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Abstract

In this study, the computational fluid dynamics (CFD simulation) was used to describe the effect of the

primary nozzle’'s exit Mach number to the steam ejector performance. Three primary nozzles with

difference area ratio were used. They produce the exit Mach number of 3, 4 and 5.5. The boiler

saturation temperature and the evaporator saturation temperature were fixed at 150°C and 7.5°C,

respectively. The physical model and grid structure of steam ejector used was created by commercial

software package, Gambit2.3 whilst the mathematical model was applied by commercial software

package, FLUENT®6.3. Simulation results were validated with the experimental values.
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1. Introduction

A steam jet refrigeration system can be
considered as a tool which utilizes waste heat or
low grade heat to produce a useful refrigeration
effect. These heats can be found from industrial
processes, geothermal energy, or thermal solar
collector. Thus, steam jet refrigeration is suitable
for currently energy situation. In addition, water
can be used as working fluid, thus it is
environment friendly.

The major disadvantage of a steam jet
system is its relatively low COP compared with
the other type of refrigeration systems.

Therefore, its performance should be improved.

From the literatures [1-3], COP of jet
refrigeration system was dependent on the
ejector equipped.

Recently, computational fluid dynamics
technique or CFD simulation was rapidly
developed. It could be used to explain the
phenomenon inside the ejector, [1,2]. The
distinctive point of CFD simulation is that the
flow behavior inside the ejector can be
presented and explained the mixing process. It
can be used to predict the system performance
accurately, [1].

In this study, CFD technique was used

to study the effect of the primary nozzle’s exit
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Mach number to the ejector performance. The
simulation’s results were compared with that
obtained experimentally. The CFD simulation
was also used to explain the process inside the

ejector.

2. Experimental ejector

Basically, the ejector composed of four principle
components which are the primary nozzle, the
mixing chamber, the constant area throat and
the subsonic diffuser. All these components
have affect to the ejector performance. However,
the main objective of this study is to investigate
the effect of the nozzle’'s exit Mach number.
Thus, to avoid the influences of other
component, one fixed geometries ejector was
used as shown in fig. 1. Three difference
primary nozzles were used as shown in table. 1.
All of them have equal throat diameter of 1.4 but
produce difference exit Mach number, 3, 4 and
5.5. The nozzle exit position (NXP) is located at
+23mm.

Table. 1 The dimension of primary nozzle

Nozzle d d:D Mach number
D1.4M3 1.4mm 1.7 3

D1.4M4 1.4mm 1:20 4
D1.4M5.5 1.4mm 1:85 5.5

NXP =0
«——> 4
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3. CFD model setup1
3.1. Geometries and grid structure
In this study, a CFD software package, FLUENT
6.3 was used. Normally, using the CFD
simulation is divided as two main parts which
are creating physical model and solving.

The physical model was divided as grid
elements by Gambit 2.3 commercial software
package. In the part of solving, FLUENT 6.3 was
used to define mathematical model for
calculation.

In the part of creating the model, Gambit
2.3 commercial software package was used to
create the geometries of steam ejector. The
result from simulation of 2-D axisymetric model
was similar to the 3-D model [2]. It requires less
time for calculation than that for 3-D model.

The grid elements were created of
80,000 structured quadrilateral elements. The
concentration of grid density was focused on the
area where significant phenomena were
expected. It was expected that, the calculation at

that area should provided high accuracy results.

ﬁf Primary l|\lozz|e

24mm

I1.Qmm

(130 mm)

7.5 mm I

Mixing Chamber

b e

Throat Subsonic Diffuser

(114 mm) (180 mm)

Fig. 1 Show the dimension of steam ejector used
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In the part of solver setup, the CFD
commercial software package, FLUENT 6.3 was
used to specify the mathematical model for the
physical model. The flow inside the steam
ejector was considered as a turbulence
compressible flow. Thus, the non-linear
governing equation as “density-based implicit”
was selected as a solver. This solver was
combined with viscosity turbulence model for

solving the problem.

3.2 Working fluid properties

Actually, the properties of working fluid, water
vapor, should be considered as real gas.
However, it required very long time for
calculation and difficult to converge to
convergence criterion. This cause may be the
error of problem.

However, normally, the steam ejector
was mostly operated at the relatively low
pressure. At this situation the properties of real
gas could be assumed to be ideal gas [1]. The
density of working fluid is evaluated by using
ideal gas relation. The properties of working fluid
were shown in table 2.

Table. 2 Working fluid properties

Properties value
Viscosity, (kg/m.s) 1.34x 10"
Conductivity, (W/m.K) 0.0261
Specific heat, (J/kg.K) 2014.00

Molecular weight, (kg/kmol) 18.01534

3.3. Boundary conditions

There are two type of boundary condition that
suitable for turbulence compressible flows which
are pressure-inlet type and pressure-outlet type

[5]. For the upstream of ejector (primary fluid
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inlet and secondary fluid inlet), the pressure-inlet
type was applied to this face. For the
downstream of ejector (mixed fluid outlet or
subsonic diffuser), the pressure-outlet type was
applied to this face. The values of operating
conditions were assigned as the saturation

properties (pressure and temperature).

3.4 Convergence criterion and solution

During the simulation, it was considered as
converged when the following two criteria were
satisfied. Firstly, the mass fluxes through all
faces in the model were stable (the conservation
of mass must be satisfied). The difference in
mass flow between of the inlet and the outlet
was less than 10'7kg/s. Secondly, every type of
the calculation residual must be reduced lower
than the specified value (less than 10'6). This
ensured that the solution from simulation was
accurate. The number of iteration for simulation

was greater than 100,000 iterations.

4. Result and discussion
4.1. Phenomenon within the steam ejector
At first, CFD simulation is used to explain the
phenomenon within the steam ejector. The
understanding the flow behavior and mixing
process are necessary. The filled contour of
Mach number from CFD simulation as shown in
fig. 2 is used to explain this phenomenon.
Referring to fig. 2, as high temperature,
high pressure fluid known as “primary fluid”
enters the primary nozzle; the fluid is
accelerated in the converging portion of primary
nozzle (1). At the nozzle’s throat, the Mach

number is unity. The flow is choked. The flow is
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Fig. 2 Filled contour of mixing process within the steam

ejector
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further accelerated to supersonic level in the
diverging part of the nozzle (2). At exit, the
primary leaves the primary nozzle as supersonic
stream which flows under the free boundary
pressure condition, the expanded wave is
formed [2,4] with some value of expansion
angle. This expanded wave is classified as two
characteristics which are “under-expanded wave”
and “over-expanded wave” [4]. As a result of the
occurrence expanded wave, the oblique shock
(3) is simultaneously formed [2] which both are
called “diamond wave” (4). The expanded wave
is classified as under-expanded (the expansion
angel is divergence after leaving from the
primary nozzle) and the oblique shock wave is
called “1° series of oblique shock” or “®
shocking”. The flow form is semi-separation
between the primary and secondary fluid and
these fluids are not mixed. Therefore, the
“‘converging duct” (5) for entraining the
secondary fluid is formed [2]. At the interface of
these fluids (primary and secondary fluids), due
to the large velocity difference, the “shear stress
layer” (6) is created. This causes the secondary
fluid to accelerate to sonic velocity and choked
at some section. The two flows (primary and
secondary fluids) are then mixed together. The
cross sectional area where the secondary fluid
choked is called “an effective area”.

During the mixing process, the
momentum of primary fluid is transferred to the
secondary fluid. As the mixed fluid flow passes
through the constant area section, due to the
large difference pressure between the mixed
fluid and ejector's downstream pressure, the
oblique shock is induced (7). This is called “2"™

series of oblique shock” or «p" shocking”. As a
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result of occurrence this shock wave series, the
static pressure of mixed fluid is increased

rapidly. The flow form is changed from
supersonic to subsonic.

In the subsonic diffuser section, the
mixed flow is further slow down to almost
stagnation in order to recover the static pressure

before discharging to the condenser.

4.2. An ejector’s performance
The performance of a steam ejector is normally

defined by an entrainment ratio:

mass flow of the primary fluid
Eq. (1)

Rm =
mass flow of the secondary fluid

Fig. 3 shows a performance curve of a

steam ejector. The curve is classified as three

regions which are choked flow, unchoked flow,

and reversed flow region.

Entrainment ratio (Rm)

he-- 2nd shocking
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Fig. 3 The performance curve of steam ejector
Fig. 4-a to 4-c show the filled contour of
Mach number from CFD simulation. It can be

seen that an increasing of the condenser
pressure causes the 2" shocking position to
move backward into the constant area throat
section. If the back pressure does not exceed
the critical pressure value or operates in the
choked flow region (fig. 4-a), the shock will not

affect the mixing behavior of the two fluid

(c), P, = 50mbar, Reversed flow

Fig. 4 the effect of condenser pressure (P.) on the 2nd shocking position
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streams. Therefore, the secondary fluid remains
choked at the effective area section when the
ejector is in the choked flow region. As the back
pressure is increased and the ejector is in an
unchoked flow region (fig. 4-b), the 2nd shocking
moves closer to the region where the mixing
process occurred. In this case, the effect of the
shock disturbs the mixing process. The
secondary fluid is no longer choked. This causes
the ejector to entrain less secondary fluid;
therefore, the entrainment ratio drops sharply in
this unchoked flow region. If the back pressure
increase to the value above the breakdown point
or reversed flow region (fig. 4-c), the shock will
move toward the primary nozzle and disturb the
mixing process until the secondary fluid cannot
be entrained, the entrainment ratio drops to

zZero.

4.3 Effect of nozzle’s exit Mach number

In this case study, the boiler temperature and
the evaporator temperature were 150°C and
7.5°C respectively. The condenser pressure was
between 25 to 60 mbar. Three primary nozzles
were used. They produced an exit Mach number
of 3.0, 4.0 and 5.5.

Fig. 5 and 6 show results from
experiments and CFD simulations, respectively.
By comparing these results the error of
entrainment ratio and critical condenser pressure
are listed in table 3. The entrainment ratio in the
choke flow region is independent from the
change of the Mach number at the nozzle exit.
All nozzles entrain the same amount of the
secondary fluid. The critical condenser pressure
is increased with the Mach number. However,

maximum nozzle's exit Mach number is limited

Entrainment ratio (Rm)

Entrainment ratio (Rm)
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by the diameter of the nozzle exit and the boiler
pressure as shown in table 4. For the case of
Mach number of 6.0, the nozzle exit diameter is
16 mm which is as large as the mixing chamber
throat diameter (19 mm). This will block the
secondary flow at the mixing chamber inlet.
Therefore, in practice, the primary nozzle should
be designed so that the exit Mach number is
between 4.0 and 5.5. Nozzle with exit Mach
number greater than 5.5 will has a large exit
area which will obstruct the secondary flow at

the mixing chamber inlet.

0.8
0.6 ; ¢ D1.4M3 O D14M4 A D1.4M55
0.4 f
0.2 f
0 ] e ‘
20 40 60 80 100

Condenser pressure (mbar)

Fig. 5 Show the influences of nozzle’s exit Mach

number (by experiment)

08 7
0.6 ; ¢ D14M3 B D14M4 A D1.4M55
04 *
0.2 f
0 P
20 40 60 80 100

Condenser pressure (mbar)

Fig. 6 Show the influences of nozzle’s exit Mach

number (by CFD simulation)
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Table. 3 Comparison of ejector performance from experiment and CFD simulation (at critical point)

Critical condenser pressure (mbar)

Experiment CFD Errorb (%)

Entrainment ratio

Nozzle experiment  CFD Error’ (%)

D1.4M3 0.290 0.314 8.27 38 36 5.55
D1.4M4 0.285 0.315 10.52 46 43 6.52
D1.4M5.5 0.287 0.309 7.67 55 47  17.05

®Error (%) = 100 x (CFD’s entrainment ratio - Experiment’s entrainment ratio) / Experiment’s entrainment ratio.

bError (%) = 100 x (CFD'’s critical pressure- Experiment’s critical pressure) / Experiment’s critical pressure.

Table. 4 Data for the primary nozzles

Mach number Expansion Area Nozzle exit Minimum boiler Nozzle exit
ratio ratio pressure (mbar) pressure (bar) diameter (mm)
3.0 39 7.2 5.5 0.21 (61.1°C) 3.8
4.0 184 20.8 3.2 0.59 (85.5°C) 6.4
5.5 1386 88.8 2.2 3.05 (134.1°C) 13.2
6.0 2514 137.3 1.9 4.78 (140.2°C) 16.4

From table 4, the nozzle’s area ratios

were obtained from “Eq. (2)” and the expansion

ratios were calculated from “Eq. (3)™
L
. k—1 k—1 *
boiler __ 2
— = |:1 + (—) . Mex,.t:| Eq. (2)
Pexit 2
k—

A 1 2 k—1 . .
exit _ ( J:»] } .IM:XI'Z| Eq_ (3)
Athroat Mexit k=1 2

Fig. 7 (“a” to “c”) show the filled contour
of the Mach number inside the steam ejector. In
all cases, the back pressure was set at 30mbar.
The figures show that, an increasing of Mach
number cause the 2nd shocking position to move
forward to the subsonic diffuser exit. This is due
to an increase of the primary fluid’s momentum.
Therefore, the ejector can be operated at a

higher critical back pressure.

Both experiment and CFD results show
that, the entrainment ratio is independent from
the change of the primary nozzle’s exit Mach
number. The possible reason of this
phenomenon is that, even the secondary fluid
may be obstructed by the larger nozzle size at
higher Mach number. This may be supplanted
by a larger effective area and a higher velocity
of the secondary fluid. Comparing between fig.
7-a, 7-b, and 7-c, it showed that the larger
effective area (the area between expanded wave
and ejector's wall) results from reducing the
expansion angel of primary stream when the

nozzle’s exit Mach number is also increased.

Eq. (2) : Puoier is absolute pressure at the boiler; P, is absolute pressure at nozzle’s exit; M, is Mach number at nozzle's exit;

k is specific heat ratio (water = 1.327).

Eq. (3): A is cross section area of nozzle’s exit; Aot is Cross section area of nozzle’s throat.
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Fig. 7 The effect of nozzle’s exit Mach number on the 2" shocking position

5. Conclusion
In this study, CFD technique was used to study
the effect of the primary nozzle’s exit Mach
number to the steam ejector performance. The
simulation results were compared with those
obtained experimentally to ensure the accuracy
of the model.

Three primary nozzles were used, the
exit Mach number were 3.0, 4.0, and 5.5. In all
cases the entrainment ratio was independent
from the variation of the nozzle’s exit Mach
number. The advantage of using the nozzle with
high Mach number is that, the ejector can be
operated with a higher critical back pressure
which is desirable for a steam jet refrigeration

system.

CFD simulation was used to explain the
process within the ejector; it was showed that
the critical back pressure was dependent on the
momentum of the primary fluid stream and the
location of the 2" shocking position.

The ejector used in steam jet
refrigeration system should be designed so that

the primary nozzle’s exit is as high as possible.
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