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ABSTRACT

The pressure-exchange eectar offers the
possibility of attaining a breakthrough in the level of
performance of ejectors by means of utilizing non-
dissi pati ve non-steady flowmechanisms. Y et,thedevice
retains much of the mechanical simplicity of
conventional steady-flow ejecors. If such a substantial
improvement in performance is deamonstrated, its
application to ejectar refrigeraion will be vey
important.  Such a development would provide
significant benefits for the environment in terms of both
CFC usageredudion and greenhouse gasredudion.

The current paper will disauss in detal the
concept of pressure-exchange gedor rerigeation,
compare it with existing technologies, and dscuss the
potential impact that mi ght bederi ved if certain levelsof
gector performance canbe echieved. Sncethelimiting
issue on the system per formance isin the fluid dynami cs
of non-steady flow induction, research issues and recent
progress will be discussed.

EJECTOR REFRIGERATION

Conventional reverseRankine cycle
refri geration hasthr 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 asan electric

motar, mechanical powe extraction from anengine and
thelike. When the electric power comes from fossil fuel
powered plants, or the mechani cal power comes from a
combustion engine, greenhouse gases and other
pollutants are generated, and fuel is consumed. There
are many applications where usable waste energy is
available and is discarded and lost. One such example
application is in automobileair conditioning where, in
the present state-of-the-art, a conventional reverse
Rankine cycle refrigaator is used such that the
compressor is poweaed directly by the engine, while
thermal energy in afficient quantity to power the air
condtioning system is lost through the engine exhaust
and the cooling systen. The possibility of using
automotive waste heat for air conditioning in an gector
refri gerator isdiscussed in Bdasubramaniam', Hamner?
, Kowalski®.

ii. Recent research has shown the chlorofluoracarbons
(CFC's), the refrigerants of choice for the reverse
Rankine cycle refrigeration system, have produced dire
effectsfor theearth’ sozonelayer. Alternaterefrigerants
have been sought, particularly among the
hydrochlorofluorocarbons(HCFC' 9, however, concerns
have been raised about other environmental problems
associated with theserefrigerants. Besidestheir adverse
effects on the ozone | ayer, Fischer® stated that “ . . .
CFC’s have been implicated as a major anthropogenic



cause of globa warming.” Turiel® caloulated that ane
pound of R-12 releasad to the environment has about
15,000 times the global warming effect of the same
weight of CO..

iii. Conventional reverse Rankine cycle refrigeration is
the complexity of the compressor. This complexity
increases the cost of the unit, increases themaint enance
required, and consumes excess ve space or requiresthat
the compressor be situated at inconvenient locations.

A possibl e remedy for all of these deficiencies
is embodied in gector refrigeration. A typical gector
refri geration system is shown in Figure 1. Note that it
operates in a manner commensurate with reverse
Rankine cyde refrigeration with the modification that
the mechanical compressor is replaced by a boiler-
energized ejector and feed pump. A sketch o atypical
steady-flow gjector is shown in Fig. 2. This deviceis
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Figure 1 Ejector Refrigeration System

mechanically very simple, can directly convet thermal
energy into refrigeration, and is compatible with
environmentally friendly high specific volume
refrigerants such as water.

Common water isan excdlent refrigerant which
has a high latent heat of vaparization, a high specific
heat, good heat transfer characteristics, non-corrosive,
and is taally in harmony with the environment.
However, since for normal ai r conditioning applications,
the specific volume of water vapor under operating
condtions must be hundreds of times larger than that
of a systen using CFC's under comparable
environmental conditions and design requirements.
Water refrigerant, when used with a postive
displacament type compressor, therefore, requires a
much larger compressor displacement volume. Theneed
for a much larger compressor, and the associated
increased cost, has rendered water to be lessdesirable as
a refrigerant for conventional air conditioning.
However, this problem can be overcomeby the use o an
gjector.  Ejectors are capable of transporting large
volumesof vapa within arelatively anall spaceand at
alow cost.

At theturn of the centurywhen g¢eam was more
abundant than electricity, the patent | iterature reveals a
plethoraof inventions based on gector refrigeration. In
this era, steam from locomotives was usedto provideair
condtioning in passenger trains. Steam egector
refri geration enjoyed considerable popularity in the
1930'sfor air-conditioning large buildings. It continues
to be usad in industrial applications where steam is
abundant.

Despiteitssubstantial advantages, steam-€j ector
air conditioning has not, in fact, been widely adopted
becauseof thelow Coefficient of Paformance(COP) that
has hitherto been attai nable. Even when abundant waste
heat is available, auch as in automotive applications, a
congequent resul t of the low COP is that not only must
the evaporator heat absorbed by the refrigerant be
rejected in the condenser, but also the thermal energy
used to power the gector. If the COP is law, large
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Figure 2 Steady-Flow Ejector

amounts of additional energy mug be rgeced & the
condenser which requires a condenser of substantially
increased size, weght, and cost. In autamohiles where
space is a premium, this attribute would render steam
gector refriger ation unacceptable.

Theefficiency of the gedor isalimiting factor
in determining the performance of the refrigeration
sygem. The phydcal principal upon which the geady-
flow ejector functions is that of entrainment of a
secondary flow by an energetic primary flow by virtue of
thework d turbulent shear stresses. Thus, therelatively
low energy secondary flow is“dragged” by therelatively
high energy primary flov through tangential shear
stresses  acting at the interface between the two
contacting streams. Theseturbulent stresses are a result
of mixing that occurs beween primary and secondary
streams and the consequent exchange of momentum.
While this mechanism i s quite effective, and has been
widely adopted in many applications, an inheaent
characteristicof mixing processesisto dissipateval uable
mechanical energy. After mixing, these ejectars are
designed?® so asto produce a strong normal shock prior
to passing through a subsonic dffuse section. This



strong shodk produces further dissipation of energy
contributing to a loss of efficiency.

Huanget al® reports resultswhich aretypical of
thestat e-of-the-artfor gject or refriger ation with values of
COPintheareaof 0.20. Suchlevdsof peformancewill
render steam-ejecta refrigeration non-competitivefor all
but the most specialized applications. Sincethe limiting
factor onthe COP isthe ejector éfidency, it is clear that
in the absence of a mgor breakthrough in gector
performance, the benefits of steam-gjector refri geration
will beunreali zed onalar gescale. Such abreakthrough
with steady-flow gjectas is highly unlikely in view of
their century old histary of devd opment.

One way in which the COP of the basic gector
refri geration cyde can be increased i sif the function of
the dgector is replaced by a turbine-compressor
equivalent asproposed by Rice’. However, such asystem
would be very expensive and wauld reguire excessvely
large components if water were to be used as the
refrigerant.

The present paper offers hope that a major
breakthrough in steam-gjector refriger ation per formance
may be possible through a newly patented non-steady
flow gjector which utilizes revers ble means to achieve
flow induction, while retaining much of the mechanical
simplicity of coventional ¢ector refrigeration.
Moreove, the device should be l ow in cost and compact
in size. If such a breakthrough in gector performance
can be achieved, geam ejedor refrigeration will have to
be conddered in an entirely new light in view of its
outganding environmentally friendly attributesas well
as its high potential for energy conservation through
wade-heat utilization.

THE PRESSURE EXCHANGE EJECTOR

A detailed desaiption of the presare-exchange
gector isgivenin Garri, Garrisand Hong® and Garris
et al’® A sketch of apressure exchange gector is shown
inFig. 3. In theconfiguration under sudy, itisasimple
radia-flow turbamachinewith one moving part: afree-
spinning rotor. Integral with the rotor is a multiplidaty
of canted supersonic nazzles Primary flow leaving the
nozzles drive the rator to freespin, attaining angular
speeds possibly exceeding 50,000 rpm. The secondary
flow is directed towardsthe interaction space between
adjacent fluid jes, between which it is trapped and
driven outward toward the periphery by virtue of the
work of interface pressureforces. Thework of pressure
forces is inheently reversble and does na incur the
detrimental dissipation caused by the mechanism of
turbuent entrainment used in conventional e€ectors.
Furthermore, due to theradial geometry, the need for a
strong normal shock in the diffuser, a further sour ce of
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Figure 3 Radial-Flow Pressure-Exchange
Ejector

dissipation in steady-flow ejectors, may be obviated.
Since pressure exchange gectors operate through an
entirely different principal than steady-flow ejectors,
there is a possibility that a major improvement in
performance can be oltained. Garris and Hong®
reviewed previousresear ch on pressure-exchangegectors
designed for thrust augmentation applications, and the
use of pressure exchangein wave engines. However, the
idea of using it for gjector-compressor applications, as
well as gector refri geration applicati ons, i s new.

EJECTOR REFRIGERATION CYCLE

Inthe discussion that follows, we will attempt
to place the performance of ejector refrigeration
equipment within the cantext of alternate technology.

Huang et al® showed both theoretically and
experimentally what levels of performance might be
expected using real steady flow g ectors as char acterized
in detal via their expeimental results. In their very
thorough investigation, the COP' s reported for abasic
sygem, using R-113 rather that steam, werein the range
of 0.06 - 0.25.

Since the gedor rdrigeration sygem is
directlyenergized by thermal energy, itisappropriateto



compareit with absorption cyclerefrigeration which is
also thermally energized. Herdd et al* report typical
vaues of COP from 0.5 to .75 for absorption chillers.
While the current state-of-the-art gector refri geration
system is much simpler, carries a lower initial capital
cost, lower maintenance, and a wider choice of
refrigerants, absorption  cycle refrigeration is
substantially mare energy efficient.

For comparison with reverse Rankine cycle
refrigeration, one must also factor in the effici ency of
generating mechani cal motive power far the compr essor
from a fuel source. In the case of dectrically driven
compresors that receive their dectrical power from
fossil fud powered plants one must consider tha the
thermal effidency of modern fossil-fud fired plantsis
around 35%-40% (D echer). Transmission |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 sourcein order to effect
that energy removal, reverse Rankine cyclerefrigerators
would have a COP in the vicinity of 1-1.5. For
automotive applicati ons®wherethemaximum efficiency
of gasoli ne spark ignition enginesislessthan 30%, and
for Diesels between 35%-40%, the overall COP for
conventional automotive air conditioning systemswauld
beontheorder of 0.75-1.0. It is the hypothesis of
this paper that if the COP of gjecta refrigeration could
be brought up to about 0.75, it could be a cost-effective
alter native to vapor compression refrigeration in many
domestic, automotive, and commercial applications. It
wouldfurther provide immense benefitsin 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 al® stated sucdnctly that: “It is
obvious that the egectar is the heart of the jet
refrigeration system”. Although they did na correlate
their results with adiabatic dficiency o the gjector,
suffident data were provided to pemit such a
calculati on. Three representative COP’ s were extracted
from the performance charts reported by Huang et al ® :
0.23, 0.125, and 0.05. The corresponding adiabatic
gector effidencies are camputed to be 21.4%, 15.4%,
and 8.4%, respectively. The result suggests the very
strong carrelation of COP with ejecor efficiency.

Theefficiency of an gector isclosely connected
with the entropy generation processes cccurring within.
The operating principles of a conventiona steady-flow
gector resultin two major sources of entropy generation:
turbu ent mixing and strong normal shock waves. The
Mollier chart of Fig. 4 suggests how entropy gener ation
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Figure4 Mollier Chart of Steam-Ejector
Refrigeration Cycle

in the ejector affect the thermodynamic cycle. The
processesindicated by ac and bc arereversibleisentropic
processes as would ocaur in an ideal turbomachinery
analog of the gedor with noshodksandnomixing. The
processes indicaed by ac’ and bc’ represent the
irreversible processes tha occur in the primary and
scondary, respectively, of the gedor and include
entropy generation from both mixing and shocks.
Depending on the amount of entropy generated, one can
compute the resulting COP of the cycle and the mass
flow ratio. One should remamber that in performing
these exercises, energizing primary mass flow rate is
adjusted to compensatefor thedissipati ve processes so as
to enable the operating temperatures and pressures to
remain the same

Garris et a.** showed that as the entropy rise
increases, the system COP decreases precipitously. It
was demonstrated that the COP can be improved
dramatically if the entropy rise can be controlled
effectivdy. By means of the pressure-exchange gector
which utilizes physica mechanisms which produce
modest entropy rises, a substantial improvement over
conventional technology is posside. This study aso
showed that when the entropy riseis small, onlyasmall
amount of energetic superheated primary fluid isneeded
in order to drive the refrigeration system. However,
when the entropy rise in the gjector increases, thereisa
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 redudng the entropy rise in the
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TASCflow Solution for Curved
Supersonic Nozzle

Figure5

gjector, the pressure-exchange gector minimizes the
energy requirement in the boile/superheater while
minimizing the amount of heat to be rejected in the
condenser leading to a more cost-effective and space
consaving system.

EXPERIMENTAL PROGRAM

The experimental program has the near-term
goa of understanding the behavior of the pressure-
exchange e€jector, and the Ilong-term goa of
implementing it in arefrigeraion sygem. Recent work
has cancentrated on theformer.

The current test rig cond sts of a radial-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 20° from theradius. Airis
provided thr ough a blow-down air supply. The ystemis
instrumented and pressures, temperat ures, andflow rates
aremeasured inthe primary and secondary flow circuits.
Asindicated in Fig. 3, the discharge flow is released to
the atmosphee through a vaneless dffuser. Static
pressure taps are placed at many radial locationsin the
diffuser to monitor diffuser performance. The rotar is
mounted on a shaft with precision high- speed ball-
beaings. Lase-fiber optic probes are used to measure
angul ar speed, and apiezcel ectric pressuretransducer is
placed near the nazzle dschages to measure
fluduatiansin static pressure. A hot wire anemometer is
employed to measure velocity and turbulence in the
diffuser. Vibration isalso monitored. Dataiscompiled
via a camputerized data acquidtion system.

It must be appred ated that thistypeof gjector is
completely new and that thereis not any previous design
experience upon which to build.  Before experiments
can be conducted, the gedor must saisfy unforgiving
mechanical desgn constraintsincludingbearing design,
structural desgn, and dynamic saling. The gperating
parameters that must be studied include

primary/secondary stagnation pressure ratio,
primary/secondary stagnaion temperatureratio, gector
discharge back pressure and workingfluid (air, steam,
etc.). In order to dbtain an optimum configuration, the
geomerical parameters that must be studied include:
Arearatioof supeasonic 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
(distance between vaneless diffuser surfaces), diffuser
angle, secondary to primary throat area ratio, and
aerodynamic design configuration.

A magjor goal of this research program is to
explore dl of these aspects. However, to date, we have
dedicated much o our effort towards satisfying the
mechanical design constraints. In the process, we have
encountered difficulty with bearing failures, vibration
ingahil ity, structural failure, and sealing problems. We
have made much progressin thisconnection and arenow
able to conduct experiments in orde to explare the
behavior of the gedor subject to varying opeating
parameters. The results 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 peformed. The results to be
presented in the present paper, therefore, shouldin no
way be construed as representati ve of the capabil ities of
the pressure-exchange ejedor. We expect to be able to
provide such informati on in future publicati ons.

Test results, as repated in Garris et al.™°,
determined that rotor speeds exceeded 40,000 rpm. In
practice, the rator experiences bearing friction and
windagetorque. Considerableeffort wasmadeto reduce
bearing friction and wak on designing specia air
bearings is being conducted in parallel with the
aerodynamic investigation of the gedor.

Figure 5 shows how the gector suction
(secondary pressure) varies with primary pressure for
three different secondary flow conditions ranging from
no-flow to maximum flow. The former is obtained by
shutting the secondary flow valve, and the latte is
obtained by gpening it wide. Thethird condition shown
is intermediate. It may be seen that the no-flow
condition correspands to maximum suction.

COMPUTATIONAL SIMULATION PROGRAM

To model the characteristics of this novel
pressure exchange oncept camputationally, the
commerdal fluid flov analysis code TASCflov was
acquired. TASCflow solves the three dimensional
Navier-Stokes equations by utilizing a finite dement
based finite volume method over strudured hexahedral
grids. It was chosen over other software packages



primarily for itsabilityto handletimeperiadic boundary
condtions and rotating frames of reference, making it
well-suited for modeling rotating machinery. Other
features particularly suitabde to thisresearch include the
ahilities to accuratel y model real gas compressibleflows,
turbulence, heat transfer, shocksresulting fromtransonic
and supersonic flows, and specia fluids such as wet
steam and refrigerants.

Todate, TASCflow has been used to modd the
two dimensional flow through the supersonic nozzles of
therotor used in the experimental rig. Thecurrent rotor
configuration involves a plurality of minimum-length,
Mach 2.5 nozzlescanted at 20° with respect to the radius
of the rator. In the previous wak of Divinis™, these
minimum-length nozzles weredesigned with a method
of characteristicsFORTRAN code devel oped by NASA,

The TASCflow preictions of the bounday
layer growth were campared to tha predcted with the
NASA Code™. It was seen that both computations
predict comparable values of boundary-layer thickness
and are consistent.

TASCHl owwasfurther vaidated by comparison
of thework on curved nozzles of Divinis™ who utilized
the method of charaderigics for planar nozzles with
different degrees of curvature. These nozzles are of
interest to the prged because of their ease o padaging
in the confines of a rotor . An efficient ejector will
depend on the ability of these nozzles to provide
uniform, shock free flow. TASCflowis curently being
used to investigate the flow in these nozzles. Figure 6
shows the solution far a Mach 2.5 nozde with a 20°
angle of curvature. While the flow is shock freg it is
lessthan perfedly unifarm and reachesthe design Mach
number only at a small region.

CONCLUDING REMARKS

It is the hypothesis of this research program
that, through the work of interface pressure forces a
major improvement in perfamance over conventional
steady-flow gector technology may be possible.
Unfortunately, the resul ts herein reported do not exhibit
this. However, considering that this consti tutes our first
attempt, we ae satisfied that the presaire-exchange
gector does function, and future efforts at opti mization
should yield subgantial improvements. Future plans
include designing and testing a pressure-exchange
gector refri geration systemwhen aufficient infor mati on
islearned on optimal ejectar desgn.

Steam-gjector  refrigeration, known  for
generations, may finally come of age in the 21% Century
as a result of the need far environmentally friendly
refri geration coupled with a breakthrough in egector
technd ogy. the presaure-exchange ejectar. Much work
is needed in arder to bring this vision to fruition.

Current performance levels are far below thoseof ided
turbamachiney and, to dae, i mprovementsover steady-
flow gjectorshave not yet been demonstrated. Whilethe
pressure-exchange ejedor is far simpler than
turbomachinery, being adirect fluid-fluidflow induction
device, optimization is guite a daunting task. The
number of geametrical and design parameters is
substantial and the device in unfargiving in terms of
sealing and bearing requirements. Once an
understanding of this complex ejector is obtained,
experiments and analysis on a complete pressure-
exchange refrigeration system will be peformed.
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