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Computational Analysis of a Variable Ejector Flow
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The present study addresses a variable ejector which can improve the ejector efficiency and control the
re-circulation ratio under a fixed operating pressure ratio. The variable ejector is a facility to obtain specific
recirculation ratio under a given operating pressure ratio by varying the ejector throat area ratio. The numerical
simulations are carried out to provide an understanding of the flow characteristics inside the variable ejector. The
sonic and supersonic nozzles are adopted as primary driving nozzles in the ejector system, and a movable cone
cylinder, inserted into a conventional ejector-diffuser system, is used to change the ejector throat area ratio. The
numerical simulations are based on a fully implicit finite volume scheme of the compressible, Reynolds-Averaged
Navier-Stokes equations. The results show that the variable ejector can control the recirculation ratio at a fixed

operating pressure ratio.
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Introduction

Ejector system is a facility to transport a low-pressure
secondary flow by using a high-pressure primary flow.
Ejector system entrains a secondary stream by a jet
expansion of the primary stream in which the shear
action between the primary and secondary streams arises.
The performance of the ejector system is qualitatively
low compared with other fluid machinery, usually driven
by normal force acting on blades!' ™), however ejector
system got many merits. The ejector system is simple,
easy to operate and its maintenance cost is less because
there are no moving parts such as valves, rotors, pistons.
Ejector system has been used mainly in the field of
conventional industries like the thrust augmentation of
V/STOL aircraft'*”, high-altitude state simulation facility',
combustion facility!”!, refrigeration/air conditioning!®,
noise-control device!, etc., and now it is being utilized
for up-to-date technology. The representative example is
the equipment for reducing the amount of hydrogen gas
consumption in a hydrogen fuel-cell.

Hydrogen fuel cell generates the electric power
using the reverse process of the electrolysis of water, and
is one of the alternative energy sources in the near future.
However, in the automobile applications of the hydrogen
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fuel cell system, the mileage of the vehicle is essentially
limited by the amount of hydrogen fuel consumption.
Thus, the automobile hydrogen fuel cell system may not
be profitable, unless a means should be made to reduce
the hydrogen fuel consumption.

In general, the power output of the hydrogen fuel
cell system is proportional to the amount of hydrogen
fuel consumption. Thus, the amount of hydrogen supply
should be controlled depending upon the output power of
the vehicle. In practical hydrogen fuel cell systems, some
amount of hydrogen is exhausted into the air without
reaction. Re-use of the exhausted hydrogen gas would be
highly desirable to extend the mileage of the vehicle. In
this case, it is important to control the re-circulating
hydrogen gas according to the power output of the
hydrogen fuel cell system.

An ejector system can be employed to re-circulate
the exhausted hydrogen gas, but at a fixed pressure ratio,
like the automobile hydrogen fuel cell system, the amount
of re-circulating hydrogen gas is always kept constant,
regardless of the output power of vehicle. Therefore, the
conventional ejector system would not be suitable for the
automobile hydrogen fuel cell system.

The objective of the present study is to investigate
the operation characteristics of the variable sonic ejector
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system, which can adjust the re-circulation flow by
varying the ejector throat area ratio. A sonic nozzle is
adopted as a primary driving nozzle, and a cone-type
cylinder, which can shift upstream and downstream to
alter the flow area at the ejector throat and the nozzle
exit.

Experimental Methods

A convergent nozzle is selected as a primary driving
nozzle for the ejector system. Fig.1 shows the configuration
of the sonic nozzle. The sonic nozzle is having a circular
cross section. To reduce the surface roughness effect
inside the nozzle, the wall surface of the nozzle is
polished. The primary driving nozzle is intruded into the
ejector mixing section and designed with an angle of 24
degrees to facilitate the secondary streams.

Fig.1 Sonic nozzle

For the sonic ejector the cone cylinder (cone angle =
8%, axial length = 51.5 mm) is followed by a straight
section of 400 mm length with a diameter of 8 mm. More
geometric details of the cone cylinder for the variable
ejector system are depicted in Fig.2.

Fig.3 shows the variable ejector in which the cone
cylinder is mounted on the flow axis and supported by a
strut system inside the diffuser. A screw handle installed
outside the ejector is connected with the cone cylinder
and is used to shift the cone cylinder. The movement of
the cone cylinder changes the cross-sectional area at the
nozzle throat A, but the cross-sectional area at the
ejector throat 4,, is kept constant. In the present study the
ejector throat area ratio (y=4,/A) is greatly increased as
the cone cylinder moves upstream of the exit of nozzle.

Fig.4 shows the schematic diagram of the present
experimental set-up, which consists of a compressor, a
reservoir, a plenum chamber, a variable ejector, and a
pressure measurement system. The compressed air at 1.5
MPa in the reservoir is supplied to the primary plenum
chamber, where the flow is restored to stagnation
condition, and then is discharged into the ejector mixing
section through the driving nozzle. The primary jet
entrains the secondary flow. The resulting two streams
are mixed in the mixing section and are exhausted into
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the atmosphere through the diffuser. The cone cylinder is
facilitated to vary the ejector throat area ratio (y) to
control the primary to secondary mass flow rate. In the
present study,  is varied between 11.88 and 66.69. The
ratio of supply pressure (pg,) to the back pressure (p,) is
defined as the operating pressure ratio of the ejector, and
its value is varied in the range between pg,/p,~2.0 and
9.0.
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Fig.4 Schematics of the experimental set-up

The stagnation pressure is measured using a transducer,
which is flush mounted on the wall of the plenum
chamber. The static pressure is measured at the inlet of
the secondary suction flow. In order to measure the mass
flow of the secondary mass flow, an orifice system is
installed at the inlet, as shown in Fig.4. The mass flow
rate n1p, of the primary jet is directly calculated using
the pressure measured at the plenum chamber, the cross-
sectional area of the primary nozzle, and the stagnation
temperature. The mass flow rate 5, of the secondary
suction flow is obtained from the measured pressure
values p; and p,, upstream and downstream of the orifice,
respectively. Consequently, the coefficient C, of discharge
of the orifice is obtained from the following relationship,
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where 7 iqeal 1 the ideal mass flow through the orifice.
In order to validate the coefficient of discharge, the
primary jet is discharged through the secondary flow
passage while the exit of the ejector remains closed. In
this situation, the mass flow rate through the orifice
system is exactly the same as m,. Consequently the
coefficient of discharge of the orifice is obtained as
presented in Fig.5 where m, is linearly increased with
rs,ideal » NEArly regardless of the operating pressure ratio
and the ejector throat area ratio. In the present study, the
coefficient of discharge C, is obtained as 0.55.
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Fig.5 Relationship between i, and i, idear

Numerical Methods

Fig.6 shows the computational grids system for the
present study. The numerical simulations have been
carried out with the help of a well-established standard
k-omega model. The governing equations are given by
the conservation forms of the 3-dimensional, symmetric,
compressible Navier-Stokes equations. This model uses a
control-volume based technique to convert the governing
equations to algebraic equations, which can be solved
numerically. The computational domain is selected based
on the experimental model. As boundary conditions of
computation, the pressure inlet for the upstream of the
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nozzle, and the pressure outlet for the secondary stream
inlet and ejector outlet are applied.

Fig.6 Computational grids system

Results and Discussion

Fig.7 shows the effects of the ejector throat area ratio
and the operating pressure ratio on the re-circulation
ratio of the secondary flow, where the re-circulation ratio
¢ is defined as the ratio of the secondary suction flow
ms to the total mass flow s, +m, discharged from the
exit of the diffuser. The dotted line shows the results of
computation. It is found that at a given operating pressure
ratio, ¢ increases with an increase in ;, and ¢ appears
less sensitive to py,/p,, when  is small. This is because
w affects the expansion state of the primary jet at the
nozzle exit.

Fig.8 shows the velocity vectors for different throat
area ratio. The operating pressure ratio of the primary
nozzle was held constant by pg,/p, =2.0. The primary
stream accelerates to a supersonic speed after the nozzle
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Fig.7 Relationship between ¢and
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(a) w=11.88

(b) y=18.83

(c) w=2593

Fig.8 Velocity vectors for various w (pop/p,= 2.0)

exit, resulting in an under-expanded jet zone near the
cone cylinder. A barrel shock wave, which appears typical
in the under-expanded jet, is a consequence of coalescence
of a series of compression waves for y=11.88. As the
ejector throat area ratio i increases, the barrel shock
reduces to an oblique shock wave, and the zone of
supersonic stream is reduced by the intrusion of the
cone-cylinder resulting in the jet diffusion.

For a given y, the influence of po,/p, on ¢ is shown
in Fig.9. We observed that at a given y, ¢ decreases with
an increase in po,/p,. This tendency is somewhat different
in the case of y=11.88, which is the smallest value in the
ejector throat area ratio, applied in the present study. The
present data show that for the sonic ejector, the re-
circulation ratio of the secondary suction flow is strongly
dependent on y and pg,/p,. This indicates that for a given
pressure ratio of po,/p,, the present variable sonic ejector
using the present cone cylinder can control the
re-circulation ratio of the secondary suction mass flow.

The variation of the secondary suction mass flow
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Fig.9 Relationship between ¢ and p,/p,

rate with the ejector throat area ratio is presented in
Fig.10. The secondary suction mass flow rate monotonously
decreases with . However, it is interesting to note that
below po,/p,=5.0, the secondary suction mass flow rate
has a maximum at a certain  value, which is not nearly
dependent on the operating pressure ratio as poy/Pa
increases. This implies that there is an optimum value of
w for the secondary suction mass flow rate to be
maximized for the sonic ejector.
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Fig.10 Secondary mass flow rate variations vs

Concluding Remarks

The present study addresses the experimental and
computational results of variable sonic ejector system
using air as the working fluid, aiming for the application
to automotive hydrogen fuel cell system. The present
sonic ejector system can obtain a re-circulation ratio of
the secondary suction flow required at a fixed operating
pressure ratio. We concluded that for the sonic ejector,
the secondary suction mass flow rate is significantly
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influenced by the ejector throat area ratio as well as the
operating pressure ratio.
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