and/or throat), where
complex interactions 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.

A steam ejector used in desalination system
(MED-TVC) is an essential part that governs the
total process of the overall system. The accurate
prediction of the
promotes the reliability of the process and the

steam ejector performance

enhancement of the ejector entraining efficiency
improves the performance of MED significantly. It
is shown by many researchers that the ejector
performance can be further improved through
good

design  and manufacturing

technique®®.

careful

The first rule to obtain maximum performance
from a given MED with the ejector system is
that it must be operated at the optimum operating
conditions. The performance of the system is
determined by the ejector primarily. The optimum
operating conditions change depending on the
ejector geometry, the position of the primary
nozzle and the efficiencies of the ejector elements,
such as the primary and suction nozzles, the
mixing chamber and the diffuser.

It is obvious that a nozzle is the most
important part of a steam ejector since it
responsible in creating vacuum condition in order
to entrain the secondary stream. The ejector
performance itself is measured by an entrainment
ratio of the secondary stream to primary stream.
Hence, a careful design and investigation of
nozzle geometry and position in the ejector
becomes an important part in obtaining optimum
ejector design. In this paper, the investigation is
focused on the influence of the primary nozzle
geometry and nozzle position on the ejector
this CFD

(computational fluid dynamics) analysis based on

performance. In investigation,

the finite volume method is employed.

2. CFD method

The problem under investigation here involved
the supersonic flow inside the flow passage of
steam ejector. In order to simulate this particular
situation, Gambit and FLUENT were used as grid
generator and the CFD solver, respectively.

Gambit was used to create the calculation
domain and grid elements of the model. The mesh
and model was created in a two dimension (2-D)
domain. However, the axisymetric solver was
applied and therefore, the three dimensional effect
(3-D) was taken into account in the simulation.
The mesh was made of 24000 structured
quadrilateral elements and later adapted to about
30,000 elements to confirm that the results are
grid independent, as shown in Fig. 2. The grid
density was concentrated on the areas where
significant phenomena were expected.

In the CFD simulation process,
turbulence model also plays an important part in
order to get the reasonable good results. Along
with two different
turbulence models also tested in this research.
The results are illustrated in Table 1.

For an axisymetric turbulent compressible flow,
the governing equations of continuity, momentum
and energy are solved simultaneously with the
constraint, the ideal gas law. The standard k-e
model was model the turbulent
viscosity with applying "coupled-implicit” solver,
The near wall treatment was left as the "standard
wall function”, which gave reasonably accurate
results for the wall bounded with very high
Reynolds number flow.

Boundary conditions of two faces entering a
nozzle and
pressure-inlet, whilst the one leaving ejector was
set as pressure-outlet. The values of each
boundary were assigned as the saturation
properties (temperature and pressure). Since the

suitable

the grid refinement test,

selected to

primary gjector were set as

velocity of the flow entering and leaving the
domain was thought to be relatively small

compared with the supersonic speed during the
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flow process of the ejector; there was no
difference between an input of the stagnation
pressure and static pressure.

The investigation consists of two parts; first,
investigating the influence of nozzle exit position
on the ejector performance and secondly, the

investigation of the influence of primary nozzle

geometries on the ejector performance. The
governing equations can be written in their
compact Cartesian form as

op 0 =

o + o, (pu;)= 0 (1)

d d 9P | 0Ty

ot (pui)—f- ox; (puiuj) - ax; + ox; @)

2 (o) + 2l (pB+ p)) = 3)

ot ox; '

\A (aeffa—i)+ Ve [uy(n)]
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The modelled transport equations for k and ¢ in
the realizable k-¢ model are
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where,

In these equations, (z and C; are constants. o
and ¢, are the turbulent Prandtl numbers for k
and ¢ respectively.

The model constants are (i, = 144, (& = 19, o
=1.0 and 0~1.2. The eddy viscosity is computed
from

2
Y = pC’”? (7

In addition, standard wall functions are
considered. Special care is given to the near wall
grid, by a local adaptation following 30 < y~ < 50.

Convergence 1s judged based on simultaneous
observation of the scaled residuals and mass flow
rate imbalance. The computed mass flow rate
imbalance must be at most 0.19% of the mass
flow rate at the ejector exit. And all scaled
residuals must decrease by three orders of

magnitude.

Suction chamber

Converging duct

Throat Diffuser

Fig. 1 Typical ejector geometry

M

B .

Fig. 2 Calculation domain and grid structure of the
ejector model

Table 1 Comparison of CFD model to experimental

results
Original Turbulence| v Wall Final | ER from Error
Cell Model | Treatment Cell CED. (%)
Number Number | Calculation
12,000 | Standard ad{,fggon 1200 | o091 | 96
12000 | StEdad | agapdon | 2400 | 088 | 120
12,000 Ricaﬁfagle Adaption | 24000 | 091 | 96
Standard Non
24000 | Standard | Moo | 24000 | 091 | 96
24000 | Standard | agapion | 30000 | 092 | 108
24,000 R‘;{ali_zasle Adaption | 30000 | 091 | 96

_24_



M. K. Ji, Tony Utomo, Z. H. Jin, H. M. Jeong and H. S. Chung

(+)

NXP=0

Fig. 3 Definition of primary nozzle exit position(NXP)
3. Results and discussion

3.1 The effect of primary nozzle exit position

In this part of investigation, the ejector
performance is determined when the nozzle exit
position (NXP) is varied at specific operating
condition. The definition of NXP is schematically
llustrated in Figure 3. The variation of nozzle
exit positions are 01D, -0.1D, -0.2D, -04D,
-0.6D, -0.8D, where D is diameter of constant
area. The results also contain the basic model of
the ejector, where the NXP is at the original
location (entrance of mixing duct) as shown also
in Fig. 3. The operating condition was set as 2.66
bar for the motive pressure, 0.16 bar for the
suction pressure and 0.25 bar for the discharge
pressure. The result is shown in Fig. 4.

Fig. 4 illustrates the influence of the nozzle exit
position on the entrainment ratio of the ejector.
As the nozzle exit position move downstream (+)
at a distance of 0.1D, the entrainment ratio is
decrease slightly. The reason is obvious. By
moving nozzle exit position downstream decreases
the effective area. Therefore, the ejector entrains
lower secondary fluid while the motive flow rate
relative constant, consequently, the entrainment
ratio decreases slightly. Conversely, by moving
nozzle exit position upstream results in the
increase of entrainment ratio.

Apparently, when the nozzle position moves to
negative direction of NXP, the effective area is
increases; result in the higher intake of secondary
fluid. However, the increase of entrainment ratio
then reaches one before
subsequently decreases.

maximum value

The optimum value is obtained when the nozzle
exit position is at NXP-04D. The decrease is

caused by the fact that an increase of effective
area also results in higher nozzle exit pressure
(Fig. 4). This condition decrease the pressure
difference from suction to mixing chamber, hence
the driving flow of secondary fluid is decrease.
Therefore, the entrainment ratio decreases by
further moving nozzle exit position upstream of

NXP-0.4D.
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Fig. 4 Effect of primary nozzle exit position on the

entrainment ratio
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Fig. 5 Effect of primary nozzle exit position on
static pressure distributions along the ejector axis

Table 2 Primary nozzle geometries

Model ) oy (e,
Nozzle 1 35.4 846 571
Nozzle 2 36.5 87.2 571
Nozzle 3 365 71.0 445
Nozzle 4 365 974 712

Geometries DOieoat § Dait I
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3.2 The effect of primary nozzle geometries

In this part of investigation, primary nozzle
geometries were varied on the nozzle throat and
nozzle exit diameter. The operating condition was
set constant at specific value. Primary motive
pressure, suction pressure and discharged
pressure were set as 2.66, 0.08 and 0.18 bar,
respectively. The primary nozzle geometries
tested are described in Table 2. The result is as
shown in Fig. 6.

From Fig. 6, nozzle 1 and 2, it is seen that for
a constant area ratio, the entrainment ratio
increase with the nozzle diameter. This result
appears In contradiction to what have already
explain in the previous section. Accordingly, when
the ejector equipped with a larger primary nozzle,
a larger jet core which has a higher momentum
is produced. Therefore a smaller amount of the
secondary fluid is allowed to be entrained through
the resultant smaller effective area. However, in
this investigation, the opposite result is obtained,
Since the ejector with smaller primary nozzle
operates in the single choking region resulting a
lower entrainment ratio than it should be. It can
be seen in Figure 7 where at the flow structure
of the ejector with nozzle 1, the secondary
choking, that is an indication that ejector operate

in the double choking region, disappears.
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Fig. 6 Effect of primary nozzle geometries on the
entrainment ratio
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Fig. 7 Effect of primary nozzle geometries on the
contour of Mach number
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Fig. 8 Effect of primary nozzle geometries on static
pressure distributions along the ejector axis

From Fig. 7, nozzle 3 and 4, it is seen that for
a constant nozzle throat diameter, the entrainment
ratio decreases contrary to the increase of nozzle
area ratio (nozzle exit diameter). It can be seen
from this figure, the ejector equipped with nozzle
which has higher area ratio, vield a larger jet
core which has higher momentum. Accordingly, a
smaller resultant of effective area is produced,
resulting in a smaller amount of the secondary
fluid allowed to be entrained.

On the other hand, the total momentum of the
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mixed stream Increases and a stronger second
series of oblique shock can induced as seen in
Fig. 8. Therefore, less compression process from
the divergent diffuser is needed, and the shocking
position moves towards closer to the ejector exit.
In conclusion, these flow structures cause a
decrease of entrainment ratio. However, an ejector
can be operated at a high critical discharge
pressure.

4. Conclusions

CFD
influence of primary nozzle

This
investigate the
geometries and nozzle exit position on the ejector

study employs techniques to

performance. The investigation shows that the
entrainment ratio of an ejector is influenced by
the location of nozzle exit position inside the
ejector. The entrainment ratio is increase by
moving nozzle exit position upstream direction.
However, there is a specific position where the
entrainment ratio reaches its maximum value, via
at NXP-04D, where D is the diameter of
constant area throat. The entrainment ratio of an
ejector is also influenced by the primary nozzle
diameter. At constant nozzle area ratio, the
entrainment ratio increases when the nozzle throat
diameter is decreases. However, by decreasing
primary nozzle throat diameter affect on the
decrease discharge pressure. At
constant nozzle throat diameter, the increase in
area ratio results the decrease of entrainment

of critical

ratio due to the larger primary jet core produced
smaller effective area, hence, smaller amount of
secondary flow.
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