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motor, mechanical power extraction from an engine, and
the like. When th e electric power comes from fossil fuel
powered plants, or the m echanical power comes from a
combustion engine, greenh ouse gases and oth er
pollutants are generated, and fuel is consumed. There
are many appli cations wher e usable waste energy is
available and is discarded and lost. One such example
applicati on is in automobile air conditioning where, in
the present state-of-the-ar t, a conventional r everse
Rankine cycle refrigerator is used such that the
compressor is powered directly by the engine, while
thermal energy in sufficient quantity to power the air
conditioning system is lost through t he engine exha ust
and the cooling system. The possibility of using
autom otive waste heat for air conditioning in an ejector
refri gerator is discussed in Balasubramaniam1, Hamner 2
, Kowalski3.
ii. Recent research has shown the chlorofluorocarbons
(CFC’s), the r efrigeran ts of choi ce for the reverse
Rankine cycle refrigeration system, have produced dire
effects for the earth’s ozone layer. Alternate refrigerants
have been sought, particularly among the
hydrochlorofluorocarbons (HCFC’s), however, concerns
have been raised about other environmental problems
associated with these refrigeran ts. Besides their adverse
effects on the ozone layer, Fischer 4 stated that “ . . .
CFC’s have been implicated as a major anthropogenic

ABSTRACT
The pressure-exchange ejector offers the
possibility of attaining a breakthrough in the level of
performan ce of ejectors by means of utilizing nondissipative non-steady flow mechanisms. Yet, the device
retains much of the mechanical simplicity of
conventional steady-flow ejectors. If such a substantial
improvement in performance is demonstrated, its
application to ejector refrigeration will be very
important.
Such a development would provide
significant benefits for the environment in terms of both
CFC usage reduction and greenhouse gas reduction.
The current paper will discuss in detail the
concept of pressure-exchange ejector refrigeration,
compare it with existing technologies, and discuss the
potential impact that mi ght be derived if certain levels of
ejector performance can be achieved. Since the limiting
issue on the system per formance is in th e fluid dynami cs
of non-steady flow induction, research issues and recent
progress will be discussed.
EJECTOR REFRIGERATION
C o n ve n t i on al reverse-Rankine cycle
refri geration has thr ee major drawbacks, all of which are
associated with the use of the compressor:
i. The compressor is usually driven by high quality
mechanical power provided by means such as an electric
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cause of global warmin g.” Tur iel5 calculated that one
pound of R-12 released to the environment has about
15,000 times the global warming effect of the same
weight of CO2.
iii. Conventional reverse Rankine cycle refrigeration is
the complexity of the compressor. This complexity
increases the cost of the unit, increases the maint enance
required, and consum es excessi ve space or requires that
the compressor be situated at inconvenient locations.
A possible remedy for all of these deficiencies
is embodied in ejector refrigeration. A typical ejector
refri geration system is shown in Figure 1. Note that it
operates in a ma nner commensur ate with r everse
Rankine cycle refrigeration with the modification that
the mecha nical compr essor is repl aced by a boilerenergiz ed ejector and feed pump. A sketch of a typical
steady-flow ejector is shown in Fig. 2. This device is

At the turn of the century when steam was more
abundant than electricity, the patent l iterature r eveals a
plethora of inven tions based on ejector refrigeration. In
this era, steam from locomotives was used to provide air
conditioning in passenger trains.
Steam ejector
refri geration enjoyed considerable popularity in the
1930's for air-conditioning large buildings. It continues
to be used in industrial applications where steam is
abundant.
Despite its substan tial advantages, steam-ejector
air conditioning ha s not, in fact, been widely adopted
because of the low Coefficient of Performance (COP) that
has hitherto been attainable. Even when abundant waste
heat is available, such as in automotive applications, a
consequent resul t of the low COP is that not only must
the evaporator heat absorbed by the refrigeran t be
rejected in the condenser, but also the thermal energy
used to power the ejector. If the COP is low, large

Figure 2 Steady-Flow Ejector

Figure 1 Ejector Refrigeration System

amounts of additional energy must be rejected at the
condenser which requires a condenser of substantially
increased size, weight, and cost. In automobiles, where
space is a premium, this attribute would render steam
ejector refriger ation un acceptable.
The efficiency of the ejector is a limiting factor
in determining the perform ance of the refrigeration
system. The physical principal upon which the steadyflow ejector functions is that of entrainmen t of a
secondary flow by an energetic primary flow by virtue of
the work of turbulent shear stresses. Thus, the relatively
low energy secondary flow is “dragged” by the relatively
high energy primary flow through tangential shear
stresses acting at the interface between the two
contacting streams. These turbulent stresses are a result
of mixing that occurs between primary and secondary
streams and th e consequent exchange of momentum.
While this mechanism i s quite effective, and has been
widely adopted in many applications, an inherent
characteristic of mixing processes is to dissipate valuable
mechanical energy. After mixing, these ejectors are
designed 2,6 so as to produce a str ong norm al shock prior
to passing throu gh a subsonic diffuser section. This

mechanically very simple, can directly convert thermal
energy into refrigera tion, and i s compatible with
environmentally friendly hi gh specific volume
refrigerants such as water.
Common water is an excellent refrigerant which
has a high latent heat of vaporization, a high specific
heat, good heat tr ansfer characteristics, n on-corrosive,
and is totally in harmony with the environment.
However, since for normal ai r conditionin g applications,
the specific volume of water vapor u nder operating
conditions must be hun dreds of times la rger than that
of a system using CFC’s under comparable
environmental conditions and design requirements.
Water refrigerant, when u sed with a posit ive
displacement type compressor, therefore, requires a
much larger compressor displacement volume. The need
for a much la rger compr essor, and the associated
increased cost, has rendered water to be less desirable as
a refrigerant for conventional air conditioning.
However, this problem can be overcome by the use of an
ejector. Ejectors are capable of transporting large
volumes of vapor within a relatively small space and at
a low cost.

2

strong shock produces further dissipation of energy
contributing to a loss of efficien cy.
Huang et al6 reports results which are typical of
the state-of-th e-art for eject or refriger ation with values of
COP in the ar ea of 0.20. Such levels of performance will
render steam-ejector refrigeration non-competitive for all
but the most specia lized applications. Since the limiting
factor on the COP is the ejector efficiency, it is clear that
in the absence of a major brea kthrough in eject or
performan ce, the ben efits of steam-ejector refri geration
will be unreali zed on a lar ge scale. Such a breakthrough
with steady-flow ejectors is highly unlikely in view of
their century old history of development.
One way in which the COP of the basic ejector
refri geration cycle can be incr eased is if the function of
the ejector is r eplaced by a turbine-compressor
equivalent as proposed by Rice7. However, such a system
would be very expen sive and would require excessively
large compon ents if water were to be used as the
refrigerant.
The presen t paper offers hope that a major
breakthrough in steam-ejector refriger ation per formance
may be possible through a newly patented non-steady
flow ejector which utilizes r eversible means to achieve
flow induction, while retaining much of the mechanical
simplicity of conventional ejector refrigeration.
Moreover, the device should be low in cost and compact
in size. If such a breakthr ough in ejector performance
can be achieved, steam ejector refrigeration will have to
be considered in an entir ely n ew light in view of its
outstanding environmentally friendly attributes as well
as its high potential for energy conservation through
waste-heat utilization.

Figure 3 Radial-Flow Pressure-Exchange
Ejector
dissipation in steady-flow ejectors, may be obviated.
Since pressure exch ange ejectors oper ate through an
entirely different principal tha n steady-flow ejectors,
there is a possibility that a major improvement in
performan ce can be obtained. Garris and Hong9
reviewed previous resear ch on pressu re-exchan ge ejectors
designed for thrust augmentation applications, and the
use of pressu re exch ange in wave engines. However, the
idea of using it for ejector-compressor applications, as
well as ejector refri geration applicati ons, i s new.

THE PRESSURE EXCHANGE EJECTOR
A detailed description of the pressure-exchange
ejector is given in Garris8, Garris and Hong9 and Garris
et al10. A sketch of a pressure exchange ejector is shown
in Fig. 3. In the con figuration under study, it is a simple
radial-flow turbomachine with one movin g part: a freespinning rotor. Integral with the rotor is a multiplicity
of canted supersonic nozzles. Primary flow leaving the
nozzles drive the rotor to free-spin, attaining angular
speeds possibly exceeding 50,000 rpm. The secondary
flow is directed towards the interaction space between
adjacent fluid jets, between which it is trapped and
driven outward toward the periphery by virtue of the
work of interface pressure for ces. Th e work of pressure
forces is inherently reversible and does not incur the
detrimental dissipation caused by the mecha nism of
turbulent entrai nment used in conventional ejectors.
Furthermore, due to the radial geometry, th e need for a
strong normal shock in th e diffuser, a fur ther sour ce of

EJECTOR REFRIGERATION CYCLE
In th e discussion that follows, we will attempt
to place t he per formance of ejector refr igeration
equipment within the context of alternate technology.
Huang et al6 showed both theoretically and
experimentally what levels of perform ance m ight be
expected using real steady flow ejectors as char acterized
in detail via their experimental results. In their very
thorough investigation, the COP’s reported for a basic
system, using R-113 rather that steam, were in th e range
of 0.06 - 0.25.
Since the ejector refrigeration system is
directlyener gized by thermal en ergy, it is appropriate to
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compare it with absorption cycle refrigeration which is
also thermally energized. Herold et al11 report typical
values of COP from 0.5 to .75 for absorption chillers.
While the current state-of-the-art ejector refri geration
system is much simpler, carries a lower initial capital
cost, lower maintenance, and a wider choice of
refrigeran ts,
absorp tion cycle refrigeration is
substantially more energy efficient.
For comparison with reverse Rankine cycle
refrigeration, one must also factor in the effici ency of
generating mechanical motive power for the compressor
from a fuel source. In the case of electrica lly driven
compressors that recei ve thei r elect rical power from
fossil fuel powered plants, one must consider that the
thermal efficiency of modern fossil-fuel fired plants is
around 35%-40% (Decher 12). Tran smission losses must
also be taken into account. If one defines COP as the
energy removed from the cooling space divided by the
thermal energy expended at the sour ce in order to effect
that energy removal, reverse Rankine cycle refrigerators
would have a COP in the vicinity of 1-1.5. For
autom otive applications13 where the m aximum efficiency
of gasoli ne spa rk ig nition engines is less than 30% , and
for Diesels between 35%-40%, the overall COP for
conventional automotive air conditioning systems would
be on th e order of 0.75-1.0.
It is the hypothesis of
this paper that if the COP of ejector refrigeration could
be brought up to about 0.75, it could be a cost-effect ive
alter native to vapor compression refrigeration in many
domestic, automotive, and commercial applications. It
would further provide immense benefits in reducing the
release of hazardous fluorocarbon-based refrigerants to
the environment, reduce the emission of greenhouse
gases by using waste heat or low greenhouse gas
emitting fuels such as natural gas, and provide low
maintenance, safety, and low initial investment.
Huang et al6 stated succinctly that: “It is
obvious that the ejector is the heart of the jet
refrigeration system”. Although they did not correlate
their results with adiabatic efficiency of the ejector,
sufficient data were provided to permit such a
calculati on. Thr ee representative COP’s were extracted
from the performan ce charts reported by Huang et al.6 :
0.23, 0.125, an d 0.05. Th e corresponding adiabatic
ejector efficiencies are computed to be 21.4%, 15.4%,
and 8.4%, r espectively. The result suggests the very
strong correlation of COP with ejector efficiency.
The efficiency of an ejector is closely connected
with the entropy generation processes occurring within.
The operating pri nciples of a con ventional steady-flow
ejector result in two major sources of entropy generation:
turbulent mixing and str ong norm al shock waves. The
Mollier chart of Fig. 4 suggests how entropy gener ation

Figure 4 Mollier Chart of Steam-Ejector
Refrigeration Cycle
in the ejector affect the thermodynamic cycle. The
processes indicat ed by ac and bc are reversible isentropic
processes as would occur in an ideal turbomachinery
analog of the ejector with no shocks and no mixing. The
processes indicated by ac’ and bc’ represent the
irreversible processes that occur in the primary and
second ary, respectively, of the ejector and include
entropy generation from both m ixing an d shocks.
Depending on th e amoun t of entropy generated, one can
compute the resulting COP of the cycle and the mass
flow ratio. One should remember that in performing
these exercises, energizing primary mass flow rate is
adjusted to compensate for the dissipati ve processes so as
to enable the operating temperatures and pressures to
remain the same.
Garris et al.14 showed that as the entropy rise
increases, the system COP decreases precipitously. It
was demonstrated tha t the COP can be improved
dramatically if the entr opy rise can be contr olled
effectively. By means of th e pressure-excha nge ejector
which utilizes physical mech anisms which pr oduce
modest entropy rises, a substantia l improvement over
conventional technology is possible. This study also
showed that when the entropy rise is small, only a small
amount of energetic superheated primary fluid is needed
in order to dri ve the r efrigeration system. However,
when the entropy rise in the ejector increases, ther e is a
rapid drop in the mass flow ratio indicating that much
more fluid is needed in the primary circuit in order to
drive the system. By reducing the entropy rise in the
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Figure 5

primary/secondary stagnation pressure ratio,
primary/secondary stagnation temperature ratio, ejector
discharge back pressure, and working fluid (air, steam,
etc.). In order to obtain an optimum configuration, the
geometrical parameters th at must be studied in clude:
Area ratio of supersonic primary nozzle (Mach Number),
configuration of nozzle (planar, axi-symmetric,
minimum-length, curved, etc.), number of nozzles, spin
angle of nozzles (peripheral speed), diffuser spacing
(distan ce between vaneless di ffuser surfaces), diffuser
angle, secondary to primary throat area ratio, and
aerodynamic design configuration.
A major goal of this research program is to
explor e all of these aspects. However, to date, we have
dedicated much of our effort towards satisfying the
mechanical desig n constrain ts. In the process, we have
encounter ed difficulty with bearing failures, vibration
insta bility, structural failure, and sealing problems. We
have made much progress in this connection and are n ow
able to conduct experiments in order to explore the
behavior of the ejector subject to varying operating
parameters. The res ults to be presented constitute our
first attempt for one set of geometric parameters. Thus
far, no study of the important effects of the geometric
parameters has been perfor med. T he results to be
presented in the present pa per, th erefore, should in no
way be construed as rep resen tati ve of the ca pabilities of
the pressure-exchange ejector. We expect to be able to
provide such informati on in future publicati ons.
Test results, as reported in Garris et al.10,
determin ed that rotor speeds exceeded 40,000 rpm. In
practice, the rotor experiences bearing friction and
windage torque. Considerable effort was made to reduce
bearing friction and work on designing special air
bearings is being conducted in parallel with the
aerodynamic investigation of the ejector.
Figure 5 shows h ow the ejector suction
(secondary pressure) varies with prim ary pr essure for
three different secondary flow conditions ranging from
no-flow to maximum flow. Th e former is obt ained by
shutting the secondary flow valve, and the latter is
obtained by opening it wide. The thir d condition shown
is interm ediate. It m ay be seen that the n o-flow
condition corresponds to maximum suction.

TASCflow Solution for Curved
Supersonic Nozzle

ejector, the pressure-exchan ge ejector minimizes the
energy requirement in the boiler/superheater while
minimizing the amount of heat to be rejected in the
condenser leading to a more cost-effective and spa ce
conserving system.
EXPERIMENTAL PROGRAM
The experimental program has the near-term
goal of underst andin g the behavior of the pressur eexchange ejector, and the long- term goal of
implementing it in a refrigeration system. Recent work
has concentrated on the former.
The current test ri g consi sts of a r adial-flow
pressure-exchange ejector having a 3.0" diameter rotor
with nine planar minimum-length Mach 2.5 supersonic
nozzles canted at an angle of 20o from the radius. Air is
provided thr ough a blow-down air supply. The system is
instr umented and pressures, temperat ures, an d flow rates
are measured in the primary and secondary flow circuits.
As indicated in Fig. 3, the discharge flow is released to
the atmosphere through a vaneless diffuser. Static
pressure taps are placed at many radial locations in the
diffuser to monitor diffuser performance. The rotor is
mounted on a shaft wit h precisi on high - speed ballbearings. Laser-fiber optic probes are used to measure
angular speed, and a piezoelectric pressure transducer is
placed near the nozzle discharges to measure
fluctuations in static pressure. A hot wire anemometer is
employed to measure velocity and turbulence in the
diffuser. Vibration is also monitored. Data is compiled
via a computerized data acquisition system.
It must be appreciated that this type of ejector is
completely new and that there is not any previous design
experience upon which to build. Before experim ents
can be conducted, the ejector must satisfy unforgiving
mechanical design constraints including bearing design,
structural design, and dynamic sealing. The operating
para m e t er s that m ust be studied include

COMPUTAT IONAL SIMULATION PRO GRAM
To model the cha racteri stics of this n ovel
pressure exchange concept computationally, the
commercial fluid flow analysis code TASCflow was
acquired. TASCflow solves the three dimensional
Navier-Stokes equations by utilizing a finite element
based finite volume method over structured hexahedral
grids. It was chosen over oth er software packa ges
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Current performance levels are far below those of ideal
turbomachinery and, to date, improvements over steadyflow ejectors have not yet been demonstrated. While the
pressure-exchange ejector is far simpler than
turbomachinery, being a direct fluid-fluid flow indu ction
device, optimization is quite a daunting task. The
number of geometrical and design parameters is
substantial and the device in unforgiving in terms of
sealing and bearing requir ements. On ce an
understanding of this complex ejector is obtained,
experiments and an alysis on a complet e pressureexchange refrigeration system will be performed.

primarily for its ability to handle time periodic boundary
conditions and rotating frames of reference, making it
well-suited for modeling rotating machin ery. Other
features particularly suitable to this research include the
abilities to accuratel y model real gas compressible flows,
turbulen ce, heat transfer, shocks resulting from transonic
and supersonic flows, an d special fluid s such as wet
steam and refrigerants.
To date, TASC flow has been used to model the
two dimensional flow through the supersonic nozzles of
the rotor used in the experim ental rig. Th e curr ent r otor
configuration involves a plurality of minimum-length,
Mach 2.5 nozzles canted at 20° with respect to the radius
of the rotor. In the previous work of Divinis15, these
minimum-length nozzles were design ed with a meth od
of characteristics FORTRAN code developed by NASA16.
The TASCflow predictions of the boundary
layer growth were compared to that predicted with the
NASA Code16. It was seen that both computations
predict comparable values of boundary-layer thickness
and are consistent.
TASCfl ow was further validated by comparison
of the wor k on curved nozzles of Divinis15 who utilized
the method of characteristics for planar nozzles with
different degrees of curvature. These nozzles are of
interest to the project because of their ease of packaging
in the confines of a rotor . An efficient ejector will
depend on the ability of these nozzles to provide
uniform, shock free flow. TASCflow is currently being
used to investigate the flow in these n ozzles. Figure 6
shows the solution for a Mach 2.5 nozzle with a 20°
angle of curvature. While the flow is shock free, it is
less than perfectly uniform and reaches th e design Mach
number only at a small region.
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