A Study of the Transient Flow Characteristics of a Vacuum Ejector-
Diffuser System.
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Abstract

In vacuum ejector-diffuser systems where a finite volume secondary chamber is used, the secondary jet

exhibits transient characteristics during start-up. A steady state is achieved after some time in which mass

entrainment prevails indefinitely inside the ejector, though there is no flow from the secondary chamber. An

attempt is made in this work to study the infinite entrainment of secondary jet into the primary jet from a

finite secondary chamber, with the help of a computational fluid dynamics method. The present study is also

intended to identify the operating range of vacuum ejector-diffuser systems where the steady flow assumption

can be applied without uncertainty. The results obtained show that the only condition in which an infinite

mass entrainment is possible is the generation of a re-circulation zone near the primary nozzle exit. The flow

in the secondary chamber attains a state of dynamic equilibrium at this point. Steady flow assumption is valid

only after this point.

Nomenclature

m = mass flow rate, kg/s
p = pressure, Pa
t=time, s

Subscripts
p = primary flow

s = secondary flow
0 = initial/total condition

1. Introduction

Ejector is a simple device which can transport a
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low-pressure secondary flow by using a high-pressure
primary flow. In general, it consists of a primary
driving nozzle, a mixing section, and a diffuser (). The
ejector system entrains the secondary flow through a
shear action generated by the primary jet. The
efficiency of such an ejector system is relatively very
low, compared to other fluid transport devices driven

mainly by normal forces .

However, its major
advantage is in a simple structure with no moving parts,
and it can not only compress and transport a large
amount of fluid with a small driving energy, but needs
little maintenance. For these reasons, the ejector
system has been extensively utilized for the thrust
augmentation of V/STOL ® ¥, high-altitude simulation
facility’, combustion facility®, refrigeration system ¢,
natural gas generation®, fuel cells ®'”, noise-control
facility Y, etc.

The ejector systems can be largely classified into
three major categories depending on its functions, such
as a compressor, a fluid transport device and a vacuum

2769



pump. In a compressor system, the ejector compresses
the secondary low-pressure stream in the mixing
chamber using primary high-pressure stream. The
ejector facilitates the dragging and carrying the
secondary stream along with the primary stream when
it is employed for fluid transportation. Often it is used
to create a certain vacuum level in the secondary
chamber, such as those required in high-altitude
simulation tests. This is done by dragging mass flow
from a finite secondary chamber.

Until now, a large number of researches have been
made to design and evaluate the ejector systems. In all
these works, it is assumed that the ejector system has
an infinite secondary chamber which can supply mass
infinitely. Thus steady flow assumption has been
successfully applied for the purpose of design or
performance analysis of the ejector system. However,
in almost all of the practical applications, the ejector
system has a finite secondary chamber. There is always
a finite mass to be dragged into the primary stream
inside the ejector, regardless of the situations in which
they are being used. This implies that steady flow can
be possible only after the flow inside the secondary
chamber has reached an equilibrium state. To the
author’s best knowledge, there are no reports on the
transient characteristics of the ejector system which has
a finite secondary chamber. None of the works to date
discloses the detailed flow process until the secondary
chamber flow reaches an equilibrium state, and what
happens at the equilibrium state has been beyond the
interest.

The objective of the present study is to investigate
the transient flow through the ejector system. An
attempt is made to investigate the interesting and
conflicting phenomenon of the infinite entrainment of
secondary stream into the primary stream from a finite
secondary chamber.  The present study is also
intended to identify the operating range of vacuum
ejector-diffuser systems where the steady flow
assumption can be applied without uncertainty, with
the help of a computational fluid dynamics method.
The results obtained show that the one and only
condition in which an infinite mass entrainment is
possible in such types of ejectors is the generation of a
re-circulation zone near the primary nozzle exit. The
flow in the secondary chamber attains a state of
dynamic equilibrium at this point. A steady flow
assumption is valid only after this point.

2. Computational Methodology

The schematic and boundary conditions of the

Secondary flow
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Fig. 1 Schematic of ejector system

ejector system are shown in Fig.l. It consists of a
primary driving device, a constant volume secondary
chamber, a constant area mixing section and a
diverging section and exit which act as the diffuser.
The primary driving device is a sonic nozzle. When the
primary flow starts, fluid is dragged from the
secondary chamber and mixed with the primary flow in
the mixing section of the ejector. The mixed flow is
compressed in the diffuser and is discharged from the
exit of the ejector diffuser.

Commercial software Fluent 6 is used to analyze
the transient flow field. 2-D axi-symmetric solver is
chosen with coupled implicit solver for both steady and
unsteady simulations. The working gas is selected to be
hydrogen. The grid system consisted of structured
quadrilateral cells. A study for checking the grid
independence was also performed with steady solver,
based on the maximum Mach number inside the ejector
and the optimum number of grid points arrived at was
33500. Standard k-&¢ model was used in the
computations.

Initially, steady flow has been simulated with mass
flow inlet boundary condition (0.0008kg/s) at the
primary nozzle inlet and pressure outlet conditions at
secondary nozzle inlet (1.26bar) and the ejector exit
(1.32bar). Static pressure inside the secondary chamber
has been monitored. Convergence is also monitored
based on both static pressure history and residuals.
After the simulation has achieved convergence, the
secondary flow inlet condition has been changed from
pressure outlet to wall boundary condition in order to
have a fixed volume secondary chamber, and
correspondingly the solver is switched to unsteady one
with a time step size of 107s.

3. Results and discussion
Fig.2 shows the static pressure history in the

secondary chamber for the unsteady simulations. The
term py/py, refers to the static pressure normalized by
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Fig. 2 Schematic of ejector system

the initial pressure p,, in the secondary chamber. Point
A refers to the state on the verge of the instant at which
the primary flow is started.

Figs.3 shows the mass flow history from the

secondary chamber, where » =(m ,—m)/m, .

It can be noted that the flow reaches pressure
equilibrium at point F in Fig.2, corresponding to the
flow state at which the secondary mass flow is zero in
Fig.3 at the same time instant (1.002ms). The unsteady
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Fig. 3 Construction of chimera meshes for piston

flow quickly attains pressure equilibrium between the
secondary chamber and the primary nozzle exit, owing
to the small volume of the secondary chamber. It
should be noted that at point F in Fig.2, though there is
no pressure difference between the secondary chamber
and the mixing section of the ejector, the flow field is
not frozen. The fluid is still dynamic inside the ejector
and hence the point F is termed as “state of dynamic
equilibrium.”

Flow field at the start of the primary flow, denoted
by point A in Fig.2, is detailed in Figs.4 and 5, which
show the density contours and velocity vectors in the
vicinity of the primary nozzle exit. The velocity vectors
show how the fluid from the secondary jet is dragged
due to the shear action generated by the primary jet.

In order to understand how flow achieves this
dynamic equilibrium state, flow states correspond to
different time instants, indicated as B, C, D and E are
illustrated in Fig.6 where the respective velocity
vectors and iso-density contours are shown.

Consequent on the reduction in the secondary
chamber pressure, the primary jet keeps on expanding.
Velocity vectors corresponding to the point B in
Fig.6(a) show a more expanded jet compared to that at
point A because of the reduction of secondary chamber
pressure. Fig.6(b) reveals a small re-circulation zone
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Fig. 4 TIso-density contours (point A)
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Fig. 5 Computational conditions for piston motion
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Fig. 6 Flow fields at various time instants

downstream of the first Mach disc of the primary jet, at
point C (=60ps). The area of re-circulation zone
increases with the reduction in secondary chamber
pressure as seen from the velocity vectors at point D
(=100ps) in Fig.6(c) It is also noticed from the flow
state at point E in Fig.6(d), that the re-circulation zone
is moving upstream with the secondary chamber
pressure reduction.

Fig.7 shows the velocity vectors in the vicinity of
the primary nozzle exit at point F where the flow has
reached the pressure equilibrium. It is seen that the re-
circulation zone has sufficiently moved upstream and
the fluid particles are turning 1800 in order to have
themselves entrained into the shear layer. This is the
one and only condition in which the two conflicting
flow conditions can be possible in a real flow situation.

The conflicting conditions are the finite mass supply
from the secondary chamber and the infinite mass
entrainment into the shear layer as long as primary
flow is present. It is worth noting that, though the fluid
in the secondary chamber is stagnant, the fluid in the
mixing section of the ejector is still dynamic, owing to
the re-circulation. The re-circulation zone appears in
the flow field at a particular time instant. In order to
make it clear how the re-circulation zone is generated
inside the ejector, the wall shear stress along the ejector
wall is plotted at various time instants in Fig.8.

It can be seen that the first time instant at which
the re-circulation zone appears in the flow field is
around 40us after the primary flow is started. Here, the
wall shear stress is negative in the divergent portion of
the nozzle. From this point onwards, the magnitude of
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Fig. 8 Distribution of wall shear stress along the
ejector wall

peak moving upstream. This is in correlation with what
has been observed early in the velocity vectors. The re-
circulation zone is moving upstream with reducing
secondary chamber pressure.

In the unsteady case, the pressure in the secondary
chamber is continuously reduced due to a fixed
chamber volume. As the secondary chamber pressure
reduces with time, the primary jet characteristics are
changed as it is expanded more and more. This makes a
hypothetical convergent section (shown by dotted line
in Fig.5) more converged as the primary jet develops in
the radial direction. The flow in this area is still
subsonic, consequently leading to more reduction in
the secondary flow pressure as it moves along the
primary jet through the converging section.

The entrained flow being subsonic has to increase
its velocity as it passes through the converging section.
During this time, the expansion process of the primary
jet continues and Mach disk becomes stronger
downstream, and correspondingly, the pressure
increases downstream of the minimum area of the
hypothetical nozzle section. The flow has now to travel
against a high adverse pressure gradient and the
available kinetic energy of the entrained flow at this
location is too small to overcome this pressure hill.
This causes the flow to separate and re-circulate in this
location. This can clearly be understood from Fig.9
where the ratio of the static pressure normalized by
total pressure of the primary flow along the ejector axis
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is shown for various time instants.

It is seen that the second Mach disk is traveling
upstream with increasing time and decreasing
secondary chamber pressure. The re-circulation zone
also follows the same trend. This implies that the effect
of first Mach disc does not come into play during the
initial stages of the generation of the re-circulation
zone. After the re-circulation zone is expanded enough,
the location of maximum wall shear stress is controlled
by the first Mach disc as seen from Figs. 8 and 9.

The present analysis reveals that starting process
of an ejector vacuum system with constant area
secondary chamber is inherently conflicting and
complicated due to transient flow structures. Even
under the condition of a finite mass supply, dynamic
effects persist under equilibrium conditions. The flow
achieves this state through the generation of a re-
circulation zone inside the ejector which is the only
condition for the flow to achieve a dynamic
equilibrium state inside the ejector. For such systems,
where the ejector is used as a vacuum pump, the
required level of vacuum can be maintained in the
vacuum tank after a particular time instant, while the
entrainment takes place inside the ejector for infinite
time, as long as primary flow is present.

4. Conclusions

The present study on the transient features of the
starting process of the ejector system with a finite

secondary chamber reveals interesting flow phenomena.

The flow field exhibits significant changes from that of
a steady ejector system which has an infinite secondary
chamber. The flow through the ejector attains a
dynamic equilibrium state after a particular time
depending on the secondary chamber volume.

At the equilibrium state, a re-circulation zone
appears in the vicinity of the primary nozzle exit. Due
to this re-circulation zone, continuous mass
entrainment into the primary jet prevails even when
there is no flow from the secondary chamber. This is
the one and only condition for the two conflicting
phenomena to occur simultaneously, i.e., the finite
mass flow from the secondary chamber and infinite
mass entrainment into the primary jet. Moreover,
during the transient period of the ejector flow, the
primary jet characteristics are continuously changing
owing to the reduction in pressure at the outlet of the
primary nozzle. This will have a deterministic effect on

the whole flow field. The present analysis thus permits
to identify how the flow field behaves with respect to
the transient changes during the starting process of
ejector systems.
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