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EXECUTIVE SUMMARY

This study presents the theoretical and experirheasaarch of ejector expansion devices used
in a transcritical vapor compression system usergpan dioxide (C¢) as the refrigerant and a
conventional vapor compression system using R4XWearefrigerant.

The expansion losses of an isenthalpic throttlingcess have been identified as one of the
largest irreversibilities of transcritical GQefrigeration cycles, which contribute to the low

efficiency of such cycles. An ejector expansionidevs proposed here to recover the expansion
losses and increase the cycle efficiency. The @jess chosen over other expansion work
recovery devices because of its unique advantagh ss simple construction and robust

operation. Understanding the effects of the gedmpairameters and operation conditions on the
performance of two-phase flow ejectors is considléree main criteria to reach an optimum

design and integrate the ejector into an ejectparsion transcritical refrigeration system.

A laboratory transcritical COenvironmental control unit (ECU) was tested aiou#s operating
conditions using a single-stage semi-hermetic recgting compressor and microchannel heat
exchangers as the gas cooler and evaporator. Sheewilts were used to validate an existing
simulation model for transcritical GOair conditioning systems. After modifications, the
simulation model was able to predict the coolingfioient of performance (COP) and cooling
capacity with standard deviation of +3.91% and 136/0f the measured results, respectively. At
“standard” indoor air conditions of 26°C (80 °F), 50% relative humidity, and an outdoor air
temperature of 35C (95 °F), the measured COP of the basic ,C§stem is 1.105 with
compressor discharge pressure 121.26 bar.

A new two-phase flow ejector simulation model waaloped to investigate the effects of
design parameters and operation conditions onéhenmance of the ejector expansion device.
This ejector model was incorporated into the tretisal CO, air conditioning system simulation
model to predict the performance of ejector expgandranscritical CQ air conditioners. A
controllable ejector expansion device was desigfedatjcated, and installed in the ECU to test
the performance of an ejector expansion transalit@O, refrigeration system. Experimental
results were used to validate the two-phase floectej model and the ejector expansion
transcritical CQ air conditioning system simulation model. At “siand” indoor air conditions
of 26.7°C (80°F), 50% relative humidity, and an outdoor air tenapgre of 35°C (95°F), the
measured COP of the ejector £€ystem is 1.422 with compressor discharge pred28d bar.
The ejector expansion transcritical £&r conditioning system model predicts the cool@QP
with a standard deviation of +3.14% and coolingazay with a standard deviation of +3.97%
with the experimentally determined motive nozzlenisopic efficiency, suction nozzle
isentropic efficiency and mixing section efficiency

A comparison of the cooling COP and cooling capgalsédtween the ejector cycle and the basic
cycle showed that the ejector expansion devicecasas the performance of the £&stem
more significantly as the outdoor temperature iases. The highest predicted improvements in
cooling COP and cooling capacity were found to Be8% (COR = 1.185, COP= 1.639) and
40.8% (Q = 11.42 kW, Q = 16.08 kW), respectively, at an outdoor tempeeanf 37.8°C
(100.0°F), an indoor temperature of 26.€ (80.0°F), and an indoor relative humidity of 50%.



Xii

Empirical equations of the ejector efficienciedasctions of pressure ratio, mass flow rate ratio,
and throat diameter ratio were developed usingettigerimental data. The ejector expansion
system simulation model was modified using the eicgdi equations for the ejector efficiencies
and exercised to perform parametric studies of dfgetor expansion transcritical GQir
conditioning system. It was found that the COP emaling capacity of the C{system increase
as the throat area increases with the same misiciips diameter and that they reach maxima at
a certain mixing section diameter for a constambah diameter at the assumed operation
conditions.

This study also presents the theoretical reseafchsimg an ejector expansion device in a
conventional vapor compression system with R410Ahas refrigerant. The two-phase flow
ejector model was modified for subcritical operat@nd incorporated into an existing system
simulation model, called ACMODEL. The ejector expan ACMODEL was exercised to
perform parametric studies of the ejector expansiaocritical R410A air conditioning system.
At “standard” indoor air conditions of 26°C (80°F), 50% relative humidity, and an outdoor air
temperature of 38C (95 °F), the calculated COP and cooling capacity of é¢feztor R410A
system are 4.786 and 23.222 kW, respectively, wisclan increase of 11.1% and 19.8%
compared to the values of the basic R410A systdm. jector expansion device increases the
COP and the cooling capacity of the subcritical ®A&ir conditioning system from 13.1% to
16.0% and from 10.9% to 20.8%, respectively, atoot temperatures varying from 278
(82.2 °F) to 50.9°C (105.6°F), an indoor temperature of 26°€ (80.4°F), and an indoor
relative humidity of 50.8%.



1. INTRODUCTION

1.1. Motivation

Research studies on transcritical carbon dioxifiegeration systems have drastically increased
in recent years because carbon dioxide is beingcded as one of the natural refrigerants to
replace CFCs and HCFCs in vapor compression sysféms is mainly due to the high latent
heat of vaporization, good transport propertiesd, @er environmentally friendly characteristics
of carbon dioxide. However, the low coefficientpsrformance (COP) of the basic transcritical
carbon dioxide refrigeration cycle that is showrfFigure 1.1 compared to the COP of the vapor
compression cycle using CFCs, HCFCs and HFCs isjarnhindrance for the technology to
make progress towards practical applications. Tprave the efficiency of transcritical carbon
dioxide refrigeration systems, various innovatigkeds and techniques have been proposed,
including the use of micro-channel heat exchanggtimal control of high side pressure, and the
use of expansion work recovery machines. The thdymamic analysis of the transcritical
carbon dioxide refrigeration cycle indicates thatavery of the expansion losses that occur
during the isenthalpic expansion process can beobrike key issues to improve the system
efficiency. Among various expansion work recovechemes, an ejector expansion device has
the advantages of simplicity, reliability and awadility compared to other devices.

2x10% - | R744

10"

P [MPa]

10° - ' - -
-200 -100 0 100

h [kJ/kg]

Figure 1.1: Transcritical cycle in a GPressure-enthalpy diagram




Although ejectors have been widely used in thagefation and other industries for many years,
most ejector applications use single-phase worHinds. In comparison, only few studies can

be found in the literature on two-phase flow ejext@s used in ejector expansion refrigeration
cycles. However, the design parameters and thatperconditions of a transcritical two-phase

flow ejector are significantly different than thaes for a single-phase application. In addition,
the interaction of the ejector expansion devicehwitther system components such as
compressor, gas cooler and evaporator is not welkrtstood.

1.2. Objectives

Thus, the current study was carried out to conduw#tailed theoretical investigation of using an
ejector expansion device in a transcritical carbimxide cycle and a conventional R410A vapor
compression cycle. The main objectives of this wtue:

* Develop a two-phase flow ejector simulation modelinivestigate the effects of the
geometry parameters and operation conditions orpénrmance of a two-phase flow
ejector used in ejector expansion transcritica} €y3tems.

* Develop a detailed ejector expansion transcritic&, system simulation model to
investigate the impact of the ejector expansionadeuon the performance of the overall
system and the other system components such agessop gas cooler and evaporator.

» Validate the two-phase flow ejector simulation moaed the simulation model of the
ejector expansion transcritical @8ystem with experimental results,

* Repeat the two-phase flow ejector model and systesdel development for R410A
vapor compression systems.

* Perform parametric studies with the ejector exmandranscritical C® system and
R410A vapor compression system simulation modelsiniestigate the potential
performance improvements over the basic systemitous applications.

1.3. Approach

In a first step, an extensive literature review wasducted. The results of this literature review
are summarized in the second chapter of this dostimi@ particular, the recent advancements
in ejector research and design, the availability asage of ejectors in applications in and
beyond the field of refrigeration, technologies aatutions found in other application fields that
can be applied to ejectors used in refrigeratiostesys, and the COP improvements of using
ejector expansion devices in refrigeration systearesdocumented.

Secondly, by combining the one-dimensional gloloalservation equations of mass, momentum,
and energy balances and the two-phase flow chaistzde such as critical flow conditions in the

nozzle and pressure recovery degradation in tHaseif, a two-phase flow ejector model was
established (Chapter 3). The ejector model includgsmodels for the motive nozzle, suction
nozzle, mixing section and diffuser. The irreveitgibs of certain processes in the two-phase
flow ejector were accounted for by using efficiemajues determined by experimental results or
taken from available literature studies. The ejectmdel was used to predict the effects of
design parameters and operation conditions onjéutoe performance.



Thirdly, a detailed ejector expansion transcritioalrigeration system simulation model was
developed to predict the performance of air-towgiitary air conditioners and heat pumps with
CO, as the refrigerant (Chapter 4). The model was dbasethe previous work by Robinson
(2000) and Ortiz (2002). The gas cooler and thepensior were modeled based on
microchannel heat exchanger geometries. The cosmregas modeled based on map-based
compressor performance data (Hubacher and Gro)20® addition, the two-phase flow ejector
was incorporated into the overall system simulatrardel.

Within a previous study (Li 2005), a transcriticaD, refrigeration system has been designed
and constructed (Chapters 5 and 6). The systerassdoon a military standard 10.3 kW (3 ton)
environmental control unit (ECU). Experiments weperformed by operating the fully
instrumented system as a basic transcritical,b @ conditioner and by using an ejector
expansion device with otherwise, the same compresst heat exchangers. The experimental
results were compared to simulation results oftéhee phase flow ejector model and the system
simulation model in order to validate the modelfie Tmodels were modified to provide
reasonable predictions of the component and syg&farmance.

Next, the two-phase flow ejector and system modeletbpment were repeated for the
refrigerant R410A (Chapter 7). The two-phase floec®r model for C@ was updated to
predict the performance of R410A ejector expansiewices. Then, the R410A ejector model
was incorporated into an existing vapor compressgystem simulation model, called
ACMODEL, to predict the performance of air-to-aiitary air conditioners and heat pumps.

Finally, the ejector expansion transcritical £8ystem simulation model and the ejector
expansion R410A vapor compression system simulatmuel were exercised to conduct
parametric studies (Chapter 8). These studies ftigatésd the feasibility, the potential
improvement in cycle performance, and the requadesdign of ejector expansion devices for
transcritical CQ cycles and R410A vapor compression cycles forouarirefrigeration, air
conditioning and heat pumping applications and ajpe@n conditions.



2. LITERATURE REVIEW

2.1. Transcritical CO; refrigeration cycle research

Kim et al. (2004) published an overview of the fanmental processes and system design issues
of CO, vapor compression systems. The authors presestedt developments and the state of
the art of the transcritical GQxycle technology for various refrigeration, aimditioning and
heat pump applications. Their review included déstons of properties and characteristics of
CO,, cycle fundamentals, method of high-side pressarmrol, thermodynamic losses, cycle
modifications, component/system design, safetyofactand promising application areas. Thus,
the overview presented here is focused more spaltyfion the throttling losses associated with
the transcritical C@refrigeration cycle and various approaches tocedhese losses in order to
improve the energy efficiency of the overall system

Robinson and Groll (1998) first applied a second tlermodynamic analysis on the transcritical
CO;, refrigeration cycles with and without an expansiorbine. It was found that the expansion
valve is the component with the largest percentdgetal irreversibility of the expansion valve
carbon dioxide cycle. Replacing the expansion valth an expansion work recovery turbine
with an isentropic efficiency of 60% reduces theogmss’'s contribution to total cycle
irreversibility by 35%. It was also found that thge of an internal heat exchanger in conjunction
with the use of a work recovery device tends toucedthe COP of the transcritical carbon
dioxide cycle by up to 8%.

Brown et al. (2002) presented the evaluation obaardioxide as an R-22 substitute for
residential air conditioning applications. The peniance of C@ and R-22 in residential air-
conditioning applications was compared using sdmotetical vapor compression and
transcritical cycle models. It was found that th Rsystem had a significantly better COP than
the CQ system when equivalent heat exchangers were asteiCQ and R-22 systems. An
entropy generation analysis showed that the higleesi of irreversibility was realized in the
CO, expansion device, and together with the irrevditsibin the gas cooler, were mainly
responsible for the low COP of the g€€ystem.

Based on these studies it can be concluded thaethetion of the throttling losses is one of the
key issues to improve the efficiency of transcaiti€O, refrigeration cycles. Various ideas on
novel expansion work recovery devices to improwe éfficiency of the basic transcritical @O
refrigeration cycle have been introduced duringléisé decade. The major of these ideas focused
on the development of expansion work recovery nreshi

A free piston expander-compressor unit was propdseddeyl et al. (1998) to recover the
expansion losses. The machine has two double-agtatgns, which were connected by a piston
rod. The cylinder was divided by each piston intcaanpression chamber and an expansion
chamber. However, implementation of the conceptireg a two-stage refrigeration cycle as the
machine was intended to be used as a second-stegeressor (from intermediate to high
pressure), driven by the expansion work from h@lotv pressure.



Maurer and Zinn (1999) performed a theoretical arderimental study of expanders for £0
They detailed the practical challenges for expansiork recovery devices from a hardware
standpoint. As cooling systems experience a widgeaf mass flow rates, a robust design is
required. Both axial piston machines and gear imashwere studied. Axial piston machines
reached 40-50% energy efficiency and gear macheshed 55% energy efficiency.

Hesse and Tiedemann (1999) applied for a patentherpossible use of a pressure wave
machine to compress a part of vapor from the exapoputlet by using the expansion energy.

Adachi et al. (1999) also applied for a patent irhiok a combined axial-piston
compressor/expander unit with expansion ratio cbmias used to keep the high-side pressure at
the optimum for a transcritical G@efrigeration cycle.

Li et al. (2000) performed a thermodynamic analysisdifferent expansion devices for the
transcritical CQ cycle. A vortex tube expansion device and an esipanwork output device
were proposed to recover the expansion lossesmiebx@mum increase in COP using a vortex
tube or expansion work output device, assumingl idepansion processes, was approximately
37% compared to the one using an isenthalpic expamsocess. The increase in COP reduced
to about 20% when the efficiency for the expansiork output device was 0.5. In order to
achieve the same improvement in COP using a vdules expansion device, the efficiency of
the vortex tube had to be above 0.38.

Heidelck and Kruse (2000) proposed a GRpander design based on a modified axial piston
machine. They suggested the use of a rotating @odigc and slots similar to what is used in
hydraulic machines for the mechanically controlledves needed by the expander. They also
discussed the design for a combined compressomdgpamachine in one axial-piston unit.
However, only moderate efficiencies were reachednduthe experiments of a modified
hydraulic machine due to internal leakage in the&trb disc sealing surfaces.

Hesse (2000) studied the use of a gear machinehglibal gears as an expander inG@hicle
air conditioning systems. Adiabatic efficienciesupfto 50% were predicted for such a machine.

Nickl et al. (2002) proposed a second generatigraeaer-compressor with a simpler design and
a 10% increase in COP compared to the first geoearatachine proposed by Heyl et al. (1998).
They estimated that it might provide a 50% improeatrin COP over the throttle valve system.

Baek et al. (2002) discussed the development oiswrpcylinder expansion device for the
transcritical carbon dioxide cycle. A prototypetpis-cylinder work output expansion device was
designed based on a highly modified small four-eytivo-piston engine that is commercially
available. Fast-acting solenoid valves were usedhtake and exhaust valves to control the
expansion process. A 10% increase of COP was nmeghbyrreplacing the expansion valve with
the work output expansion device in an experimenaaiscritical CQ system.

Stosic et al. (2002) discussed using a twin scremlkined compressor and expander for,CO
refrigeration systems. They proposed a balancext coincept that can partially balance the rotor
forces created by the compression and expansiaegses in order to eliminate the axial forces



and reduce the radial bearing forces. Design pnablassociated with high bearing loads in
screw compressors for GGystems are thereby reduced.

Westphalen and Dieckmann (2004) developed a sexplinder design for use in carbon dioxide
air-conditioning cycles operating at high ambiemnditions. The expander efficiency is
projected to be 70%. A 20% reduction in system poimput when using a 60% efficient
expander was estimated by cycle analysis. It wggested that the most attractive approach to
utilize the expander shaft power is to offset tlmmpressor shaft power in an integrated
compressor/expander unit.

2.2. Ejector expansion transcritical CO, cycles and the COP improvements of using g ector
expansion devicesin refrigeration systems

Only limited work can be found with respect to saritical ejector expansion devices although
the COP can be improved by using them in refrigemagystems.

Liu et al. (2002) performed a thermodynamic analysf a transcritical C® vapor-
compression/ejection hybrid refrigeration cycle.this cycle, an ejector is used instead of a
throttling valve to recover some of the kinetic myyeof the expansion process. Through the
action of the ejector the compressor suction pressuhigher than it would be in a standard
cycle, resulting in less compression work and imptbsystem efficiency.

Elbel and Hrnjak (2004) studied the effect of aleinal heat exchanger on the performance of a
transcritical CQ system with an ejector. Instead of using a singalifthermodynamic cycle
analysis, their approach was based on a more el@gband experimentally validated system
model for a real mobile air-conditioning system #otypical mid-sized car. The modeling of the
ejector within the system model was based on skveealized assumptions. Their results
indicated that the use of an ejector significairilyreases the performance compared to systems
without ejector and without internal heat exchandgercomparison to a conventional system
with internal heat exchanger, the utilization ofiaternal heat exchanger in the ejector system
yields less performance increase than the ejegsbers without an internal heat exchanger.

Jeong et al. (2004) constructed a simulation madled two-phase flow ejector and a vapor
compression cycle with an ejector. They investigdtee characteristics of the ejector and the
performance of the cycle using the ejector by satioih. The working fluids were ammonia and

CO,. Based on the simulation result, an optimum mixsggtion inlet pressure exists which

maximizes the performance of the ejector. In cdsancejector efficiency of 90%, the COP of

the vapor compression cycle using ammonia with dfgetor is 5% higher than that of the

conventional cycle and the COP of the cycle usi@y ®@ith the ejector is 22% higher than that

without an ejector.

Ozaki et al. (2004) studied the regeneration ofaespn energy by using an ejector in a,CO
cycle. The COP improvement by employing an ejectmie was compared with that for an
expander cycle for ideal and realistic cases. Arearent was carried out in order to verify the
potential of COP improvement. When the COP improseiof the ejector cycle was compared
to that of the expander cycle under the conditleat the recovered expansion power was used
ideally, the ejector cycle provides the COP improeat of less than half of that the expander



cycle due to the unavoidable losses caused byréheersible mixing in the mixing section of the

ejector. However, if the efficiencies of the ejectand the expander were taken into
consideration, the COP improvement of the ejecyolecwas equal to, or better than that of the
expander cycle. It was determined that the refageflow in the nozzle reaches supersonic flow
conditions. The critical flow rate of the G@oincided with the value calculated by the IHE
(Isentropic Homogeneous Equilibrium) model. The gasling pressure of the G@ycle could

be controlled by changing the throat area of thezleo Finally, the experiment using the ejector
in a car air-conditioner verified the COP improvernef approximately 20 %.

Li and Groll (2005) proposed an ejector expansi@ndcritical CQ refrigeration cycle to
improve the COP of the basic transcritical £€ycle by reducing the expansion losses. A
constant pressure mixing model for the ejector established to perform the thermodynamic
analysis of the ejector expansion transcriticab €@xle. The effect of the entrainment ratio and
the pressure drop in the receiving section of heter on the relative performance of the ejector
expansion transcritical GOcycle was investigated for a typical air conditran operation
condition. The effect of the different operatiorrgraeters on the relative performance of the
ejector expansion transcritical @Oycle was also investigated using an assumed Vatuine
entrainment ratio and pressure drop in the recgisection of the ejector. It was found that the
COP of the ejector expansion transcritical a$cle can be improved by more than 16% over
the basic transcritical Gxycle for typical air conditioning operation cotidns.

Ksayer and Clodic (2006) used a constant pressiiggrzone model for the ejector and found
that the COP of the ejector expansion transcrit€@ can be improved by more than 15%
compared to the conventional transcritical cycletypical air conditioning operating conditions.

Deng et al. (2007) conducted a theoretical analg$is transcritical C@ ejector expansion
refrigeration cycle which uses an ejector as thenmeapansion device instead of an expansion
valve. It was found that the maximum cooling CORha ejector expansion cycle is up to 22%
better than the cooling COP of a conventional vagmnpression refrigeration cycle and the
ejector expansion cycle cooling capacity is 11.5%dv than the conventional refrigeration cycle
cooling capacity. In addition, the ejector expansaycle performance was found to be very
sensitive to operating conditions.

The following conclusions can be drawn from therhture review presented in Sections 2.1 and
2.2.

« The expansion losses by an isenthalpic throttliracgss are a major irreversibility that
contributes to the low energy efficiency of traitszal CO, refrigeration cycles.

- The expander-compressor approach to reduce thtlittgdosses in a transcritical GO
refrigeration cycle involves complex mechanical stauction, difficulty in control,
restricted system integration and other issues thake it immature for practical
applications.

« Using an ejector expansion device in a transctif@3@, refrigeration cycle is attractive
because the ejector is simple to construct andiggsewobust operation without moving
parts.



2.3. Ejector expansion refrigeration cycle

A typical ejector consists of a motive nozzle, at&un nozzle or receiving chamber, a mixing
section and a diffuser. High pressure motive streapands in the motive nozzle and its internal
energy converts to kinetic energy. The high speetva stream entrains low pressure suction
stream into the mixing section. Both streams exghanomentum, kinetic and internal energies
in the mixing section and become one stream withoat uniform pressure and speed. The
stream converts its kinetic energy into internatrgy in the diffuser to reach a pressure higher
than the suction stream inlet pressure. When arogjes used to replace the expansion valve in a
transcritical CQ cycle, the expansion work lost during isenthalpipansion process will be
recovered by the ejector to increase the evapooalibet pressure to a higher compressor suction
pressure. The compression work may be reducedodine iower pressure ratio, which increases
the COP of the system.

The working processes of an ejector are shown taild@ Figures 2.1 and 2.2. The motive
stream expands in the motive nozzle from the higisgureP; to the receiving chamber pressure
Pp. The enthalpy reduces from to hy, and the velocity increases tgy The suction stream
expands in the suction nozzle from pres$tyreo Py. The enthalpy reduces from to hg, and the
velocity increases tag, The two streams mix in the mixing section andolbee one stream with
pressurePy, and velocityumix. This stream further increases its pressurstom the diffuser by
converting its kinetic energy into internal energy.
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Figure 2.1: Schematic of the ejector working preess

The ejector is the key component in jet refrigemattycles. Chunnanond et al. (2004) presented
a literature review on ejectors and their apploradi in refrigeration. A number of studies are
grouped and discussed based on several topicdhaickground and theory of ejectors and jet
refrigeration cycles, performance characteristia®rking fluids and improvements of jet
refrigerators. Moreover, other applications of gat®r in other type of refrigeration systems are
also described. Thus, the literature review preskhiere is only focused on ejector expansion
refrigeration cycle research with conventionaligefrants as working fluids.

Ejector expansion refrigeration cycles are showRigures 2.3 and 2.4. Gay (1931) invented the
ejector expansion refrigeration cycle and receiaguhtent for it. Modifications were proposed
by Kemper et al. (1966) and Newton (1972a, 197Kmynhauser (1990) first presented an
analysis of the cycle and predicted that improvemeh up to 21% over the standard cycle are



possible. Menegay (1991) performed an experimemtastigation of an ejector as a refrigerant
expansion device and showed a more modest impraveaie3.7%. The inefficiency of the
ejector was attributed to the discrepancy betwkese numbers.
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Figure 2.2: Ejector working processes in a;@@ssure-enthalpy diagram
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Figure 2.3: Schematic of ejector expansion tratisaticycle
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Figure 2.4: Ejector expansion refrigeration cycl@iCG, pressure-enthalpy diagram

Menegay and Kornhauser (1994) proposed an imprasign method for ejectors used as
refrigerant expansion devices in vapor compressimies. They showed that the assumption
that the motive and suction nozzles should havednee outlet pressures for the ejector to reach
optimal efficiency is only valid when both the magiand suction nozzles have efficiencies equal
to one. Under all other circumstances, the motovezle discharge pressure is, optimally, greater
than that of the suction nozzle. A one-dimensiotamogeneous equilibrium model with
constant area mixing assumption was used for #etajdesign. Refrigerant R-134a was used in
their analysis.

Harrell and Kornhauser (1995) reported on perforeatests of a two-phase flow ejector for
ejector expansion refrigeration applications. Tk&oally, a cooling COP improvement of

approximately 23% is achievable for a typical mggriating cycle and an ideal ejector. If the
ejector has the same performance of typical sipgkse ejectors, an improvement of 12% could
be achieved. However, their preliminary data omgvged an ejector performance corresponding
to refrigeration cycle COP improvements rangingrr8.9% to 7.6%. They suggested that a
more through understanding of the flow occurringhwi the ejector must be developed to
achieve the operating potential of the ejector exmm refrigeration cycle.
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Menegay and Kornhauser (1996) proposed improventeritse ejector expansion refrigeration

cycle. They realized that unlike single-phase ejsgt upstream throttling is beneficial for

flashing flow nozzles. By adding a throttle valvedaa bubbly flow tube before the motive

nozzle, the measured COP improvements reached ®.28%. The test apparatus was a 3.5
kW air-to-air R-12 air conditioning system desigriedtypical AC operating temperatures.

Domanski (1995) analyzed the performance of purepament refrigerants in the basic vapor
compression refrigeration cycle and in three medifcycles in which the throttling-process
irreversibilities are minimized. One of these egas the ejector expansion vapor compression
cycle. He found that the COP of the ejector cysleery sensitive to the ejector efficiency.
Thus, he noted that it is unclear what performdaeel the ejector cycle can achieve due to the
limited knowledge of the efficiency of two-phaseedprs. The economizer cycle had a
marginally better COP than the ejector cycle whensingle-phase component efficiencies (0.85
for the nozzle, 0.7 for the diffuser) were usedsimulations for R-134a at some operating
conditions.

Based on the summaries given in this section, it ba seen that the ejector expansion
refrigeration cycle with conventional refrigeranés working fluids only attracted limited
researcher’s interests because the expansion lossegpor compression refrigeration cycles
with CFC, HCFC or HFC refrigerants are relativeiyadl and the liquid/vapor two-phase
ejectors are considered to have lower efficienthes typical single-phase ejectors (Harrell and
Kornhauser 1995). However, the experiences gainam the ejector expansion refrigeration
cycles with conventional refrigerants prove thasifeasible to implement an ejector expansion
transcritical refrigeration cycle with GQas the working fluid. A better understanding obtw
phase flow ejectors is necessary to realize thenpial of the ejector expansion transcritical
refrigeration cycle.

2.4. Recent advancementsin gector research and design: the availability and usage of
gectorsin applicationsin and beyond thefield of refrigeration

For single-phase ejectors, there are well estadaishodels to conduct performance analysis and
design calculations (Keenan et al., 1950, Mundag Bagster, 1977, Huang et al., 1999).
Keenanet al. (1950) made an investigation of ejector designsutglysis and experiment. Their
experimental observations indicated that the lengtiuired between motive nozzle exit and
mixing section exit depends upon both the mixingcpss and the shock process. Even when
using optimum geometries for the ejector, the perénce of the ejector varied drastically based
on the position of the motive nozzle relative te Huction nozzle and mixing chamber entrance.
The variations in maximum ejection ratio with drifat position of motive nozzle for four
different types of secondary inlet were depictedheW the mixed flow is subsonic, the
requirement of mixing dominates; when the mixedvflis supersonic, the requirement of the
shock dominates. The length required for the miypnoress was indicated to be 7 to 8 times of
the mixing section diameter in Keenan and Neumd®4Z), where the mixed stream was
always subsonic. When the mixed stream is superstite total length from motive nozzle exit
to mixing section exit is nearly constant with therease of Pi/Po as shown in Figure 2.5 (state
“I” is the initial stagnation state of the motivigeam and state “0” is the initial stagnation stzte
the suction stream). This is much the same addhat shock in a tube carrying a single stream.
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No empirical function has been found to determime ¢ptimum length of the ejector mixing
section.
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Figure 2. 5: Optimum length from motive nozzle egidiffuser entrance
as a function of pressure ratio (Keermdral. 1950)

Sun (1995) gave a review of the design theoriesapmlications of ejectors with single-phase
working fluids. However, for two-phase flow ejexdp there are no established models to
perform an analysis or design a device becauséeofcomplexity of the two-phase flow. A
review on the two-phase flow ejector models is @nésd below to demonstrate the issues
involved in two-phase flow ejector modeling.

Cunningham (1974) proposed a one dimensional mndelding frictional losses to describe the
isothermal compression of a gas by a liquid jetaimixing throat followed by secondary
compression in a diffuser. Mixing throat and difusenergy analyses are presented. The
efficiency of a liquid-jet gas pump is concludedo® dependent primarily on the mixing losses.
The mixing loss function, the throat compressiamorand the Mach number are developed as
functions of the throat inlet velocity ratio betwekquid jet and suction gas and the jet pump
number, a dimensionless parameter defined by tt@au

Neve (1988) developed a computer simulation modskt on the simplification of the model
proposed by Cunningham (1974) to predict the peréorce of liquid jet gas pumps. By
incorporating the empirical relations developedrfrthe experimental results into the simplified
model of Cunningham (1974), a computer simulatioodeh was developed to predict the
performance of a liquid jet gas pump when the geéomparameters are given, or to calculate
the geometric parameters when the performancefgadicns are given.

Cunningham (1995) extended his model on liquidgpget pumps to liquid jet gas liquid pumps
that have a suction stream of a two-phase mixterietion-loss coefficients used in the model
should be determined experimentally. Throat-enthpkang of the secondary flow can be
predicted. However, no phase changing is allowetthénmodel, i.e. no vapor evaporation from
or condensation to the liquid.

Rao and Kremer (1993) developed a general methatesifjning gas and gas-liquid injectors
based on the equation for entrainment of a turtbulee jet. They claim that compared to the
conventional design of injectors, starting from nagcopic mass and momentum balances, their
method is much simpler, easily applicable and imesl only one empirical entrainment
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coefficient. The motive stream is gas and the suacsitream is liquid, and no phase change is
allowed in the process.

Menegay and Kornhauser (1995) presented a plaevel@p a semi-parabolic two-fluid model

for two-phase flow ejectors. The applicable twog#haflow conservation equations are
presented. The model was also supposed to inchelénterfacial interaction terms which are
important in modeling the non-equilibrium effectsdahe compressibility effects for the gaseous
phase. However, no further literature was publishrethe progress of this model.

Deberne et al. (1999) developed a model to caleuls performance of steam injector. General
conservation relationships were presented frormtzzle exit to the steam injector outlet. It was
shown that the flow contains a condensation shbokachieve modeling of the mixing zone, an
empirical correlation giving an equivalent presstoethe value of the condensation rate was
found using experimental results. A parametric piwds then made to determine the significant
parameters and the operating range of the steaguotamj Calculated results from the model
agreed well with the experimental results.

Lear et al. (2000) presented a design-oriented hfodévo-phase flow ejectors for refrigeration
and thermal management applications. The motiaastris a two-phase one component fluid
and the suction stream is a subcooled liquid ofstrae substance. The analysis accounts for the
possibility of supersonic flow entering the diffusend inducing the formation of a shock wave.
The change in properties across such shocks wagutethusing the Rankine-Hugoniot relations
developed for two-phase flow. A constant pressusenm chamber is assumed for the analysis.
The results of the model show optimal geometricaar&io as well as system state point
information as a function of the inlet states anttanment ratio. However, the speed of sound
of the two-phase fluid is simply calculated witle thingle-phase speed of sound formula.

Rogdakis and Alexis (2000) discussed the designpanametric investigation of an ejector in an
air-conditioning system with R-717 as the workihgd. They developed a computer simulation
model based on the theory developed by Munday agst®r (1977). A thermodynamic shock
and mixing was assumed to occur at the very ertdeo€onverging cone of the mixing chamber.
The subsonic velocity of the mixed stream aftercgkheas found by the intersection of the Fanno
and Rayleigh lines. They later published a vertfaa study of their steam ejector refrigeration
model with experimental results (Alexis and RogdaRin03).

Parker and Lear (2001) reported on a mathematitcalysis of a two-phase flow ejector to
determine the optimum area ratio for ejector penfmce. Inlet conditions were specified and
nozzle outlet areas were varied to determine tfeciebn the compression ratio. The mixing
chamber was assumed to have a constant crossrsgcti@a. At the diffuser inlet, the Mach
number was checked to determine if a shock waveroced.

Lear et al. (2002) further extended their modeltwa-phase flow ejectors to handle the Fabri
limit on the secondary mass flow rate. A constaatianixing chamber is assumed. To simplify
the model, no frictional loss or thermal loss weoasidered and the two-phase flow was treated
as homogeneous equilibrium flow. However, the dateon of the speed of sound of the two-
phase flow remains the same as that of Lear €2@00).
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Bergander (2006) developed a novel two-phase ejauindel for refrigerant R-22 with a
condensing ejector as a second-stage compressercdidensing ejector is a two-phase jet
device in which a sub-cooled working fluid in adid state is mixed with its vapor phase,
producing a liquid stream with a pressure thaighdr than the pressure of either of the two inlet
streams. The amount of mechanical energy requisech lcompressor is reduced and the
efficiency is increased. A possible 38% theoretietiiciency improvement can be achieved
compared to the traditional vapor compression cyelactical demonstrations of 16% energy
savings were achieved using a prototype.

Yu and Li (2006) carried out a theoretical analysishe performance characteristics of a novel
cycle with the refrigerant R-141b. An auxiliary jpump (liquid-vapor type ejector) and a

conventional regenerator were used to enhancedfiermance of the novel cycle. In this case, a
single-phase ejector is used to enhance the cyfermance. The COP improvement of the
novel cycle reached 17.8% compared to the one @jextor expansion refrigeration cycle. The
performance characteristics of the novel cycle sitbvts promise by using low grade thermal
energy for the ejector refrigeration system.

Chaiwongsa and Wongwises (2007) studied experirternie effect of throat diameters of the
ejector on the performance of the refrigerationleyasing three two-phase ejectors as an
expansion device. These ejectors consist of coeweidjvergent motive nozzles with various
throat diameters of 0.8 mm, 0.9 mm and 1.0 mm,restemt pressure mixing chamber having a
constant diameter of 10.0 mm, and a constant @iffegit diameter of 22.0 mm. The test runs
were carried out at heat source temperatures°@f @6.4°F), 12°C (53.6°F) and 16°C (60.8
°F). The variation of the system’s COP was obtaiinech using the various throat diameters at
the heat sink temperature of 266 (79.7°F), 29.5°C (85.1°F), 32.5°C (90.5°F), 35.5°C
(95.9 °F) and 38.5°C (101.3°F). It was found that in the R-134a system, theiveohozzle
having a throat diameter of 0.8 mm vyielded the eggfCOP, while the motive nozzle having a
throat diameter of 1.0 mm yielded the lowest COP.

The experimental data in Elbel and Hrnjak (2008pvetd that the ejector simultaneously
improved the COP and cooling capacity by up to 7 8%, respectively, in the GQystem.
Values of 0.8 were assumed for the individual ejecomponent efficiencies in the ejector
calculation routine to get the results that seraedhe basis for the design of the experimental
prototype ejector. An overall ejector efficiencysbd on standard pressure, temperature, and
mass flow rate measurements was defined. Expersmstrawed that the ejector performed with
a higher efficiency when the high-side pressure we&sively low. However, it was also found
experimentally that despite lower ejector efficiesc the COP increased as the high-side
pressure increased as a result of using the ineshraeeedle to reduce the motive nozzle throat
area in the ejector.

Elias (2007) assumed that the efficiencies of tlative nozzle, suction nozzle and diffuser were
all equal to 1, and calculated a newly defined ngxsection efficiency to meet the measured
ejector outlet pressure. The empirical equationresging the mixing section efficiency as a
function of the flow and ejector parameters wasioiatd.
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Table 2.1 provides a summary of the theoretical exgerimental studies related to ejectors,
indicating the efficiencies of the suction and metinozzles or of the ejector, if they were

available.

Table 2.1: Summary of ejector studies found inliteeature

Authors

Fluid

Type of studies and value of ejeefficiencies

Keenan and
Neumann
(1942)

Air

Modeling study: isentropic flow through the tat motive nozzle; the
secondary fluid expands reversibly and adiabatiéalthe suction
nozzle; The frictional forces applied by the streamthe walls of the
mixing section are negligible; &+ As = Amix.

Experimental study: converging nozzles; convergingrging
nozzles; (kix/Dmix)opt = 7. For the largest measured pressure rise
across the suction stream, the experimental fldevissapproximately
87% of the calculated flow rate using a convergirignary nozzle.
The measured pressure rise of the flow from suctmazle exit to the
mixing section exit is 90% of the calculated valaeconverging
nozzles.

Keenan et al.
(1950)

Air

Modeling studynm=ns= 1, reversible subsonic diffuser. Mixing is
complete.

Experimental study: one dimensional analysis ofveoging-diverging
nozzle; Anix/A¢ = 4-100; y/Dhix = 6-8; Lnix/Dmix = 7-8 (mixing stream
subsonic).

The measured values of the static pressures ahittieg section exit
are between 93 to 99% of the corresponding compudhaes for a
broad range of operating conditions. Coefficients account for
irreversibilities in the subsonic diffuser and thecelerating nozzles
and for friction along the mixing-tube walls coubd added to th
design procedure, should a more precise predidimrdesired, bu
were not given in the study. The ejector measurésngalded values
of Phitfuser-exit/Psuction-nozzle-ine€qual to 86% of the computed values
measured flow rates of 85% of the computed values.

— (D

U7

Emanuel
(1976)

Gas

Modeling study: supersonic motive nozzaignot given.
The flow is fully mixed at the entrance to the dgér, and heat
transfer and drag losses to the walls are negéigibbaseous flow.

Domanski
(1995)

R134a

Modeling study: single phasgy;,=ns= 0.85-0.9n4= 0.7 (assumed)

Takeuchi et al.
(2002)

CO;

Invention disclosure: Supersonic NnozzlgixL/Dmix < 120; Dhix/Dm =
1.05 — 4.5nNm, Ns andngnot given.

at
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Alexis and Water | Modeling studynm= 0.7,nq4= 0.8 (assumed).
Rogdakis
(2003)

Elbel and CO, Modeling study (EESkm=ns=nq4= 0.9 (assumed)
Hrnjak (2004)

Disawas and | R134a| Experimental study: converging-diverging motive zlez mixing
Wongwises section;

(2004) Lmix/ Dmix = 11; (based on ASHRAE Handbook); andns not given.
Yapici and R123 | Modeling study: supersonic motive nozzle; tamsarea mixing
Ersoy (2005) section;

Nm=Ns=Nq= 0.85 (assumed); one dimensional adiabatic floative
and suction flows are fully mixed at the exit ofxmi section.

Li and Groll CO, Theoretical model (EES): the flow in the ejecwronsidered a one-
(2005) dimensional homogeneous equilibrium flow; assunmggd: ns= 0.9,
Nda= 0.8.

Rusly (2005) R141b CFD study: Converging-diverging nozzle; constaergamixing
section; (L+ y)/}=10; y/Dy = 1.5Dy; ag = 3.5; o= 10;nn not

given.
Ksayer and CO, Modeling study (supersonic motive nozzle):
Clodic (2006) Assumednm,=ns= 0.85,n4=0.75.
Kim and Experimental study (supersonic ejector): L/D = 61@,a,.= 4, 7, 10;
Kwon (2006) Nmandns not given.
Yu and Li R141b| Modeling study: homogenous two-phase flow in mixamgmber;
(2006) isentropic flows in the nozzles and the diffuser affected by an

isentropic efficiency coefficient accounting foiction losses; mixing
losses are accounted for by a coefficient equivatefriction;
Assumednm, = 0.90,nq= 0.85,Nmix = 0.85.

Deng et al. CO, Modeling studynm= 0.7,ns= 0.8 (assumed)
(2007)

Based on the literature review presented in theie® it can be seen that most models on two-
phase flow ejectors are established by applying-dimensional conservation equations to
different component sections such as motive nozazietion nozzle, mixing section and diffuser.
Often two-phase flow is treated as homogeneousliequm flow to simplify the model. In
addition, the speed of sound of the two-phase fkwften calculated based on the single-phase
fluid formula. It seems that without a better ursd@nding of the two-phase flow characteristics
during the process in each component of the ejettigrvery difficult to set up a two-phase flow
ejector model that is predictive enough to serva dssign tool. A review of the research studies
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of the different processes involved in a two-phése ejector is presented below to illustrate the
two-phase flow characteristics in a two-phase fégactor.

2.5. Technologies and solutionsfound in other applicationsthat can be applied to g ectors
used in refrigeration system

Henry and Fauske (1971) investigated the two-phbeaseal flow of one-component mixtures in
nozzles, orifices, and short tubes. Their two-phas#técal flow model for convergent nozzle,
orifices and short tubes included considerationshef interphase heat, mass, and momentum
transfer rates. Based on the experimental reswidable at that time, they made credible
assumptions to approximate these interphase pexeasd generated a transcendental
expression for the critical pressure ratio as ation of the stagnation pressure and quality. A
solution to this expression also yielded a predictior the critical flow rate. The predictions
showed good agreement with the experimental data.

Elliott (1985) discussed the computation of twoghaozzle flow through a prescribed shape.
Gas and liquid are assumed to travel at differehbaities. The liquid phase is assumed to be
uniformly dispersed as spherical drops with thees@ilmmeter. The phases interact through drop
drag, drop heat transfer, drop evaporation, andsgésbility. A critical value of the Weber
number determines the drop breakup and the diaroéwnops after breakup. Frictional loss is
calculated by multiplying the wall shear for thguid by the liquid volume fraction. It was found
that the flow rate in a two-phase nozzle may berdehed by choking at the exit rather than at
the throat. In over-expanded two-phase flow nozzilee pressure drops below the external
pressure in the diverging section and then risesatch the external pressure at the exit.

Romstedt and Werner (1986) performed a numericalyais of critical two-phase flow in a
convergent-divergent nozzle. The critical statedentified by its mathematical properties, i.e.,
characteristics and solvability of linear systemhwa singular matrix. The critical state is
calculated numerically as the asymptotic steadiesalution of the time- and space-dependent
two-phase flow equations. The two-phase flow iscdbsd by a model with equal phase
velocities and thermodynamic nonequilibrium. A “nebadonsistent” two-phase sonic velocity
was identified as a component of the eigenvalué¢seotwo-phase flow equation set.

Ochi et al. (1996) discussed the application dirad-layer model analysis to single-component
two-phase critical flow through a converging noz&g assuming a mixing layer between the
gas and liquid phase layers, the model accounthéocomplicated two-phase mixture near the
interface due to the entrainment of droplets antibles caused by the velocity difference
between the gas and liquid phase during the aetwmler in a converging nozzle. The
homogeneous model or a complete separation mooeless the limiting case of this three layer
model. Katto’s principle for two-phase critical Wo(Katto, 1968, 1969) is applied to determine
the critical conditions from the two-phase flow atjons set. The calculation results are
compared to the experimental results obtained stghm-water mixtures and carbon dioxide and
show good agreement with experimental data oveida vange of quality.

Attou and Seynhaeve (1999) investigated steadg-stetical two-phase flashing flow with
possible multiple choking phenomena. They gavesaralemonstration of how to derive critical
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flow conditions and a formula for the speed of sbifor two-phase flow. Given the system of
non-linear ordinary first order differential equats established from the local mass, momentum
and energy balances of the two-phase flow, thessacg and sufficient conditions of choking
can be defined mathematically by setting the datean of either the coefficient matrix or the
expanded coefficient matrix equal to zero (Bouré@let1976). The same practice is adopted in
this thesis.

Witte (1969) discussed mixing shocks in two-phdse/.f A sudden change of jet flow to froth
flow accompanied by static pressure rise and endiggipation for certain two-phase flow
configurations was named by the author a mixingckh@he jet flow is characterized by a core
of fast-moving liquid droplets surrounded by gasotk flow consists of liquid in which the gas
is dispersed in the form of bubbles. A one-dimemsionacroscopic model was established by
the laws of conservation of mass, momentum andggntr obtain the expressions for the
pressure and entropy change across the mixing $sock theory that explains the gas
entrainment mechanism in the mixing shock was pleposed. A water-air ejector with the
water as motive stream was experimentally testée @xperiments confirmed the proposed
macroscopic and microscopic theories.

Cunningham and Dopkin (1974) investigated the jeakup and mixing throat lengths of liquid
jet gas pumps. The effects of throat length, nozalgtour and spacing, nozzle-throat area ratio,
jet velocity and suction pressure were investigatéado jet breakup flow regimes were
identified: impact and jet disintegration. For timepact flow regime, the jet breakup length
depends on inlet velocity ratio, jet Reynolds numdned nozzle-throat area ratio. The optimum
throat lengths were found to be an empirical fuorctf nozzle-throat area ratio and ranged from
12 to 32 throat diameters.

Young and Guha (1991) studied the normal shock-vwakgcture in two-phase vapor-droplet

flows. Three types of fully dispersed waves areniified. Type | waves are dominated by

thermal relaxation and an approximate analyticlitsan provides results in close agreement
with the accurate numerical solution of the govegrequations. An approximate analysis is also
presented for Type Il waves, which are dominatetdth velocity and thermal relaxation. Type

Il waves are only briefly discussed as they ardittd€é practical significance. Four reference

velocities corresponding to the speed of soundvimrghase flow under different thermal and

mechanical constraints are introduced.

Wadle (1988) presented a theoretical and numemsgamination of two-phase flow in a
diverging nozzle. Stationary experiments with sglgnaccelerated steam-water and air-water
mixtures were performed in a well-instrumented haomial diffuser for a broad variation of
inflow conditions. Experimental results were congghto calculations with a one-dimensional
computer model. Both homogeneous and drift-flux-phase flow models as well as empirical
parameters in constitutive correlations of differeamputer models were tested systematically.
It was found that the pressure rise in the diffusmrld only be adequately calculated using the
drift-flux correlation taken from the SOLA-DF cod&he velocity data for choked flow
conditions were compared to four different two-pghageed of sound models.
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Neve (1991) investigated diffuser performance in-phase jet pumps. Experimental results are
presented from tests of a two-phase variable gagretpump to assess how well the included
diffuser handles inlet flows with considerable namformities of both velocity and density. It
was found that the pressure recovering abilitieshef diffuser are significantly influenced by
increasing non-uniformities at the entry and bysthpotentially developing in the diffuser itself.
The author suggested that in two-phase jet puntpst snixing tubes and thin primary jets
should generally be avoided.

Owen et al. (1992) performed an experimental stmdwhich the pressure recovery from a
homogenized two-phase flow in a conical diffuserswaeasured. The flow was an air/water
mixture with volumetric void fractions of up to 35% was found that although the pressure
recovery was reduced for a two-phase mixture, tbe af a diffuser is still beneficial. The
optimum angle of the diffuser in two-phase flow viasnd to be the same as that in single-phase
flow, i.e. 7°. The pressure recovery coefficienh d& defined using the homogeneous density
and the velocity of the mixtures at the inlet te tiffuser. An expression was proposed for
predicting the pressure recovery coefficient ofiffuger operating in two-phase flow and was
adopted to build a two-phase flow ejector model.

Rusly et al. (2005) performed a one-dimensional Cifialysis of an ejector in a combined
ejector cooling system for R-141b. The CFD reswkse validated with available experimental
data. It was found that the maximum entrainmen @ppens in the ejector just before a shock
occurs and that the position of the convergentrdeet nozzle (its exit distance from the
constant area mixing section entry) is an imporé@ttor design parameter.

Cizungu et al. (2005) formulated a one-dimensi@oahpressible flow model to optimize single-
and two-phase flow ejectors in steady-state opmeratvith particular reference to their
deployment in a jet cooling system. It was founat tithe dimension of the ejector configuration
has a dominant influence in deciding the operatamge.

Selvaraju and Mani (2006) conducted an experimentastigation of an R-134a vapor ejector
refrigeration system, which consists of a vaporegator, an ejector, evaporator, condenser,
liquid receiver, capillary tube, liquid pump and asaring devices. The authors found that the
entrainment ratio, refrigerating effect and coediit of performance depend on the ejector
configuration and operating temperatures of geoera&vaporator and condenser. For a given
ejector configuration, there exists an optimum terafure of primary vapor at a particular
condenser and evaporating temperatures, whichsyrekimum entrainment ratio and COP.

2.6. Summary of literaturereview

The preceding literature review has shown that é¢xpansion losses associate with the
isenthalpic throttling process are one of the mgiortant factors that contribute to the low
efficiency of the transcritical CQefrigeration cycle. Using an ejector as the espandevice to
recover the expansion losses has the advantagesiple construction, robust operation, and
easy control in comparison to more complex workovecy expanders. However, limited
knowledge of the design and flow characteristicavad-phase flow ejectors restricts ejector
expansion refrigeration cycles to realize theireptial performance. Understanding the effects of
the geometric parameters and operation conditianghe performance of two-phase flow
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ejectors is the key to reach an optimum designigiegrate the ejector into an ejector expansion
transcritical refrigeration system. To obtain skdowledge, a simulation model that takes two-
phase flow characteristics into account has to éeldped for the two-phase flow ejector. To
explore the potential of the ejector expansion decatical refrigeration system for air-
conditioning and other applications, a system satimh model has to be developed by
incorporating the two-phase flow ejector with otlitailed components models such as gas
cooler, evaporator and compressor models. Thegs,tae., development of a two-phase flow
ejector model and development of an ejector expansanscritical refrigeration system model,
were performed in this project.
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3. THEORETICAL MODEL OF TWO-PHASE FLOW EJECTOR

The ejector that is used in an ejector-expansemstritical cycle is a two-phase flow ejector and
transcritical expansion occurs in the motive nozAetheoretical model that can predict the
performance of such an ejector is needed to prppkign the ejector and to predict the
performance of the ejector expansion transcritteabon dioxide refrigeration system.

3.1. Critical flow model of two-phase flow

In the motive nozzle of the ejector, carbon dioxidéially at supercritical pressure and

temperature expands into the sub-critical two-plraggon. At the nozzle throat, the flow will

become critical for typical operating conditionsanf ejector-expansion transcritical refrigeration
cycle. A critical flow model of the two-phase flomust be established first to predict the
performance of the motive nozzle. The critical flomodel introduced here is established by
applying Katto’s principle (Katto, 1968, 1969) ftwo-phase critical flow to one-dimensional

one-component homogeneous equilibrium two-phase fiop.

A one-dimensional one-component homogeneous equitibtwo-phase pipe flow is depicted in
Figure 3.1. The following assumptions are madenadyae this flow:

« The flow is a steady one-dimensional flow.

+ The flow is homogeneous.

+ The two phases are at thermodynamic equilibrium.
« The effect of the thermal diffusion is neglected.

Figure 3.1: One-dimensional Two-Phase Flow

Based on the given assumptions, the mass, momeamdrenergy conservation equations of the
flow lead to the following system of ordinary diféatial equations:
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(3.1)

whereA is the cross section ared,s the flow velocityp is the static pressuré,, and/}, are
the wetted and heated perimeters respectivglyis the wall shear stress agglis the wall heat
transfer density. Because of the homogeneous brquith assumption, the specific volume and
enthalpy of the mixture are then given by the follty constitutive relations, respectively:
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By choosingp,V andx as the dependent variables of the flow and conisigleEquations (3.1)
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where the derivatives of specific volume of sateddtquid and vapor are defined as follows:
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According to Katto’s principle (Katto, 1968, 196y two-phase critical flow, the critical flow
occurs when the determinant of the coefficient main the left side of Equation (3.4) equals
zero as the system represented by Equation (3adhes a local mathematical singularity.

The critical flow condition can then be expressed a

! Vmix
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where:
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(3.6)

(3.7)
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From Equation (3.6), the expression of the speedonind can be obtained as (Attou and

Seynhaeve (1999)):

V — Vriix(hg - hf) ?
(Vg — Vi ) hnix' - Vmix) - Vmi>'<( hg_ hf)

It can be seen that the speed of sound given iratitou (3.8) depends only on pressure and

quality.

(3.8)

3.2. Modd of motive nozzle flow

The schematic of the ejector working processesdkas updated as shown in Figure 3.2. Based
on the critical flow model introduced in the prewsosection, a model for the motive nozzle of
the ejector can be setup using the following assiomgx

« The flow inside the motive nozzle is a steady, dingensional flow.

« The nozzle is a converging nozzle and its throat its exit.

« At the nozzle throat, the flow reaches the critftal condition.

« The isentropic efficiency of the nozzlg,, is given

« The inlet flow velocity is neglected.

+ The heat transfer between the fluid and nozzle iwaleglected.

« The gravitational force effect on the flow is nexjésl.

Suction nozzle 1 Mixing section 2 Diffuser
Motive [ e < g
nozzle
\ Na —
——> b — —>
>Pt—’ — ) P
p—— = Prix
m p ¢
b |
P, ‘

Figure 3.2: Schematic of the ejector working preess

Considering that the fluid enters the motive nozalea pressur@, and temperaturd@y,, the
following model will predict the pressupeand velocity; at nozzle exit, which is also its throat.

The isentropic efficiency of the nozzle is defirnsd
- M-h (3.9)
hm - ht,is
where hy, is the enthalpy of inlet flowty is the enthalpy of exit flow anlt s is the enthalpy
assuming an isentropic expansion frpgto p.

I
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By assuming a value for the exit presspyéh ;s can be determined from the inlet entrgpgnd
pressurgy . Thus, the enthalpy can be calculated for a given nozzle efficiengy

The energy conservation between the inlet and axihe motive nozzle can be expressed as
shown in Equation (3.10) in order to calculate el velocity, Vi

_ha Ve
h=h+s (3.10)

For the assumed exit pressprand the calculateld, the qualityx; can be determined. The speed
of soundV, can then be calculated based on Equation (3.8helmext step, the speed of sound,
V., is compared to the exit velocity;, and the pressume is updated until the iteration provides

reasonable agreement. For a given throat Agetlne mass flow rate through the motive nozzle
can be determined by:

m, = 0. AV, (3.11)
where the flow density at the nozzle throat is aialied as follows:
1
= = 3.12
P, ERRET (3.12)
pg,t Iof t

In summary, the exit pressure and velocity of tlaive nozzle is determined by the given inlet
flow conditions and its isentropic efficiency. Ugia specified throat area, the mass flow rate is
determined as well.

When the mass flow rate through the motive nozzlkess than the critical mass flow rate as
determined with the above model, the motive norleperated under non-critical mode. With

the mass flow rate as a given parameter, Equa{®f3 to (3.12) can be used to determine the
exit pressure and velocity.

3.3. Modd of suction nozzle flow

In a real ejector, the suction nozzle is typicakyplaced by a suction chamber. However, to
simplify the analysis, the expansion process framduction inlet to the mixing section inlet is
treated in the same way as the expansion proceascofiverging nozzle using the following
assumptions:

+ The flow is steady one-dimensional flow.

« The isentropic efficiency of the nozzle is given.

« The inlet flow velocity is neglected.

« The heat transfer between the fluid and nozzle iwaleglected.

« The gravitational force effect on the flow is nexjésl.

Once the mass flow rate through the motive nozae lbeen determined, the mass flow rate
through the suction nozzle can be determined usiagejection ratiap as shown in Equation
(3.13).

m, =¢m, (3.13)
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For a given inlet pressung and enthalpyhs of the suction nozzle, the exit pressyeand
velocity V,, can be predicted for a specified isentropic egficly /7s and an exit are, using the
following procedure.

The isentropic efficiency of the nozzle is defirsed
p=1al (3.14)
hs - ho,is
wherehs is the enthalpy of inlet flowh, is the enthalpy of exit flow anl, js is the enthalpy for
an isentropic expansion process frpso pe.

Assuming an exit pressum, hyis can be determined based on the inlet entrgpgnd exit
pressurep, . Using Equation (3.14), the actual exit enthalpycan be calculated for a given
isentropic efficiencyys.

The energy conservation equation between the mbet exit of the suction nozzle can be
expressed as:

h = hb+V7b2 (3.15)

With the assumed exit pressysgand the calculated exit enthalpy, the densitya, can be
determined. The exit velocity, can be calculated based on mass conservationi@uuat

m = p,AV, (3.16)

In the next step, the exit velocity, calculated from Equation (3.15) compared to the exit
velocity calculated from Equation (3.16) and thét @xessurep, is updated until the iteration
provides reasonable agreement. For typical opgraimditions, the critical flow condition will
not be reached in suction nozzle because of thé preasure difference betwepgandpy.

3.4. Modd of mixing section flow

The mixing section of the ejector starts from thxéseof the motive nozzle and the suction
nozzle to the exit of the mixing section as showrfFigure 3.2. To simplify the model of the
mixing section, the following assumptions are made:

« At the inlet plane 1, the motive stream has a wsloaf V;, a pressure of;, and
occupies the arey.

« At the inlet plane 1, the suction stream has aciglof V,, a pressure of, and
occupies the area,.

+ At the outlet plane 2, the flow becomes uniform da$ a velocity oVnyix and a
pressure opm.

+ The motive stream pressure and suction streamypeeggep unchanged from the
nozzle exits until the inlet of the constant areiaimy section. There is no mixing
between the motive stream and suction stream béferenlet of the constant area
mixing section.

+ The heat transfer between the fluid and the migigion wall is neglected.
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« The friction between the fluid and the mixing sextwall is neglected.
« The gravitational force effect is neglected.

Using the above assumptions, the model to predentixing stream velocity, and pressure
pm based on the motive stream velodyand pressurp;, and the suction stream velocity and
pressurgo, can be established as follows.

The mass conservation equation between the irdeepnd outlet plane reduces to:
ptA\/t + pb Ab\/b = pmix Anixvmix (317)
wheregn, is the density of the mixing stream at the ouglane.

The mixing efficiencyn,,, was used to account for the frictional losseshaf whole mixing

chamber (Huang et al, 1999, cited by Elias, 200/)h the assumepg,, of the mixing section,
the momentum conservation equation between thepidae and outlet plane reduces to:

ptA+,7mixptA\/tz+ p)( A’lix_ At‘)+,7mi>pb( Anix_ A9 \Z: pnix A‘nil-p mix Ar‘nixglm (318)

The energy conservation equation between the ptdete and outlet plane reduces to:

M)+ M) =(mas m( e a2y (@.19)

Based on the thermophysical property relationsbfgke fluid, the density,can be determined
from the pressurpmix and enthalpyhmix. Thus, the pressufx, velocity Viix and enthalpyimix
can be calculated from Equations (3.17), (3.18)(&8ntb).

At the exit plane of the mixing section, the fluMll be in the two-phase region for typical
operating conditions of the ejector-expansion tratisal carbon dioxide cycle. The quality of
the mixing stream can be determined from its pmesand enthalpy. The speed of sound of the
two-phase mixing stream can then be calculatedyuSguation (3.8) to see if the critical flow
condition is reached.

3.5. Modd of diffuser flow
In the diffuser, the kinetic energy of the mixinggesam will be converted to a static pressure

increase. By assuming that the mixing stream at dbdet of the mixing section is a
homogeneous equilibrium flow, a pressure recovegfficient,Ct can be defined as:

Ct:@ (3.20)
~p V2
2 mix " mix

wherepyq is the pressure at the exit of the diffuser.

A correlation proposed by Owen et al. (1992) is usec lto calculate the pressure recovery
coefficient from the area ratio of the diffuserfadows:
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Ct=o.850mix!1—(2XTH X +(1_Xmix)2} (3.21)

'og’mix Iof,mix

wherexmix is the quality of mixing stream at the diffuselein andgy mixanda mixare the saturated
vapor and liquid densities at presspkg, respectivelyAq is the exit area of the diffuser.

By neglecting the heat loss from the ejector togheironment, the enthalpy at the diffuser outlet
hy can be determined from the energy conservatioatexuof the whole ejector as follows:

m.h+mh=(m+m f (3.22)

The quality at the diffuser outlegy can then be determined from the exit presgdrand exit
enthalpyhy using the thermophysical property relationshiptheffluid.

3.6. Discussion of the gjector model

By combining the models of the motive nozzle flowgtsoon nozzle flow, mixing section flow
and diffuser flow, a simulation model of a two-phdk®v ejector has been developed. The
model uses a specified motive nozzle throat ardaefficiency, suction nozzle efficiency, cross
sectional area of the mixing section, and exit avéahe diffuser. The model predicts the
pressure, quality and mass flow rate of the outteasn for given inlet conditions of the motive
stream and suction stream, and a given ratio ofrtass flow rates between these two streams.
The ejector simulation model is used to investighte effects of the design parameters of the
ejector and the operating conditions on the perémee of the ejector. In the following sections,
a discussion of the ejector model will be presented.

3.6.1. Discussion of the motive nozzle model

In the motive nozzle model, which is presented intiBe 3.2, it is implicitly assumed that the
exit stream will be in the two-phase region. It iscahssumed that the flow becomes critical at
the exit. During the simulation, these two assummgtiare not always being satisfied and have to
be checked. Therefore, a certain iteration proceflurthe simulation of motive nozzle had to be
adopted, which is depicted in the flow chart in Feg8r3. It can be seen from Figure 3.3 that the
model searches for a throat presspirat pressures below the critical presspgeas well as at
pressures above the critical pressure to matckhtioat velocity with the speed of sound for the
given input parameters. If the model is not allestlve for a pressumg, the flow can not
expand with the specified isentropic efficiency ¢éach critical flow at the nozzle throat for the
given input pressure and temperature. Either taetigpic efficiency has to be adjusted or the
inlet conditions must be changed, e.g., by usingstream throttle, to successfully simulate the
motive nozzle flow.

3.6.2. Discussion of the geometric parameters oéjbetor

It can be seen from Section 3.6.1 that the masghitough the motive nozzle is only determined
by the inlet flow conditions. Thus, the throat amdfathe motive nozzle is determined by the
desired mass flow rate through the motive nozzleusssg an ejection ratio, the mass flow rate
of the suction stream can be calculated. By assyimipressure drop across the suction nozzle,
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the suction nozzle exit area can be determined tfwmsuction nozzle model. Then, the cross
sectional area of the mixing section can be caledldy adding the motive nozzle exit area and
the suction nozzle exit area. In the next stepptiessure at the exit of the mixing section can be
calculated from the mixing section model. By chogsa desired pressure elevation from the
ejector suction inlet to the ejector exit, the pree increase across the diffuser can be
determined and the exit area of the diffuser carcdleulated from the diffuser model. This
procedure can be used to find some geometric paeasnef the ejector to meet the desired
operating performance. To better understand theactexistics of the ejector, an investigation of
the geometric parameters on the performance dadjdator is presented next.

Input
Pi, Ti,n
A

Assume Pt
0<Pt<Pcr

»
»
Y

Solution for No Assume Pt
0 < Pt < Pcr > Pcr < Pt < Pi
obtainabl

Yes Y
Calculate
Calculate ht, Vt, xt
ht, Vt, xt
Update Pt l Update Pt
- v
A No Calculate single
O<xt<1 phase sound speed
Ve
Yes \
Calculate two- Calculate single
phase sound speed phase sound speed
Ve \Y/e

A

Figure 3.3: Flow chart of motive nozzle simulation
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A higher diffuser exit pressure is desired in arctgjeexpansion refrigeration cycle as it means a
higher compressor inlet pressure. A higher qualityha diffuser exit means that less liquid

refrigerant enters the evaporator and that leads smaller refrigeration capacity. Therefore, a
high diffuser exit pressure and a low diffuser epility are desirable in an ejector expansion
refrigeration cycle. The analysis of the ejectorf@enance was repeated with motive and

suction nozzle efficiencies of 0.9, 0.8 and 0.1 afection ratios of 0.3 to 0.6 as shown in the
following figures. Based on these results, it isnfduhat a higher isentropic nozzle efficiency

and lower ejection ratio are desirable for the ejeperformance. However, the ejection ratio can
only be reduced to a certain value since it deteesithe mass flow rate of the suction stream
that flows through the evaporator for an ejectoraggon refrigeration cycle.

Figure 3.4 presents the ejector exit pressure aatitg as functions of the diffuser diameter ratio
for an inlet motive stream at B 9.5 MPa, T= 313.15 K (40°C), an inlet suction stream at

Ps = 3.969 MPa, i, = 5 K, and an ejection ratip = 0.3, whilen,, andns vary from 0.7 to 0.9.

It can be seen that the diffuser exit pressurecaszs quickly at low diffuser diameter ratios and
then increases slowly at high diffuser diameteogfor a given ejection ratio; the diffuser exit

quality decreases quickly at low diffuser diametatias and then slowly at high diffuser

diameter ratios. Thus, a diffuser diameter raticapproximately 3.0 is desired for the given
operating conditions as it means a higher compresk pressure and lower refrigerant quality.
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Figure 3.4: Ejector discharge pressure and quaditgus diffuser diameter ratio
(P. = 9.5MPa, T= 313.15 K, P=3.969MPa¢ = 0.3, D =2mm, D_= 4mm)

Figure 3.5 presents the ejector exit pressure aatitg as functions of the throat diamefrof

the motive nozzle for an inlet motive stream at=M.5 MPa, T= 313.15 K (40°C), an inlet
suction stream atsP 3.969 MPa, J,, = 5 K, and ejection rati¢p = 0.3, withn, andns varying
from 0.7 to 0.9. It can be seen thattasncreases, the diffuser exit pressure increasd<taan
decreases, while the diffuser exit quality decreasekthen increases. The quality does not vary
too much a®; increases. The diffuser exit pressure reachesvanmim and the diffuser exit
quality reaches a minimum at a value Byrof approximately 2.3 mm. It can also be seen that
higher nozzle efficiencies are desirable in antejeexpansion refrigeration cycle.
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Figure 3.6 presents the ejector exit pressure aatitg as functions of the throat diamefrof

the motive nozzle for an inlet motive stream atEM.5 MPa, T= 313.15 K (40°C), an inlet
suction stream atsP 3.969 MPa, J,,= 5 K, andnm = ns = 0.9, with the ejection ratip varying
from 0.3 to 0.6. It can be seen thattasncreases, the diffuser exit pressure increasd<taanm
decreases, while the diffuser exit quality decreasekthen increases. The quality does not vary
too much a®; increases. As the ejection ratio increases fronDtBeo 0.4 to 0.6, the diffuser
exit pressure reaches maxima at valueDfoof 2.3 mm, 2.1 mm and 1.8 mm, respectively. It
can be seen that a low ejection ratio is desirabéniejector expansion refrigeration cycle.
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Figure 3.5: Ejector discharge pressure and quaditgus motive nozzle exit diameter with
¢ =0.3 (P=9.5MPa, T=313.15 K, P=3.969 MPa, D. =4 mm, D, = 8 mm)
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Figure 3.6: Ejector discharge pressure and quaditgus motive nozzle exit diameter with
n,=Nn,=0.9 (P=9.5MPa, T=313.15 K, P=3.969 MPa, D =4 mm, D, = 8 mm)

Figure 3.7 presents the ejector exit pressure aradityg as functions of the mixing section
diameter R for an inlet motive stream at £ 9.5 MPa, T= 313.15 K (40°C), an inlet suction
stream at P= 3.969 MPa, J,,= 5 K, andnmn =ns= 0.9, with the ejection ratip varying from
0.3 to 0.6. It can be seen that agixDncreases, the diffuser exit pressure increasdstlaen
decreases, while the diffuser exit quality decreasw®s then increases. As the ejection rgtio
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increases from 0.3, to 0.4, and to 0.6, the diffesat pressures reaches maxima aix@f 3.5
mm, 4 mm and 4.5 mm, respectively. The quality doasvary too much as ) increases. It
can also be seen that a low ejection ratio is dalsiia an ejector expansion refrigeration cycle.
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Figure 3.7: Ejector discharge pressure and quaditgus mixing section diameter with

Nm=Ns=0.9 (P=9.5 MPa, T=313.15 K, P=3.969 MPa, D=2 mm, D, = 16 mm)

Figure 3.8 presents the ejector exit pressure aradityg as functions of the mixing section
diameter [k for an inlet motive stream at £ 9.5 MPa, T= 313.15 K (4C0°C), an inlet suction
stream at P= 3.969 MPa, J,, =5 K, and an ejection ratio 0.3, witf, andns varying from 0.7
to 0.9. It can be seen that as;Dincreases, the diffuser exit pressure increases then

decreases, while the diffuser exit quality decreasesthen increases. The diffuser exit pressure

reaches a maximum at a value fqg,Dof approximately 3.5 mm. The quality does not vy
much as Rix increases. It can be seen that higher ejectal@@tficiencies are desirable in an

ejector expansion refrigeration cycle.
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Figure 3.8: Ejector discharge pressure and quaditgus mixing section diameter with
¢ =0.3 (P=9.5MPa, T= 313.15 K, P=3.969 MPa, D=2 mm, D, = 16 mm)
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3.6.3. Discussion of the operation conditions ofdjaetor

In addition to the design parameters, the operatorglitions also affect the performance of an
ejector. The inlet conditions of both the motivedahe suction streams and the ejection ratio
determine the pressure and quality of the exiastravhen the design parameters of the ejector
are specified.

Figure 3.9 presents the ejector discharge presswteguality as functions of the motive nozzle
inlet pressure for the operating conditions pE1313.15 K (40°C), B = 3.969 MPa, J,,=5K

and ejection ratio of 0.3, with,, andns varying from 0.7 to 0.9. The diffuser exit pressu
increases while the discharge exit quality decreasd¢be motive stream inlet pressure increases.
The ejector efficiencies do not affect the diffusait quality much. It can be seen that higher
ejector nozzle efficiencies are desirable in antejeexpansion refrigeration cycle.
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Figure 3.9: Ejector discharge pressure and quaditgyus motive stream inlet pressure with
¢ =0.3 (T =313.15K, P=3.969 MPa, D=2 mm, D =4 mm, D =8 mm)

Figure 3.10 presents the ejector discharge pressw@uality as functions of the motive nozzle
inlet pressure for the operating conditions pEB13.15 K (40C), R = 3.969 MPa, J,,= 5 K,
andnm = ns = 0.9 with the ejection ratio varying from 0.3 t&0 It can be seen from Figure 3.10
that for high ejection ratios, the diffuser exiepsure increases firstly and then decreases as the
motive stream inlet pressure iRcreases. However, for a low ejection ratio of @@, diffuser
exit pressure further increases asirereases. The discharge quality decreases amdiige
stream inlet pressure increases. The diffuserperdgsure decreases and the diffuser exit quality
increases with an increase of the ejection ratio.

Figure 3.11 presents the ejector discharge presswtguality as functions of the suction stream
inlet superheat for the operating conditions pET313.15 K (40°C), R, = 3.969 MPa, b= 2
mm, Dyhix =4 mm, 3 = 12 mm andn, =ns = 0.9, with the ejection ratip varying from 0.3 to
0.6. It can be seen that the diffuser exit pressiares not change much while the diffuser exit
quality increases as the suction stream inlet figagrincreases. Thus, low superheat of the
suction stream (less than 5 K) is desirable forejeetor expansion refrigeration cycle.
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Figure 3.12 presents the ejector discharge presswrguality as functions of the suction stream
inlet superheat for the operating conditions pET313.15 K (40°C), R, = 3.969 MPa, b= 2
mm, Dnix =4 mm, [ = 12 mm andp = 0.3 with ejector nozzle efficiencies, =ns = 0.7, 0.8
and 0.9. It can be seen that the diffuser exisquee decreases little by little while the diffuser
exit quality increases as the inlet superheat @f siction stream increases. High ejector
efficiencies cause high diffuser exit pressure, ahile ejector efficiencies do not affect the
diffuser exit quality much. Thus, high ejector eiifincies and low superheat of the suction
stream (less than 5 K) are desirable for the ejentpansion refrigeration cycle.

Figure 3.13 presents the ejector discharge pressuteuality as functions of the motive stream
inlet temperature for the operating conditions of B.5 MPa, P= 3.969 MPa, J,,=4 K, D =2
mm, Dnix =4 mm, = 10 mm andy, =ns = 0.9 with¢ = 0.3 to 0.6. It can be seen that both the
diffuser exit pressure and quality consistentlyréase as the motive stream inlet temperature
increases. The ejection ratio does not affect tfiasgér exit quality at high motive nozzle inlet
temperature.
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Figure 3.14 presents the ejector discharge pressuteuality as functions of the motive stream
inlet temperature for the operating conditions of B.5 MPa, P= 3.969 MPa, J,,=4 K, O =2
mm, Dhix =4 mm, 3 = 10 mm and = 0.3 withn, =ns= 0.7 to 0.9. It can be seen that both the
diffuser exit pressure and quality consistentlyré@ase as the motive stream inlet temperature
increases. The ejection efficiencies do not affieetdiffuser exit quality.

Figure 3.15 presents the ejector discharge pressuteuality as functions of the suction stream
inlet pressure for the operating conditions pEM.5 MPa, T= 313.15 K (40°C), Tsyp = 4 K,

Di =2 mm, Bhx =4 mm, =10 mm andjm =ns = 0.9 with¢ = 0.3 to 0.6. It can be seen that
the diffuser exit pressure increases while the défuexit quality decreases as the inlet pressure
of the suction stream increases. Therefore, a high@oration temperature is desirable for the
ejector expansion refrigeration cycle.
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Figure 3.16 presents the ejector discharge pressurguality as functions of the suction stream
inlet pressure for the operating conditions pEM.5 MPa, T= 313.15 K (40°C), Tsyp = 4 K,

Di =2 mm, Bhx =4 mm, = 10 mm andp = 0.3 withny, =ns = 0.7, 0.8, 0.9. It can be seen

that the diffuser exit pressure increases while difeiser exit quality decreases as the inlet
pressure of the suction stream increases for angawvea ratio and ejection ratio. Therefore, a
higher evaporation temperature is desirable foejbaetor expansion refrigeration cycle.
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3.7. Summary of the two-phase flow g ector modeling

In summary, the two-phase flow ejector model waszetil to determine the ejector performance
characteristics as a function of the design parareeind the operating conditions. The model
presented in this report is able to predict thégoerance of the ejector as a stand-alone device.
The effects of the ejector geometries and operatwomlitions on the performance of the ejector
were studied. It is found that high ejector effidms and low ejection ratio are desirable to
increase the ejector exit pressure and decreasejeéb®r exit quality. It is also found that the
optimum mixing section diameter is approximatelyn#n and the optimum diffuser diameter
ratio is 3 for the given operating conditions. thermore, the optimum motive nozzle throat
diameter changes with the ejection ratio and thet@jefficiencies. However, the motive nozzle
efficiency, the suction nozzle efficiency and thi&ing section efficiency are three parameters
that need to be determined experimentally. The thasp flow ejector model also needs to be
validated with experimental results before it carubed to build a detailed simulation model of
an ejector expansion transcritical refrigeratiostegn.
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4. CO, EJECTOR EXPANSION TRANSCRITICAL SYSTEM MODEL

A detailed ejector expansion transcritical refrigia system simulation model has been
developed to predict the performance of air touaitary air conditioners and heat pumps with
CO, as the refrigerant. The model is based on theigquewvork by Robinson (2000) and Ortiz
(2002). The gas cooler and the evaporator are raddssed on micro-channel heat exchanger
geometries. The compressor is modeled based onbasgmt compressor performance data
(Hubacher and Groll 2002). The two phase flow ejectodeh is incorporated into the overall
system simulation model. A schematic of an ejectqraasion transcritical air conditioning
system is shown in Figure 4.1. Descriptions of thk@gonent models for the compressor, the gas
cooler, the evaporator and the separator are givdre following sections.

< GAS COOLER
CONTROL
VALVE X COMPRESSOR
| >
> > SEPARATOR
A
EJECTOR
CONTROL
VALVE
EVAPORATOR

Figure 4.1: Schematic of ejector expansion tratisatiair conditioning system

4.1. Compressor model

Since the simulation model will be used to predice tperformance of a packaged air
conditioning system, only a hermetic compressor ehdd considered here. The hermetic
compressor modeling approach is similar to thatFafcher and Rice (1983). A detailed
description of the compressor model that is basethe work by Ortiz et al. (2003) can be found
in Appendix A. The compressor performance maps obdaby Hubacher and Groll (2002) at a
superheat of 10.7 K are used to calculate the caspreefficiencies at different operation
conditions. A superheat correction was made. The fi@ssate was corrected according to an
approach shown by Dabiri and Rice (1981) using tHeviing equations:

m= rnnap [ﬁl+ 0'7%@_ ]}} pnewz f( F;UC ’hSU() p map: f( PSUC'TSL,IC m)a; (4'1)

map
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4.2. Gas cooler model

The gas cooler to be modeled here consists of phelitnicrochannel heat exchanger slabs. Each
slab has a refrigerant distribution header on ade ef the heat exchanger and a refrigerant
collection header on the other side. In betweerhdaglers are multi-port-extruded (MPE) tubes
and in between the MPE tubes are accordion-styseafinshown in Figure 4.2.

Distribution header

| a— |
MPE tubes -1L-1L-L-L-L-L-LL1L 1L
N N N N N N N N N N N
I N g I Pl g g g W W g e et
N N N I N N N N N N N
<<<<<<<<<<< Accordion-style fins
-1L-1L-L-L-L-L-"LLL1L
N N N I N N N N N N
1L 1L-L-L-"L-L1L L1
N N N I N N N N N N
-1L-1L-L-L-L-L-"LLL 1L
N N N N N N N N N N N
-1L-1L-L-L-L-L-LL1L 1L
N N N N N N N N N N N
| \ |

Collection headt

Figure 4.2 : Micro-channel heat exchanger slab

A schematic of the cross section of a multi-portdkéd tube is shown in Figure 4.3 to illustrate
the microchannel placement inside an extruded tube.

While the CQ flows through the MPE tubes of the gas cooles taoled by air, which flows in
cross-flow to the MPE tubes and in parallel to timedurfaces. The COis cooled from the
compressor outlet temperature to a temperatur@peste the air temperature at a pressure that is
higher than the supercritical pressure. There vélinb phase change of the £@side the gas
cooler. Nevertheless, the thermophysical propertveshe CQ vary dramatically when the
refrigerant passes through the pseudo-criticaloregss it is being cooled down. To account for
the property changes of GQGeach multi-port-extruded tube is divided into #magments along
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the refrigerant flow direction for the simulation thie gas cooler. A detailed description of the
gas cooler model that is based on the work by Ottig. €2003) can be found in Appendix B.

(OO0O00OO0O)

Figure 4.3: Cross section of a multi-port-extrutigue

4.3. Evaporator model

The evaporator to be modeled here consists of dnee smicro-channel heat exchanger slab
configuration as the one of the gas cooler thatdessribed in the previous section.

While the CQ flows through the MPE tubes of the evaporatos heated by air, which flows in
cross-flow to the MPE tubes and in parallel to thestirfaces. The CQevaporates from a state
of two-phase mixture to a superheated vapor jusivib¢he air inlet temperature at the given
evaporation pressure. To account for the propergnges of C®during the evaporation and
superheating process, the multi-port-extruded iskdivided into several small segments along
the refrigerant flow direction to conduct the sintida of the evaporator. A detailed description
of the evaporator model that is based on the workObyz et al. (2003) can be found in
Appendix C.

4.4. Basic CO; transcritical air conditioning system simulation model

The assumptions for the basic £@anscritical air conditioning system model ardal®ws:

« The system operates at steady state.

+ The pressure drop and heat transfer in the comgedtibes between different
components are neglected.

« The throttling process is isenthalpic.

« The discharge pressure of compressor and the quiesure of the evaporator are
specified.

« Both indoor and outdoor air temperatures and aw flates are specified.

The computation sequence for the basic, @@nscritical air conditioning system simulation

model can be listed as follows:

1) The operation conditions and design parametetfseofystem are read in.

2) A superheat at evaporator ouflgf,is assumed.

3) Based on the specified compressor discharge peed3yr the compressor inlet
pressurd? =P and the compressor inlét,, the mass flow rate through the

comp in evap ou’
compressorm,,... , the power input to the compreswcrOmp and discharge temperatufg
are determined using the compressor model.
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4) The gas cooler capac@éc, CQO, temperature and pressure at outlet of the gagrcaod

air temperature and pressure at outlet of the galeicare determined using the gas cooler
model.

5) Assuming the refrigerant side pressure drop ofetreporatorAR, ,, the evaporator inlet

pressure can be determined from the specified estpo outlet pressure as:
Poos = Prva out AP o

evap in evap out
6) The CQ inlet conditions (quality) to the evaporator asgedimined based on an isenthalpic
throttling process from the gas cooler outlet presso the evaporator inlet pressB@ap,in

7) The evaporator capac'@gvap, CQO, temperature and pressure at outlet of the evapaatd

air temperature and pressure at outlet of the easgoare determined using the evaporator
model. If the calculated refrigerant side pressiop of the evaporator is different with the

assumed value akP. go back to step 5) to iterate until the refraggrside pressure

evap’
drop of evaporator converges within specified toee.

8) The calculated evaporator outlet superhieglis compared to the assumed evaporator
outlet superheals,, If they are not equal, the evaporator outlet sugat T, is updated
and steps 3) to 7) are repeated until the supedgrat with each other within specified
tolerance.

4.5. Separator mode

The separator serves two functions in an ejectpamesion transcritical cycle. It separates the
vapor flow, which enters the compressor, from thaiticflow, which enters the evaporator. It
also serves as a refrigerant receiver. A detailedrgsion of the separator model can be found
in Appendix D.

4.6. Ejector expansion transcritical air conditioning system simulation model

The ejector-expansion transcritical air conditignisystem model consists of the compressor
model, gas cooler model, evaporator model, andragpanodel in addition to the motive nozzle

model, suction nozzle model, mixing section modal] diffuser model that were developed for
the two-phase flow ejector.

The assumptions for the ejector expansion tramsalriair conditioning system model are as
follows:
« The system operates at steady state.
« The pressure drop and heat transfer in the comgedtibes between different
components are neglected.
« All throttling processes are isenthalpic.
« The discharge pressure of the compressor and gezlsat at the evaporator exit are
specified.
« Both indoor and outdoor air temperatures and aw flates are specified.

A flowchart of the computation sequence for the ejeekpansion transcritical air conditioning
system model is shown in Figure 4.4. The computaaguence can be described as follows:
1) The operation conditions and design parametetseo$ystem are read in.
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2) A pressurePgi is assumed as the diffuser outlet pressure wisichd same as the separator
pressure and compressor inlet pressure.

3) Based on the specified compressor discharge peesBy;, the compressor inlet
pressuré = P4, and the compressor inlet quaty, , =1, the mass flow rate through the

comp in
compressorm,,.., the power input to the compressk/&(,rOmp and discharge temperatufg are

determined using the compressor model.
4) The gas cooler capacify,., CO, temperature and pressure at outlet of the gagicaol air

temperature and pressure at outlet of the gasrca@ealetermined using the gas cooler model.
5) The mass flow rate of the motive strea),. is determined using the motive nozzle model.

If the calculation failed (see step 6), the Qfbtive nozzle inlet pressuRyis throttled through
a control valve to a lower value until the motiverle calculation is successful.
6) If the critical mass flow rate of the motive streanharger than the mass flow rate predicted by

the compressor mapi{,,.> Mm,,,), the motive nozzle is operated at non-criticaldeand

comy

there ism, .= M,,,.. Non-critical motive nozzle model is used to cdteithe nozzle outlet

pressure and velocity. If the mass flow rate ofrtiaive stream is smaller than the mass flow
rate predicted by the compressor model, the simoula failed as the nozzle area is too small
to operate under given operation conditions

7) The CQ mass flow rate through the evaporator is deterthirem the assumed ejection ratio

® byrhevap = ¢ r.nnozzl('
8) Assuming the refrigerant side pressure drop of eaporatorAPR, ., the evaporator inlet

pressure can be determined from the specified eaBpo outlet pressure as:
P = +AP_,.

evapin — ' evap out
9) The CQ inlet conditions (quality) to the evaporator amtedmined based on an isenthalpic
throttling process from the separator pres8dketo the evaporator inlet pressiigap,in

10) The evaporator capac'@vap, CQO, temperature and pressure at outlet of the evagparat air

temperature and pressure at outlet of the evapaetaletermined using the evaporator model.
If the calculated refrigerant side pressure drofhefevaporator is different with the assumed
value of AP go back to step 8) to iterate until the refragerside pressure drop of

evap !
evaporator converges within specified tolerance.

11)The suction nozzle model calculations are perforteedetermine the suction nozzle outlet
conditions.

12)The mixing section model calculations are perfornteddetermine mixing section outlet
conditions.

13) The diffuser model calculations are performed techeine the C@pressure at diffuser outlet
pairn @and quality at the diffuser outhef .

14)The updated ejection ratio is obtained from Equaf0.4). If the calculated value is different
with the assumed value of steps 7) to 14) are repeated until the ejectadio rconverges
within a given tolerance.

15)The calculated diffuser outlet pressuPgqn, is compared to the assumed diffuser outlet
pressurdyi. If the pressures are not equal, the diffuserebptlessur®yi; is updated and steps
3) to 14) are repeated until the pressures agrdesach other within a given tolerance.
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Figure 4.4: Flow chart of computation sequence jecter expansion transcritical air
conditioning system model
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4.7. Gas cooler and evaporator dimensions of CO, system

Table 4.1 shows the physical dimensions of the gadec and the evaporator used in the
simulations of the C@system.

Table 4.1: Heat exchanger specifications o, @&s cooler and evaporator models

Simulated CQ
microchannel heat exchanger (Finned-tube) gas cooler evaporator
Face areas (mfh 248 48.8
Fin thickness (mm) 0.1524 0.1524
Fin height (mm) 8 8
Tube thickness (mm) 0.5 0.5
Inlet tube diameter (mm) 0.54 0.54
Heat exchanger port diameter (mm) 1 1

To validate the predictions of the ejector expamgranscritical air conditioning system model,
an experimental study was conducted as part ghtbject, which is presented next.
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5. EXPERIMENTAL SETUP
5.1. CO; based prototype ECU setup

In order to validate the predictions of the simiglat model of the transcritical GQair
conditioning system that was originally developedtiz et al. (2003) and which is the basis of
the ejector expansion transcritical £&x conditioning system simulation model developed
this study, the performance of an existing tranieadi CO, air conditioning system was tested at
various operating conditions. The system desidraged on a military standard 10.3 kW (3 ton)
Environmental Control Unit (ECU). A detailed desciyptiof the CQ based bread board ECU is
given here.

5.1.1. CQ based bread board ECU components

The CQ based bread board ECU consists of an indoor umitamoutdoor unit, which are
located in the two side-by-side psychrometric chasb&he indoor unit consists of an
evaporator, evaporator box, evaporator fan, expangalve, bypass valve and liquid receiver.
The outdoor unit consists of a gas cooler, gasecdmx, gas cooler fan, and compressor and oil
separator. A schematic of the system setup is showigure 5.1. The parts that are used in the
experimental system and the suppliers or manufaxstwf these parts are listed in Table 5.1. The
numbers used for the parts in Figure 5.1 correspoiigde numbers listed in Table 5.1.

Table 5.1: Parts list of C{based bread board ECU test setup

No. Description Supplier or Manufacturer
1 CO, Compressor Dorin
2 Oil Separator Parker (assembled at HERL)
3 Gas Cooler (Microchannel) Hydro Aluminum/Livernois
(circuited at HERL)
4 Gas Cooler Box Manufactured at HERL
5 Gas Cooler Fan Lau Industries
6 Bypass Valve Swagelok
7 Back Pressure valve Enpro
8 Liquid Receiver Parker (assembled at HERL)
9 Evaporator (Microchannel) Hydro Aluminum/Livernois
(circuited at HERL)
10 Evaporator Box Manufactured at HERL
11 Evaporator Fan Keco Industries
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11

P: Pressure Transducer, T: Temperature Transddcélass Flow Meter,
W: Power, RH: Dew Point meter

Figure 5.1: Schematic of G®ased bread board ECU test setup

The gas cooler and the evaporator are made up iplaunicro-channel heat exchanger slabs.
A schematic of one micro-channel heat exchangerislahown in Figure 5.2. A gas cooler air

flow box and an evaporator air flow box were constddb make the bread board ECU match
the current design of a military standard ECU. The gooler and evaporator boxes were built
according to the dimensional parameters providedhieyKeco Industries, a manufacturer of

military standard ECUs. During the selection andutneg of the micro-channel heat exchanger
slabs, every effort was made to fit the slabs ih® gas cooler and evaporator boxes without
compromising air flow and effectiveness. The schesaof the gas cooler box and the

evaporator box are shown in Figures 5.3 and S5spedively.

The gas cooler consists of three micro-channel éeettanger slabs and the evaporator consists
of two micro-channel heat exchanger slabs. The itinguof the gas cooler slabs and the
evaporator slabs can be varied to investigate #@tyaof refrigerant flow configurations.
Currently, the gas cooler micro-channel heat exgbaaslabs are piped together and oriented in
the air flow as shown in Figure 5ahd the evaporator micro-channel heat exchangbs slee
piped together and oriented in the air flow as showfigure 5.6.
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Figure 5.2: Schematic of micro-channel heat exchaslzab
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Figure 5.3Drawing of the evaporator of the GBased bread board ECU
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CO2 Out

ﬁ CO2 Out

Air Out

CO2 In

Air In
Figure 5.6: Schematic of the evaporator flow ciuit

The evaporator fan was provided by Keco Industmekia the same as the one currently used in
military standard ECUs with the same design capatig. gas cooler fan was obtained from the
same manufacturer that provides condenser faretmilitary standard ECU. However, the fan
has a 50 mm smaller diameter than the one instadldte currently used military standard ECU
with the same design capacity.

The oil separator is made out of one gallon stasiseel sample cylinder obtained from Parker.
The liquid receiver is made out of one gallon carbteel accumulator from Accumulators, Inc.

High pressure double window sight glasses made by &hhErnst Company were installed

downstream of the oil separator and the liquid remreio observe the oil flow and the refrigerant
flow, respectively.

The expansion valve is a back pressure regulatee yvarhich was obtained from Enpro and has
a maximum operating pressure of 2500 psig.

A photo of the indoor unit is shown in Figure 5.7 an@hoto of the outdoor unit is shown in
Figure 5.8.



Figure 5.7: Indoor unit of C®based bread board ECU setup

Figure 5.8: Outdoor unit of Cfbased bread board ECU setup
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5.1.2. CQ based bread board ECU instrumentation

All measuring instrumentation is indicated in Figu.1. All temperatures are measured with T-
type thermocouples with £0.5 °C accuracy. The gefant side pressures are measured with
absolute pressure sensor PX32B1-2.5 KAV from Omagadinc. with a full-scale accuracy of
0.11%. Two micro-motion mass flow meters with anusacy of £0.5% of the reading value are
installed to measure the refrigerant mass flow aatess the compressor and the mass flow rate
across the evaporator, respectively. The relativmitiity of the air is measured with a General
Eastern Dew Point meter with an accuracy of £1% din volume flow rate across the evaporator
is measured with GTx116-PC thermal dispersionlar §ensor from Ebtron Company, which has
an accuracy of 2% of the reading value. The etadtpower consumptions of the compressor,
the gas cooler fan and the evaporator fan are mezhsuth three separately installed Scientific
Columbus power meters with an accuracy of £0.2%eatling value. An Agilent 13890A and a
Hewlett Packard Model 75000 Series B data acquisiystem are used to convert the incoming
voltages from the measuring instrumentation totaigignals and then to transfer the signals to a
personal computer. The computer uses the progeddIEW for the data analysis.

5.1.3. Data reduction of Gased bread board ECU test

The methodology by which the recorded data was tgechlculate the various engineering

parameters that characterize the performance okxiperimental system for given operating

conditions is described in the following section.eTinain parameters are cooling capacity and
COP.

The air and refrigerant enthalpies were calculatgidguthermodynamic property functions in
EES (Klein 2004). The air enthalpies were determimgthe measured dry bulb and dew point
temperatures and the atmospheric pressure at@sporrding location. The refrigerant enthalpies
were determined by the local pressure and temperateasurements. However, the refrigerant
enthalpy of a two-phase mixture state cannot bemi@ted with the available measurements. In
this case, only the air side measurements andlattms were used.

* Air Enthalpy Method

During the cooling tests, the sensible, total, atert cooling capacities based on the air-side
evaporator test data will be calculated using Eguat(5.1), (5.2) and (5.3):

- Sensible air-side cooling capacity:

Qc,sen = maiGC air( Tair, ei -I;ir, eo) (51)
whereC, air is the specific heat of air with the average terapege and average relative
humidity between inlet and outlet.

- Total cooling capacity:

Qc,air = rnclir ( Qir ei - Qir ,eo) (52)
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- Latent air-side cooling capacity:

Qc,lat = Qc,air - Q,sen (53)

» Refrigerant Flow Enthalpy Method

The total cooling capacity of the evaporator aift oeeasured on the refrigerant side was
calculated by Equation (5.4):

Qc,ref = r‘nref ( hef,z - hef,l) (54)
where h, ;and h,, ,are the refrigerant enthalpies at the inlet ofekpansion valve
assuming an isenthalpic expansion process andlat otithe evaporator.

* Energy Balance

The cooling capacities calculated with the air elpjhanethod and the refrigerant enthalpy
flow method was compared for each test. Both vahaesto agree with each other within
their measurement uncertainties obtained from th& @nalysis to consider the test a valid
test.

» System Performance

The refrigerant side cooling coefficient of perf@mnece (COP) was determined by Equation
(5.5):
COP :& (5.5)

c
‘comp

whereW,__is the electrical compressor power consumption.

comp

5.1.4. CQ based bread board ECU test uncertainty analysis

Table 5.2 lists the measured parameters that axtosdetermine the cooling capaciy,., and

the cooling COP by the refrigerant flow enthalpy noethFor each parameter, the measured
value and the absolute uncertainty are listed ad. veladdition, Table 5.2 presents the
calculated capacity and the COP based on the melsalees and the uncertainties that are
associated with this capacity and the COP based enutitertainties of the individual
measurements. The uncertainties of the capacityiren@€OP were determined using a standard
error analysis in EES (Klein 2004). It can be st®t the refrigerant-side cooling capacity can
be measured within +4.95% (3 and the cooling COP within +4.98% (3 given the listed
accuracy of the various measurement instrumenttibrcan also be seen that the uncertainties
associated with the expansion valve inlet tempegatwf 0.5 °C are the most significant
contributions to the final uncertainty of the cdited cooling capacity and COP.

Since the refrigerant side results have a higheuracy than air side results, the measured
cooling capacityQ, ., and cooling COP are determined using the refrigesiaie data.
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Table 5.2: Uncertainty analysis for the refrigeranthalpy flow method

Measured data Valud Absolute Qe (k_W) COP

uncertainty | yncertainty Contributions

Pexv (MPa) 12.69 0.01897 0.31% 0.31%
Pevap (MPa) 3.84 0.01897 3.79% 3.74%
Texv (°C) 45.24 0.5 70.65% 69.63%
Tevap (°C) 9.78 0.5 16.06% 15.83%

M, (kg/s) 0.11 0.00055 9.18% 9.04%
W, (KW) 10.28 0.02056 0.00% 1.45%
Calculated Results 14.23 1.384
Absolute Uncertainty 0.2349 0.02302

Relative Uncertainty (b) 1.65% 1.66%

5.2. CO; gector expansion ECU setup

To validate the prediction of the two-phase flow gecmodel and the ejector expansion
transcritical CQ air conditioning system simulation model, a coltdtde ejector expansion
device was designed, constructed, and installeldarCQ based bread board ECU to replace the
expansive valve. In addition, a new separator atdhtlet of the ejector was obtained and
installed. Afterwards, the ejector-expansion ECU watet at various operating conditions.

5.2.1. Description of the controllable ejector exgan device

The stainless-steel controllable ejector expansiavice constructed by the Mechanical

Engineering machine shop at Purdue University isgted in Figure 5.9. The section drawing

of the ejector expansion device is shown in Figur)5The detailed design of the motive

nozzle, suction nozzle-mixing section-diffuser, arekdle are shown in Figures 5.11 to 5.14.
The motive nozzle, the suction nozzle-mixing sectiiffuser, and the needle were assembled
using the connectors shown in Figure 5.15. Thistejeexpansion device was installed in the
CO, based bread board ECU using Swagelok NPT thread ctamne

Figure 5.9: Photograph of controllable ejector ergian device
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5.2.2. Description of the ejector expansion,&ETU test setup

To validate the two-phase flow ejector model andefeetor expansion C{Osystem simulation
model, the ejector expansion device was installethénexperimental setup of the £@ased
bread board ECU as shown in Figure 5.16. The backspre valve in the GOECU was
replaced by the ejector (Part No. 7 in Figure 5.8)ich is fabricated by the ME machine shop
at Purdue University. In addition, three controlvesl (Part No. 6 in Figure 5.16) were added to
control the mass flow rates of the motive nozzle sution nozzle.

A photo of the modified indoor unit is shown in Figw.17 and a photo of the modified outdoor
unit is shown in Figure 5.18.

P: Pressure Transducer, T: Temperature TransdMcéiass Flow Meter,
W: Power, RH: Dew Point meter

Figure 5.16: Schematic of ejector expansion, ECU test setup



Figure 5.18: Outdoor unit of ejector expansion,&CU test setup (modified)
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5.2.3. Ejector expansion GQystem test setup instrumentation

One pressure sensor and one thermocouple were addée CQ based ECU test setup to
measure the pressure and the temperature afteejélogor outlet, respectively. Two high
pressure switches (from ISAACS Company) were instadiethe motive nozzle inlet and the
diffuser exit to prevent any sudden pressure spiké$e ejector expansion device.

5.2.4. Ejector test data reduction

The test data recorded during the two-phase flowt@jeiests are the COpressures and
temperatures, and the mass flow rates at the ml#tet motive nozzle and the suction nozzle as
well as the CQ@ pressure at the ejector outlet. The two-phase @metor model was used to
determine the motive nozzle, suction nozzle andingixsection efficiencies based on the
measured data. The overall flow chart to deterrttieeinternal ejector efficiencies is shown in
Figure 5.19.

The details of how the motive and suction nozzlatrepic efficiencies and the mixing section
efficiency are calculated using the two-phase floacir model as shown in Figures 5.20 to
5.23. The isentropic efficiency of the motive nezmtas determined by matching the measured
motive nozzle mass flow rate to the motive nozzlessribow rate predicted using the two-phase
flow ejector model as shown in shown in Figures 512 %21 for critical flow and non-critical
flow, respectively. The isentropic efficiency of thaction nozzle was determined by matching
the measured suction nozzle mass flow rate to tbosunozzle mass flow rate predicted using
the two-phase flow ejector model as shown in Figue2.5The mixing section efficiency was
determined by matching the measured ejector optlessure to the predicted ejector outlet
pressure using the two-phase flow ejector model esrsiin Figure 5.23.
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as well as mixing efficiency
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Figure 5.20: Flow chart to determine motive noztlieiency (critical flow)
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Figure 5.21: Flow chart to determine motive nozffeeiency (non-critical flow)
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5.2.5. Ejector and ejector expansion ECU test uaicgytanalysis

Table 5.3 presents the calculated efficienciesdagethe measured values and the uncertainties
that are associated with these efficiencies basedthen uncertainties of the individual
measurements. The uncertainties of the efficiensiese determined using a standard error
analysis in EES (Klein 2004). It can be seen froabl& 5.3 that the nozzle efficiencies and
mixing section efficiency can be determined withi6% given the listed accuracy of the various
measurement instrumentations. It can also be desmntlie uncertainties associated with the
motive nozzle inlet temperature @0.5 °C, L2 of £0.2 mm, and motive nozzle and suction
nozzle inlet pressures af0.019 MPa are the most significant contributionsthe final
uncertainties of the calculated motive nozzle ismit efficiencyy,,, motive nozzle isentropic

efficiency ) and mixing section efficiengy , respectively. L2 is the distance from the motive
nozzle exit to the mixing section inlet as showikigure 5.23.

Table 5.3: Uncertainty analysis of ejector composent

Absolute

n . ,7m ,75 ,7mix
Measured data - Valug ncertainty Uncertainty Contributions
L1 (mm) 54.03 0.2 0.01481% 0.00% | 0.01472%
L2 (mm) 38.3 0.2 0.00% 97.649 0.00%
P (MPa) 12.855 0.019 17.72% 0.00% 47.16%
Ps (MPa) 3.748 0.019 0.00% 0.8649%  47.15M%
Tm (°C) 50.88 0.5 69.33% 0.00% 3.279%
Ts (°C) 21.63 0.5 0.00% | 0.05455% 0.00%

m, (kg/s) 0.18 0.0008 12.94% 0.00% 0.1062%
m, (kg/s) 0.07 0.00035 0.00% 1.444% 1.607%
P_o (MPa) 4.499 0.019 0.00% 0.00% 0.6791%

Calculated Results 0.986 0.972 0.882
Absolute Uncertainty 0.01056 0.05734  0.02696
Relative Uncertainty 1.071% 5.9% 3.058%

L L,

===

Figure 5.24: Schematic of ejector expansion dewvickiding length measurements

An uncertainty analysis was also conducted for theling capacity and COP calculations.
Table 5.4 presents the results of the uncertamiyyais for the cooling capacity measured on the
refrigerant side and the COP calculations. It casd®n that the refrigerant-side cooling capacity
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can be measured withih 2.49% (30) and the cooling COP withits 2.64% (30) using the
refrigerant-side capacity. It can also be seentti@iuncertainty associated with mass flow rate

through the evaporator af0.00035 kg/s are the most significant contributidasthe final
uncertainty of the calculated cooling capacity &x@P.

Table 5.4: Uncertainty analysis for the ejector eytelst

Measured data Valueg Absolute Qe (k_W) COP
uncertainty | yncertainty Contributions
Pairr (MPa) 4.499 0.01897 10.01 % 9.09 %
Pe.o (MPa) 3.829 0.01897 4.17 % 3.79%
Teo (°C) 22.34 0.5 22.65 % 20.57 %
M (kgls) 0.07 0.00035 63.17 % 57.38 %
V\'/comp(kW) 10.94 0.02188 0.00 % 9.18 %
Calculated Results 16.35 1.495
Absolute Uncertainty 0.1028 0.0099
Relative Uncertainty (b) 0.63% 0.66%

5.3. Summary of gector tests

Using the given accuracy of the various measuremnstrumentations, both the refrigerant-side
cooling COP and cooling capacity can be measurednndtb?o. The motive nozzle and suction
nozzle efficiencies and the mixing section efficgran be determined with#6%. In addition,
both the refrigerant-side cooling COP and coolingacity of the ejector expansion transcritical
CGQ; air conditioning system can be determined witt3#o.



66

6. MODEL VALIDATION

The basic C@transcritical air conditioning system simulatioroael and the ejector expansion
transcritical air conditioning system simulation ehed were individually validated against the
experimental data.

6.1. Basic transcritical CO, air conditioning system model validation

The predictions of the basic G@anscritical air conditioning system model werédated using
the CQ based bread board ECU test results.

6.1.1. CQO based bread board ECU tests results

The CQ based bread board ECU was tested according topthiation conditions specified in
Table 6.1. The indoor room conditions were contcbli¢ 80 °F (26.7 °C) dry bulb temperature
and 50% relative humidity and the outdoor room lolnjb temperature was changed from 82 °F
(27.8 °C) to 90 °F (32.2 °C), to 95 °F (35 °C)10® °F (37.8 °C), and to 105 °F (40.6 °C). At
each set of indoor and outdoor room conditions higa-side pressure was increased by closing
the expansion valve to evaluate the effect of Hsigle- pressure on system performance until the
compressor discharge temperature was too highnigie test results are listed in Table 6.1. All
experimental results can be found in Appendix E.

Table 6.1: Test results for basic €read board ECU

Run| Tig HISrcriw(i)(?i':y T od Pais Tsup, comp| Tsup, eo chomp Qc,ref C(écggg
No. | (°F (%) (°F) | (MPa) | (°C) CC) | (kw) (KW) )
1 80 50 82| 11.906 8.75 6.25 9.70 10.65 1.098
2 80 50 82| 12.238 5.60 2.85 10.02 12.95 1.297
3 80 50 82 | 12.984 8.48 6.07 10.28 14.23 1.385
4 80 50 90 | 11.880 9.82 7.61 9.68 11.23 1.160
5 80 50 90 | 12.824 4.75 1.97 10.38 11.38 1.097
6 80 50 95 | 12.126 10.54 8.649 9.78 10.81 1.105
7 80 50 95| 12.240 11.38 9.86 9.93 10.80 1.087
8 80 50 100| 13.231 5.32 2.92 10.57 10.35 0.979
9 80 50 100 13.537 5.52 2.878 10.7 10.96 1.025
10 80 50 100, 14.150 7.52 4,758 10.83 11.69 1.079
11 80 50 105, 13.878 3.18 1.071 10.99 9.384 0.854
12 80 50 105| 14.528 4.62 1.742 11.17 10.01 0.896

The compressor overall isentropic efficiencies tredvolumetric efficiencies of the single-stage
compressor are listed in Table 6.2. The overafitrepic efficiency is defined as:

,70,is = m( hS - QUC)

W,

comp

(7)
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where mis the measured mass flow of the compreshors the enthalpy at the discharge

pressure of that stage and at the same entrogyeasne at the measured suction pressure and
temperature of that stagh, .is the enthalpy at measured suction pressure angetature, and

W,,,, is the electrical power consumption of that stagiée volumetric efficiency is calculated
as follows:
_ My,
=__ suwc 8
el =N, 160 ®)
wherev,is the specific volume at the suction pressure tantperature of each stagejs the

rotational speed of the compressor, afjds the displacement volume of each stage.

Table 6.2: Overall isentropic efficiencies and vo&int efficiencies
of single-stage COcompressor

Run No. No.is Mool
1 0.6087 0.7966
2 0.6029 0.7906
3 0.6101 0.7784
4 0.6084 0.7962
5 0.5908 0.7656
6 0.6059 0.7892
7 0.614 0.7952
8 0.6005 0.7686
9 0.6137 0.7786
10 0.6082 0.7532
11 0.5745 0.7279
12 0.5656 0.7009

To demonstrate the performance of the gas coolengithe tests of the C{based bread board
ECU, the measured state points of test run No. 3dapécted in a carbon dioxide pressure-
enthalpy diagram in Figure 6.1. It can be seen #btahe gas cooler outlet temperature (state
point 5) is above 40 °C, even though the outdoonrair temperature during this test was only
27.8 °C. It is obvious that the gas cooler of thead board ECU does not have enough surface
area to cool the CQo a temperature close to the outdoor room aipeature.
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Figure 6.1: Measured state points of basi¢ 6@ad board ECU in a pressure-enthalpy diagram
(Test Run No. 3)

6.1.2. Model validation with C£based bread board ECU test results

The test results of the basic €bread board ECU were used to validate predictiortkeofCQ
air conditioning system simulation model. To valeldahe simulation model, the following
parameters were used as the inputs to the simulatagram:
- The measured compressor suction and dischargaupzess
- The measured air flow rate and air inlet temperadmce humidity.
- The measured overall isentropic efficiency and rwdtric efficiency of the
compressors.

A comparison of the cooling COP and cooling capdoétween the model predictions and the
test results are shown in Figure 6.2 and FiguradsBectively. It can be seen from Figure 6.2
and Figure 6.3 that the simulation model predibes ¢ooling COP and cooling capacity within
+10% of the measured data. It should be noted tiwatgas cooler air side heat transfer
coefficient was adjusted with a tuning factor (0.89t7) during the simulation because the air
flow path in the prototype gas cooler box is différéo the standard cross flow pattern as
required by the simulation program.
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The statistical data of the deviations between tbdehpredictions and the measured data for the
basic transcritical COsystem is shown in Table 6.3. To further compheesimulation results

and the test results, the measured and predicé¢e gbints of test run No. 3 are plotted in a
pressure-enthalpy diagram of carbon dioxide fordingle stage compression ECU as shown in

Figure 6.4.

Table 6.3: Statistical data of deviation betweenntioelel predictions and the measured data
for basic transcritical COsystem

ltem Mean Standard | Maximum
Deviation | Deviation | Deviation

COP (-) 3.11% 3.91% 7.4%
Q.o (KW) | 3.97% 3.71% 7.02%

CarbonDioxide

2x10* : : : :
\ — test ---—-» model ,w/
\ 9/ X ,

40T 4 S
e e e e -0

e~ -
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123¢c/ 6°©
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2x10° 2500 - .
-200 -100 0

h [kJ/kg]

Figure 6.4: Measured and predicted state pointsngie-stage compression ECU
(Test Run No. 3)

It can be seen from Figure 6.4 that the simulatgdecstate points did not exactly match the
measured state points. This is due to the fact tthetpressure drop and heat transfer of all
connection tubes between each component of the EEWeaylected during the simulation. In

addition, the oil separator between the compresstietoand the gas cooler inlet of the bread
board ECU is not considered in the simulation. Howetrex deviations between the predicted
state points and the measured state points didsigaificantly affect the predictions of the

cooling capacity and cooling COP. This is because dffects of these deviations on the



71

predictions of cooling capacity and cooling COPdtéa cancel each other out. For example,
based on the simulations, the predicted refrigegathialpy at the evaporator inlet is higher than
the measured one. This leads to a higher predsipdrheat at the evaporator outlet than the
measured superheat. However, the simulated evapaapacity still agrees with the measured
evaporator capacity, since the capacity of the moinainly determined by the air side heat
transfer. Even though the predicted refrigerané gidrameters are not exactly the same as the
measured ones, the model predicts a similar capasithe measured capacity as long as air side
parameters are kept the same.

It can also be seen from Figure 6.4 that the G& cooler outlet temperature is approximately
46 °C, which is significantly higher than the outdao temperature of 27.8 °C. It indicates that
the gas cooler of the bread board ECU is too smaibbl the CQto a temperature close to the
outdoor air temperature.

6.2. Ejector expansion transcritical CO, air conditioning system model validation

The predictions of the ejector expansion transaiitiair conditioning system model were
validated using the ejector expansion @sed ECU test results.

6.2.1. Ejector expansion G®@ased ECU tests results

The ejector expansion G@ased ECU was tested according to the operatiogitcmms specified

in Appendix Table F.1. The indoor room conditions @veontrolled at 80 °F (26.7 °C) dry bulb
temperature and 50% relative humidity and the cutdoom dry bulb temperature was changed
from 82 °F (27.8 °C) to 95 °F (35 °C), to 100 °F.83C). In addition, test runs were conducted
at an indoor temperature of 37°F (2.8 °C) with lodoior relative humidity of 5.39% to avoid
frost formation and an outdoor temperature of 1J@9F1 °C). At each set of indoor and outdoor
room conditions, the high-side pressure was incteageadjusting the needle of the ejector to
change the ejector throat area. Figure 6.5 presieatsooling COP of the G(&jector expansion
cycle as a function of the outdoor temperaturecait been seen from Figure 6.5 that generally
the cooling COP of C@ejector cycle decreases as the outdoor temperatareases. All
experimental results of the ejector expansion C@gsgy can be found in Appendix F.1.

6.2.2. Model validation with ejector expansion {fased ECU test results

In order to validate the ejector expansion tratisati air conditioning system model, the
isentropic efficiencies of the motive nozzle andtgn nozzle as well as the mixing section
efficiency were determined using the methods showRigres 5.19 to 5.23. Appendix Table
F.2 lists the efficiencies determined by the meadyrarameters.

The ejector expansion G@Mased ECU test results were used to validate tricpions by the
ejector CQ air conditioning system simulation model. To vatie the simulation model, the
following parameters were used as the inputs toithelation program:

- The measured compressor suction and dischargaupzess
- The measured air flow rate and air inlet temperadmc humidity.
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- The measured overall isentropic efficiency and rwdtric efficiency of the
compressors.
- The measured motive nozzle and suction nozzle riggiot efficiencies and the
mixing section efficiency of the ejector.
- The ejector geometries (motive nozzle throat areadiameter of mixing section and
the diffuser outlet diameter).
- The CQ pressure at evaporator outlet.

The ejector-expansion G@ystem was simulated with the same operating conditand ejector
geometries as those used during the 24 test russmiarison of the cooling COP and cooling
capacity between the model predictions and theressilts are shown in Figures 6.6 and 6.7
respectively. It can be seen from Figures 6.6 ardti®at the simulation model predicts the
cooling COP within 8% of the measured data and thairy capacity within £12% of the
measured data. The statistical data of the dewsitimetween the model predictions and the
measured data for the ejector expansion transrifi®, system is shown in Table 6.4.

21
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——d_t=2.5mm, d _b=17.2mm d t=1.8mm,d b=17.2mm
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Figure 6.5: Cooling COP of C(&jector expansion cycle versus outdoor temperature

Table 6.4: Statistical data of deviations betweed@hpredictions and measured data
for ejector expansion transcritical @€ystem

ltem Mean Standard | Maximum
Deviation | Deviation | Deviation

COP (-) 2.49% 3.14% 7.57%
Q. (KW) [ 3.32% 3.97% 11.23%
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To further compare the simulation results and &t tesults, the measured and predicted state
points of test run No. 24 are plotted on a P-h diagof carbon dioxide for the single stage
compression ECU as shown in Figure 6.8. Table & t® comparisons between the measured
and predicted values of the COP, cooling capacitycmpressor power consumption.
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Table 6.5: Ejector expansion ¢©ycle predicted results compared to test run Naegdlts

Test Run No. 24 COP QC o (kW) W, (KW)
Measurement 1.639 16.080 9.810
Predicted 1.549 15.086 9.738
2x10t CarbonDioxide
———- Predicted state points hd
~ Measured state points 99
10"
©
o
=2,
o
100 ‘ ‘ -25C ‘ ‘ ‘
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h [kJ/kg]

Figure 6.8: Measured and predicted state poingjeator expansion CQranscritical ECU
(Test run 24)

A comparison between the measured state pointseodjdcttor expansion cycle (test run No. 3)
and the predicted state points of the basic cyglehown in Figure 6.9. It can be seen that the
COP of the ejector cycle could be increased with @edse of the pressure drop between the

separator vapor outlet and the compressor inlet.
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Figure 6.9: Comparison between measured state pafiefsctor cycle (test run No. 3)
and predicted state points of basic cycle

6.4. Summary of validation

Experimental results were used to validate the iegigtanscritical C@ air conditioning system
simulation model and the ejector expansion tratisatiCO, air conditioning system simulation
model. The transcritical CQair conditioning system model predicts the cool@@®P and
cooling capacity with standard deviations of +3.9Hid +3.71% of the measured results,
respectively. The measured COP ranges from 0.8343Rb at outdoor temperatures from 27.8
°C (82 °F) to 40.6°C (106 °F) and an indoor temperature of 26Q (80 °F). The ejector
expansion transcritical GQair conditioning system model predicts the cool@@P with a
standard deviation of £3.14% and the cooling cdpaeith a standard deviation of £3.97%
using the experimentally determined motive nozzadeniropic efficiency, suction nozzle
isentropic efficiency, and mixing section efficigncfhe measured COP ranges from 1.066 to
1.685 at outdoor temperatures from 27@ (82 °F) to 37.8°C (100 °F) and an indoor
temperature of 26.7C (80°F). Generally the cooling COP of G®jector cycle decreases as the
outdoor temperature increases.



76

7. R410A EJECTOR EXPANSION SUBCRITICAL SYSTEM MODEL

R410A is one of the most widely used HFCs as a repiaat of CFCs and HCFCs for air
conditioning and refrigeration systems. R410A isearrazeotropic mixture of R32 and R125
(fifty-fifty mass percent) and has a superior COE@ in cooling mode, especially on hot days.
Table 7.1 lists the critical temperature and pressifi R410A and C® R410A will benefit from
the use of a two-phase ejector because it operatbe iproximity of the critical point. However,
few literature studies have been found to dateithagstigate the ejector expansion R410A sub-
critical cycle.

Table 7.1: Comparison of the critical temperaturé pressure between R410A and,CO

CO R410A
Critical Temperature®C) 31.05 72.0
Critical Pressure (bar) 73.865 47.7

7.1. Overview of ACMODEL

A detailed ejector expansion transcritical refrigira system simulation model has been
developed to predict the performance of ejectomagn air to air vapor compression systems
with R410A as the refrigerant. The model is basedAGMODEL. ACMODEL is a very
detailed simulation model to predict the perforneraf single stage heat pumps and air
conditioning units. It was initially developed by&si (1995). Since then, the thermal systems
research group at Ray W. Herrick Laboratories has lveorking on its further development to
make it more accurate in performance predictiortsranre flexible for the user. ACMODEL is
applicable for system simulation as well as for heathanger design. Currently it is able to
model three refrigerants, namely R22, R410A and Ra@t7further refrigerants can be added.
The major features, modeling approaches, and assaanms@re:

» ACMODEL predicts the performance of single-stage vagmmpression system using any
arbitrary heat exchangers configuration. In additithe latest version of ACMODEL can be
used to analyze heat exchanger designs and optitinéze geometry, materials, and heat
transfer characteristics.

« ACMODEL is applicable for three different refrigerantemely R22, R410A, and R407C
using properties from REFPROP 7.0.

« ACMODEL can handle additional refrigerants using Igoktables and cubic spline
interpolations.

» All model parameters and inputs are provided usatgtbfiles.

« ACMODEL has an extremely modular structure. The pnogreode is separated into
independent subroutines.

« ACMODEL has a robust equation solver. It uses Newtoreshod with damping to solve
nonlinear equations. The structure of the compon®edels is designed so that a large range
of initial guesses can lead to reasonable outfNgsvton’s method may have problems in
cases of drastic derivatives. For vapor compressystems, when two-phase flow enters a
fixed-area expansion device or a compressor, thegeeant mass flow rate changes
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significantly with the inlet quality. Special numeal techniques have been implemented in
ACMODEL to deal with these cases.

» ACMODEL uses the ARI compressor map to predict mass fide and power consumption
considering the suction density correction, as sy .

ACMODEL has been extensively validated and succegsfuied in several projects. In

particular, ACMODEL has been used extensively in ASHRAB-BP and ASHRAE 1173-RP,

which were conducted by the PIl. Within these projett® model was verified with the

experimental data of units ranging from 2.5-tory #6-ton and using refrigerants R-22, R-410A,
and R-407C. Several references can be found imatitee for a detailed description of
ACMODEL and of the experimental work (Shen et al. 208&8ms et al. 2003, and Shen et al.
2004). The simulation model represents an advaappdoach for a first order thermodynamic
analysis of unitary heat pump systems.

7.2. R410A gector subcritical model

The two-phase flow ejector model developed for the @&@nscritical cycle was modified to be
incorporated into the subcritical R410A system modelcontrast to C¢ R410A enters the
motive nozzle of the ejector at sub-critical pressand temperature and expands into the sub-
critical two-phase region in the motive nozzle slassumed that the flow becomes critical at the
exit. The iteration procedure for the simulationtié R410A motive nozzle is depicted in the
flow chart in Figure 7.1. The suction nozzle flow rahdnixing section flow model, and diffuser
flow model for the subcritical R410A ejector in theaor expansion vapor compression system
are the same as the models used for the tranatr@i®, ejector in the ejector expansion £0
system.

7.3. R410A g ector expansion vapor compression system model

A hermetically sealed reciprocating compressor maleised in the R410A ejector expansion
vapor compression system model (ejector expansioM@DBEL). The flow chart in Figure 7.2
shows the system logic of ejector expansion ACMODEL.

The root search starts with four initial guessesuaftion pressurig, discharge pressure and
evaporator outlet pressuf®, and ejection ratig . The compressor model uses the guessé? of
and P, to calculate the refrigerant mass flow nag, ,, power consumption, and exit enthalpy of

the compressdr,. Afterwards, the discharge line, the condenser,thadiquid line models are
solved one by one, and the predicted degree ofoslihg upstream of the expansion device
Tsuh, is obtained. The predicted degree of subcoolingcaspared to a user-specified

subcooling degre&suh,.; to get the first residual. With the guesspofthe predicted suction
stream mass flow ratgm,, is calculated. The motive stream inlet pres&jrenthalpyh; and
mass flow ratem,,  obtained from the liquid line model together withicgon nozzle inlet
pressureR,, and mass flow rat¢m,,  are input into the ejector model. Then the separat
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model is solved. The predicted ejection rafjq obtained from separator model is compared to
the guessed valug to get the second residual.

Input

Pi, Ti,n
Assume Pt
Ptr < Pt < Pcr

A 4

\ 4

Calculate
ht, Vt, xt
No
O<xt<1
Yes v
Calculate two- Calculate single phase
phase sound speed sound speed
Vc Vc

A

C Return >

Figure 7. 1: Flow chart of motive nozzle simulation
(for subcritical ejector model)

Afterwards, the calculations continue in two direeioOn the vapor side, by comparing the new
evaporator exit enthalplg, to the suction line model predicted evaporatot emthalpyh,, , the

third residual is obtained. On the liquid side, wille evaporator entrance obtained from the
separator liquid side dg, and the evaporator exit pressure obtained fronstis&on line model

asP,,, another evaporator exit enthalpy,, is obtained from running the evaporator model. The
predicted enthalpy oh,,, is compared to a user specified enthalpy . to get the forth
residual. Eventually, there are four residuals, tégidual between the predicted subcooling



79

Tsuh, and the specified subcoolifigul,., the residual between the separator model predicted
separator exit enthalply, and the suction line model predicted separator enxibalpyh,, , the
residual between the evaporator model predictedcgasgr exit enthalpyh,., and the specified
evaporator exit enthaldy,,..;, and the residual between the predicted ejecatio ¢ , and the

specified ejection rati@ . Using the fourth residuals, the initial gugss updated until the

residual is within the desired tolerance. Then ugsimgse first three residuals and Newton’s
method, the initial guesses are updated until theeadl residual is within the desired tolerance.

v

\ \ ¢5 Pyo

‘ Guess: P, ,P,,P, o, ¢
h1,P1 l h1’P1

mcomp PN N ‘ Paa m
‘ Solve compressor 4‘—4 Solve suction line ‘ > |hg,- hg, |
K3

P2 y h2 mcomp

Solve hot gas line
Newton ‘ ‘ ‘ Solve evaporator - [1gcar Pyospec |

Method P3, h; l Meomp T P, 10cal

‘ Solve distribution lines

Solve condenser

P4 ’ h4 mcomp PG
| Solve liquid line | | E""a“s'T°“ device |
P11 ’ h11
g _lhea -0 Il
X cal
P, hs Po, o Adjust ¢
: Solve ejector <
Tsub,, Momp 1 <
v P10, ¢mcomp v

Figure 7.2: System logic of ejector expansion ACMODEL

7.4. R410A g ector modeling results

The effects of the ejector geometries on the ejgmoformance are shown in Figures 7.3 to 7.5.
It can be seen from Figure 7.3 that the flow pressamd quality at diffuser outlet reach the
maximum and minimum, respectively, atofl 1.8 mm, which mean that the ejector performance
is optimal at this dvalue for the given operating conditions. Figuré ghows that the flow
pressure at the diffuser outlet first increasesclduiwith an increase of the mixing section
diameter, and then increases slowly. The reversbdwor can be seen for the flow quality at
the diffuser outlet. Figure 7.5 shows that the flowsgsure at the diffuser outlet first increases
quickly with an increase of the diffuser outlet deter and then increases slowly. The reversed
behavior can be seen for the flow quality at diffusetlet. However, the flow pressure and the
quality at diffuser outlet vary unnoticeably with imerease of diffuser outlet diameter.
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Figure 7.3: Ejector discharge pressure and quaditgus motive nozzle throat diameter
(Pm = 2220 kPa, , =50°C (122°F), Ps =598 kPa, = -8.7°C (16.3°F), Dmnix = 6 mm,
Dg=1.5mm)
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Figure 7.4: Ejector discharge pressure and quaditgus mixing section diameter
(Pm = 2220 kPa, |, =50°C (122°F), Ps =598 kPa, §=-8.7C (16.3°F), D = 2 mm,
Dg=1.2 mm)
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Figure 7.5: Ejector discharge pressure and quaditgus diffuser exit diameter
(Pm = 2220 kPa, |, =50°C (122°F), Ps =598 kPa, §=-8.7C (16.3°F), D = 3 mm,
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7.5. R410A gector cycle modeling results

The state points of basic vapor compression cyolk gector-expansion vapor compression
cycle are depicted in a pressure-enthaply diagraR®¥a@0A in Figure 7.6. The efficiencies of the
motive nozzle, suction nozzle and mixing sectioe assumed to be 0.90, 0.80 and 0.80
respectively. Table 7.2 shows the heat exchangaifgagions of the R410A gas cooler and

evaporator models.

Table 7.2: Heat exchanger specifications of R410Acgater and evaporator models

Simulated CQ | t
microchannel heat exchanger (Finned-tube) gas cooler evaporator
Total area air flows through entire coil {m 1.0393 0.2962

Fin thickness (mm) 0.1143 0.1143

Fin height (mm) 0.201 0.201

Tube thickness (mm) 0.29972 0.31242
Tube inside diameter (mm) 6.93928 6.91896
10* R410A
—___ Basiccycle
Ejector cycle
T
£
[a %
10°%
3X107 ) T -25C ) /
1.0x10° 2.0x10° 3.0x10°

h [J/kg]

Figure 7.6: State points of R410A cycle based syst@ith and without ejector expansion
(Tig = 26.7°C (80°F), Tog = 35°C (95°F) and RBis = 11 MPa)

Figure 7.6 shows that when an ejector is used tlacephe expansion valve in a R410A vapor
compression cycle, the expansion work lost durirggitienthalpic expansion will be recovered
by the ejector to increase the evaporator outlelsgure to a higher pressure before the
compressor. Due to the reduced pressure ratio attresompressor, the compression work will
be reduced, which increases the COP of the systém.flow quality of the R410A at the

evaporator inlet of the ejector cycle is lower thiaat of the basic cycle. Therefore, the cooling
capacity of the ejector-expansion R410A cycle ishbigthan that of basic cycle at the same
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evaporation pressure, which also results in high@P ©f the ejector cycle than that of the basic
cycle as shown in Table 7.3. The COP and coolingaigpaf the ejector expansion R410A
based system are approximately 11.1% and 19.8%higespectively, than the ones of the basic

R410A system.

Table 7.3: Comparison of cooling COP, cooling cayaeind compressor power between
R410A basic cycle and ejector cyclgy(¥ 26.7°C (80°F), RHg = 50%, Tq = 35°C (95°F))

COP : Compressor Power
Type of cycle [_] Quua et [W] P o
Basic cycle (1'-2'-3'-4’-1") 4.307 19385 4501
Ejector cycle (1-2-3-4-5-6-7-8): 4.786 23222 4852
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8. PARAMETRIC STUDIESWITH SIMULATION MODELS

The validated ejector expansion transcriticab@® conditioning system model was modified by
adding the empirical equations of the ejector &fficies and the compressor map into this
model. This modified model was then used to invastighe COP and cooling capacity of the
ejector cycle with different geometries under vasioperation conditions.

8.1. Empirical equationsfor the g ector efficiencies

In order to investigate the effects of the operattmnditions and ejector geometries on the
ejector efficiencies, the correlations of the eeafficiencies as a function of pressure ratio,
mass flow rate ratio, and throat diameter ratio wkreeloped. Empirical equations (8.1) (8.2)
and (8.3) express the motive nozzle efficiengy the suction nozzle efficieney and the

mixing section efficiency,. as the functions of ejector geometry, pressure &td ejection

ratio, respectively. The correlation for the motivazzle efficiency is a function of the pressure
ratio between the motive nozzle inlet and the sactiozzle inlet, as well as the diameter ratio
between the ejector throat and the mixing sectiome Torrelation for the suction nozzle
efficiency is a function of the pressure ratio bedawahe motive nozzle inlet and the suction
nozzle inlet, as well as the ejection ratio. Thereation for the mixing section efficiency is a
function of the ejection ratio and the diameterordtetween the ejector throat and the mixing
section.

2 3
n.,=-36.1367305 4.1596296& + 1.16131%%} - O.lOGOQ(é%F%

R

: s (8.1)
2 3
+212.3204o€dOIt J— 355.3591{7(%} + 196.035%4(?—}
P 2 3 4
f.=-3173.17% 934142 |- 3144715 | +  79520dx | - 1222258
R R P P
P 5
+O.81445{ij + 69422241~ 2956145+ 7950483 114329270 68965%° (8.2)

0.02
~649905.% + 26470007 - 6885025+ 9627761 549012&° Z=¢[%J )

S

- ] +9P*®)  (83)

mix

n.. =-6869.077 19308.18-' 180893%+' 5649.21% (Z':(

The predicted ejector efficiencies were calculatsthg the above empirical equations and
compared with the ejector efficiencies that werekied out from the test data using the ejector
simulation model. The results of these comparisares shown in Figures 8.1 to 8.3. The
empirical equations can predict the ejector efficies within 5% standard error. The nozzle
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efficiencies and mixing section efficiency at vaue 0.5 and below are low due to the effects of
ejector geometries.

=

o
©
[ ]
o0
L J
°

@),0
[ J

o o
(e} (0]
o

Predicted motive nozzle efficiency
o o
ol ~

©
~

0.4 0.5 0.6 0.7 0.8 0.9 1
Measured motive nozzle efficiency

Figure 8.1: Predicted versus measured motive netfitgéency (R = 98.95%)

0.9 .
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0.7
0.67 .

0.5 o

04 .

Predicted suction nozzle efficiency

0.3 ‘ ‘ ‘ ‘ ‘ ‘
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Measured suction nozzle efficiency

Figure 8.2: Predicted versus measured suction e&ffitiency (R = 93.79%)
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11

0.9 . .
0.87
0.77
0.67

0.5

Predicted mixing efficiency

0.4 ‘ ‘ ‘ ‘ ‘ ‘
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Measured mixing efficiency

Figure 8.3: Predicted versus measured mixing efficy (R = 93.52%)

8.2. Ejector expansion transcritical CO, system parametric study

The validated transcritical GQiir conditioning system simulation model were usedtudy the
effects of the ejector geometries (throat diametad mixing section diameter) on the
performance of an ejector expansion transcriticaD, Csystem. The assumed ejector
efficienciesy ., n, ands,.. presented in Section 4.6 were replaced by theuleaéxy; , 77, and

N.x using the empirical equations (8.1) (8.2) and)(@&spectively.

Figures 8.4 and 8.5 show that the cooling COP aalirgy capacity increase as the motive
nozzle throat diameter;hcreases atgf = 82°F (27.8°C), 90°F (32.2°C), 100°F (37.8C) at

a mixing section diameter [} = 4 mm and a diffuser exit diameteg B 12 mm. The ejector
cycle cannot operate at a nozzle throat diametéarBer than 2.9 mm because of the limitations
of the motive nozzle efficiency at this assumedratien conditions. Figures 8.6 and 8.7 show
that the cooling COP and cooling capacity reachimasn values at a mixing section diameter
Dmix equal to 4.27 mm, 4.155 mm and 4.1 mm at outdgoperatures of g = 82°F (27.8°C),

90 °F (32.2°C), 100°F (37.8°C), respectively, at a nozzle throat diamete=[2.6 mm and a
diffuser exit diameter =12 mm.

The predicted ejector nozzle and mixing sectiortiefficies that were used in simulation results
shown in Figures 8.4 and 8.5 are presented in Té&tleThe predicted ejector nozzle and mixing
section efficiencies that were used in simulatiesuits shown in Figures 8.6 and 8.7 are
presented in Table 8.2.
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Figure 8.4: Cooling COP versus ejector throat di@mat different outdoor temperature
(Tia = 80°F (26.7°C), Pyis= 8 MPa, Qhix =4 mm, [ =12 mm)
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Figure 8.5: Cooling capacities versus ejector thdiemeter at different outdoor temperature
(Tia = 80°F (26.7C), Ryis = 8 MPa, Ryx =4 mm, [ = 12 mm)
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Figure 8.6: Cooling COP versus ejector mixing sectliameter at different outdoor temperature
(Tia = 80°F (26.7°C), Pyis= 8 MPa, D= 2.6 mm, @ =12 mm)
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Figure 8.7: Cooling capacities versus ejector ngpsaction diameter at different outdoor
temperature (i§ = 80°F (26.7°C), Pjis= 8 MPa, 3= 2.6 mm, @ = 12 mm)
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Table 8.1: Ejector efficiencies for data pointswhan Figures 8.4 and 8.5 calculated by using
the ejector cycle model I= 80°F (26.7°C), Pyis = 8 MPa, [hix =4 mm, = 12 mm)

Tod (o F) dt (mm) Nm Ns Nmix
82 2.5 0.961 0.561 0.768
82 2.6 0.920 0.569 0.828
82 2.7 0.910 0.584 0.860
82 2.8 0.956 0.584 0.902
82 2.9 0.984 0.582 0.931
90 2.5 0.965 0.563 0.768
90 2.6 0.923 0.576 0.819
90 2.7 0.915 0.584 0.856
90 2.8 0.961 0.575 0.889
90 2.9 0.987 0.551 0.918
100 2.5 0.966 0.584 0.720
100 2.6 0.925 0.579 0.779
100 2.7 0.918 0.555 0.826
100 2.8 0.964 0.516 0.868
100 2.9 0.994 0.510 0.910

Tod (OF) Dm (mm) Nm Ns Nmix
82 4.20 0.973 0.546 0.771
82 4.27 0.996 0.535 0.765
82 4.30 0.987 0.537 0.739
82 4.40 0.999 0.538 0.680
90 4.1 0.946 0.563 0.795
90 4.155 0.963 0.552 0.786
90 4.2 0.977 0.544 0.782
90 4.3 0.990 0.542 0.733
90 4.4 0.983 0.552 0.651
100 4.0 0.925 0.579 0.779
100 4.1 0.952 0.566 0.795
100 4.2 0.976 0.583 0.705
100 4.3 0.990 0.569 0.682

Table 8.2: Ejector efficiencies for data pointswhan Figures 8.6 and 8.7 calculated by using
the ejector cycle model {I= 80°F (26.7°C), Ryjs=8 MPa, @=2.6 mm, @ =12 mm)

8.3. Perfor mance comparison of transcritical CO; air conditioning system with and without
€ ector

A comparison of the cooling COP and cooling cagabgtween the test results of the ejector
expansion transcritical GOcycle and the model predictions of the basic cyatlehe same
external operating conditions are shown in FiguB&hd Figure 8.9, respectively. Considering
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that the gas cooler of the bread board ECU doebane enough surface area to cool the @O

a temperature close to the outdoor room air tentperathe outdoor temperature of the L£O
system was not set too high because the qualitheoflow at the ejector exit increases as the
temperature at the motive nozzle inlet increaseshasvn in Figure 3.13, which will cause less
liquid flow through the evaporator. The ejectozrle and mixing section efficiencies that were
determined from the experiments for each test ruthe ejector expansion transcritical £0
cycle are listed in Table F.2 in the Appendix.

It can be seen from Figures 8.8 and 8.9 that withnarease of the outdoor temperature, the
cooling COP ratio and the cooling capacity raticrégase, which means that the ejector increases
the CQ system performance more significantly at highetdoar temperatures. The highest
predicted improvements in cooling COP and cooliagacity were found to be 38.3% and
40.8%, respectively, at an outdoor temperature7o8 3C (100.0°F), an indoor temperature of
26.7 °C (80.0°F), and an indoor relative humidity of 50%. If theessure drop between the
separator gas outlet and compressor inlet is deedea further increase in cooling COP and
cooling capacity can be obtained in the ejectoraespn CQ system because of more
compressor power saved. Figure 8.10 shows thaw ajection ratio is not desirable in the £0
system although a low ejection ratio is desirablethe performance of the ejector as a stand-
alone device.

—e—d_ t=2.7mm,d_b=17.2mm —s—d_t=2.6mm,d_b=17.2mm
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Figure 8.8: Cooling COP ratio between ejector cyrid basic cycle versus outdoor temperature
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8.4. Ejector expansion R410A vapor compression system parametric study

The cooling COP and cooling capacity of the R41@Ateams with and without an ejector
expansion device as functions of the outdoor teatpes are shown in Figures 8.8 and 8.9. It can
be seen from these figures that the cooling COP tardcooling capacity of both systems
decrease as the outdoor temperature increasedditioa, it can be seen from Table 8.3 that the
increase in cooling COP and the cooling capacityth&f ejector expansion R410A system
compared to the basic R410A system can reach 1area%@®0.8% respectively in the range of
outdoor temperature from 27°€ (82.2°F) to 50.9°C (123.6°F) with indoor temperature 26.9
°C (80.4°F).

Table 8.3: Improvement in cooling COP and cooliagacity of R410A cycle with two-phase
flow ejector (Tg = 26.9°C (80.4°F), RHq = 50.8%;7,,= 0.95,,= 0.85,7,,,= 0.90;
D; = 5.8 mm, Rix = 9.7 mm, @ =20.0 mm)

Tod 27.9C 32.9C 40.9C 45.9C 50.9C
COPR./ COR 1.153 1.147 1.179 1.131 1.160
Qe/ Q& 1.124 1.109 1.184 1.166 1.208
55
-=— COP of ejector cycle
—— COP of basic cycle
4.5 -
o
O 351
O
2.5+
15 ‘ ‘
25 35 45 55

Too(°C)

Figure 8.11: Cooling COP of R410A systems versudaar temperature
(Tia = 26.9°C; 1,,= 0.95,17,= 0.85,7,,,= 0.90; = 5.8 mm, Qyx = 9.7 mm, @ =20.0 mm)
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Figure 8.12: Cooling capacities of R410A systenmrswg outdoor temperature
(Tia = 26.9°C; 1,,= 0.95,17,= 0.85,7,,,,= 0.90; = 5.8 mm, Qyx = 9.7 mm, @ =20.0 mm)

8.5 Discussion of simulation results

Empirical equations of the ejector efficiencies eveteveloped using the experimental data.
Based on the parametric studies shown in this ehaptcan be concluded that the cooling COP
and the cooling capacity of the ejector expansi@p @ir conditioning system vary with the
variations of the throat diameter, the mixing sattdiameter and the outdoor temperature. A
comparison of the cooling COP and cooling capdgoétween the ejector expansion cycle and
the basic cycle showed that the ejector expansemice increases the performance of the, CO
system more significantly as the outdoor tempeeaturcreases. The highest predicted
improvements in cooling COP and cooling capacityevéound to be 38.3% and 40.8%,
respectively, at an outdoor temperature of 3CJ100.0°F), an indoor temperature of 26.C
(80.0°F), and an indoor relative humidity of 50.0%. Thmlang COP and cooling capacity of
the ejector expansion R410A air conditioning systigurease with an increase of the outdoor
temperature. An ejector expansion device imprdliesperformance of the subcritical R410A
air conditioning system significantly, especially lagher outdoor temperatures. The ejector
expansion device increases the COP and coolingcitgpaf the subcritical R410A air
conditioning system up to 17.9% and 20.8%, respelgti at an outdoor temperature of 400
(105.6°F) and 50.9C (123.62°F), an indoor temperature of 26’€ (80.4°F), and an indoor
relative humidity of 50.8%.
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9. CONCLUSIONS AND RECOMENDATIONS

This study presented here included the followingk$a develop a two-phase flow ejector
simulation model, develop an ejector expansionsgatical CQ system simulation model,

validate the two-phase flow ejector simulation modé&h experimental results, validate the
simulation model of the ejector expansion trangaitCO, system with experimental results,
repeat the two-phase flow ejector model and systemdel development for R410A vapor
compression systems and perform parametric stwdtbghe ejector expansion transcritical £0
system and R410A vapor compression system simaolatiodels.

A two-phase flow ejector simulation model was ekshled, which consists of four sub-models
for the motive nozzle flow, the suction nozzle flothe mixing section flow, and the diffuser
flow. The two-phase flow ejector model was incogied into an existing transcritical GO
system simulation model and replaced the convealtiexpansion valve.

The existing transcritical COair conditioning system simulation model and thector
expansion transcritical Gystem simulation model were validated using erpantal results.
Based on the given accuracy of the various measmemstrumentations, the refrigerant-side
cooling capacity and cooling COP of the transaitiCQO, air conditioning system can both be
measured within £5%. The motive nozzle and suctiomzle efficiencies and mixing section
efficiency were determined withigs6%. In addition, both the refrigerant-side coolrapacity
and cooling COP of the ejector expansion,Cstem were determined withit3%. The
validations of the two models showed that the tatsal CG, air conditioning system model
predicts the cooling COP and cooling capacity wiindard deviations of £3.91% and +3.71%
of the measured results, respectively. The ejeztpansion transcritical GQair conditioning
system model predicts the cooling COP with a stahdkeviation of £3.14% and cooling
capacity with a standard deviation of +3.97% ushwexperimentally determined motive nozzle
isentropic efficiency, suction nozzle isentropifiaéncy, and mixing section efficiency.

The ejector expansion sub-critical R410A vapor caapion system simulation was developed
by incorporating the modified two-phase flow ejectmodel into an existing R410A air
conditioning system simulation model, called ACMQODHhe ejector expansion R410A system
simulation model was exercised to predict the parémce of an R410A air conditioning system
with an ejector expansion device.

Empirical equations of the ejector efficiencies evateveloped using the experimental data.
Based on the parametric studies, it was foundttietooling COP and the cooling capacity of
the ejector expansion G@ir conditioning system vary with the variatiorfgtoe throat diameter,
the mixing section diameter and the outdoor tempegaA comparison of the cooling COP and
cooling capacity between the ejector expansionecgold the basic cycle showed that the ejector
expansion device increases the performance of @es@stem more significantly as the outdoor
temperature increases although generally the ap@@P of the ejector expansion £stem
deceases as the outdoor temperature increasedighest predicted improvements in cooling
COP and cooling capacity were found to be 38.3% 40@&%, respectively, at an outdoor
temperature of 37°&€ (100 °F), an indoor temperature of 26°C (80.0°F), and an indoor
relative humidity of 50.0%.
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The cooling COP and cooling capacity of the ejeetquansion R410A air conditioning system
decrease with an increase of the outdoor tempexafur ejector expansion device improves the
performance of the subscritical R410A air conditignsystem significantly, especially at higher
outdoor temperatures. The ejector expansion denaeases the COP and cooling capacity of
the subcritical R410A air conditioning system by9P8 and 18.4%, respectively, at an outdoor
temperature of 40.9C (105.6°F), an indoor temperature of 26°@ (80.4°F), and an indoor
relative humidity of 50.8%.

The COP improvement of the ejector expansion §@tem obtained in this study is greater than
those found by other researchers, e.g., the CQRedbasic C@system improved by 7% in the
study by Elbel and Hrnjak (2007) and by 20% in ghedy by Ozaki et al. (2004) using an
ejector. One of the reasons is that optimal ejeptametries were adopted when the ejector was
designed, such as the throat area, mixing sedtiiffuser diameter ratio and the distance from
the motive nozzle exit to the mixing section constarea inlet. Another reason is the fact that
the measured COP and cooling capacity of the ejesjoansion system were compared with the
modeling results of the basic system. There areesameertainties associated with the modeling
results. The model of the basic £€ystem predicts the COP and cooling capacity wi#ii0%

of the measured values. Finally, the experimesyslem chosen for the comparison is a military
standard environmental control unit. The COP @ liasic transcritical COsystem is poor,
primarily due to very high approach temperaturegsvben the gas cooler GOutlet temperature
and the air inlet temperature. The potential tprione the COP of this cycle by using an ejector
is much greater than if the basic cycle would bénaiged for this application.

The following recommendations are made for therkittesearch regarding ejector expansion
transcritical air conditioning systems:
» validate the two-phase flow ejector and the ejeetquansion R410A air conditioning
system simulation model using experimental results,
» develop empirical correlations for the R410A ejectefficiencies based on the
experimental results, and
» develop a controllable ejector expansion devioghich the throat area is adjustable by a
needle as a function of the operation conditiond gaometries to achieve optimum
system performance.
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APPENDICES

Appendix A: Compressor model for transcritical £ conditioning system

The following assumptions for the compressor madelmade:
«  The compressor operates at steady state.
«  The changes in kinetic and potential energy aréentayl.
- The compressor mechanical efficiency is constant.
«  The motor efficiency is constant.
- The pressure losses in the suction and discharge dire neglected.
«  The fraction of heat loss through the compresselt Ehconstant.
- The compressor overall isentropic efficiency antuneetric efficiency are functions of the
compressor pressure ratio.

A.1. Governing equations of the compressor model

Using the above assumptions, the hermetic compressdel consists of following governing
eqguations.

The definition of the volumetric efficiency is givas:

m__Mm_ (A1)

Mo =
| My n(\/dlsj
V,

suc

wheremis the mass flow rate of the refrigerant througmpeessorn is the compressor speed,
Viis IS the displacement volume of compressor, agglis the specific volume of the refrigerant
at the suction port.

The overall isentropic efficiency of a hermetic quessor is defined as:

_m(he,— )
Thota = W (A2)

comp
where hisen, IS the discharge enthalpy assuming an isentropiopecession process from the
suction port state point to the given dischargessuee. hs,c is the enthalpy of the refrigerant at

the suction port antl,_ is the total power input to the compressor.

comp

The compressor motor efficiency is defined as:

_ Wshaft

Motor = W— (A3)

comp

whereW,, . is the mechanical power output from the motor shaf

The compressor mechanical efficiency is defined as:

,7mech = V\'/feffig = m( hﬂs - }lug (A4)

Vvshaft Wshaft
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WhereVVrefrig is the compression power done by the compressthemefrigerant antly;s is the

enthalpy of the refrigerant at the discharge port.

The difference betweeWmmp andVVrefrig is converted into the heat, which is transferredhie

refrigerant inside the compressor. It can be catedl as:
Qrefrig = (1_,7meci{7 motor)Wcom (AS)

According to Fischer and Rice (1983), part of teaththat is transferred to the refrigerant will be
lost through the compressor shell to the envirortraad can be expressed as:

Qshell = O %refrig (A 6)

When the compressed refrigerant flows from theldisge port to the compressor shell outlet,

there will be heat transfer from the discharge linethe refrigerant in the suction chamber.

Fischer and Rice (1983) correlated the rate oftibet loss to the power input to the compressor
as indicated in Equation (A.7):

Q... =0.03V (A.7)

comg

Thus, the energy balance of the refrigerant betwbendischarge port and compressor shell
outlet becomes:

Qloss = TT( I«'dis_ h)ug (A8)

whereh, is the enthalpy of refrigerant at the compressiiet

The energy balance of the refrigerant between tmepcessor inlet and the suction port can be
written as follows:

m( Quc_ hn) = Qoss+ Qrefrig_ Qshel (Ag)

whereh;, is the enthalpy of the refrigerant at the compesdet.
A.2. Computation sequence of the compressor model

The compressor simulation model requires the fahgwnput parameters:
« Compressor running speed and displacement volume
« Compressor inlet pressure and temperature, ijgersaat
- Compressor outlet pressure
« Compressor mechanical efficiency and motor efficyen
« Compressor total efficiency and volumetric effiggvalues or correlations

The outputs of the compressor simulation modettaanass flow rate of refrigerant through the
compressor, the power input to the compressorgtitiet temperature of the refrigerant, and the
heat loss to the environment. The calculation secgidased on the governing equations listed
above is as follows:
1) Itis assumed that the temperature and pressulre aéfrigerant at the suction port are
the same as the one at the compressor inlet.



2)
3)

4)
5)

6)
7)
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The mass flow raten, and compressor power inpwcomp, are calculated using
Equations (A.1) and (A.2).

The heat transfer rate8,;, , Q. and Q. are calculated using Equations (A.5),
(A.6) and (A.7)

The suction port state point is updated based amditm (A.9).

Steps 2), 3) and 4) are repeated until the itaratin the suction port state point
converges.

The discharge port state point is determined basdefjuations (A.3) and (A.4).

The compressor outlet state point is determineddan Equation (A.8).
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Appendix B: Gas cooler model for transcritical £4r conditioning system

The following assumptions are made for the gaseraubdel:

« The gas cooler operates at steady state.

« The air flow velocity is uniform across the facear

« The refrigerant distribution is uniform for eachansi-channel in the same flow path.

+ Fin edges are adiabatic.

« Both tube and fin have constant density and thecwmadluctivity.

+ The heat transfer and pressure drop calculationdaoeupled over a single finite
segment of a multi-port-extruded tube.

« Constant heat transfer coefficients and frictiootdes are assumed for each single
finite segment of a multi-port-extruded tube.

« The changes in potential energy are neglected.

B.1. Governing equations of gas cooler model
The governing equations of the gas cooler modelistesl in the following.

Both the air-side heat transfer coefficients amgsale friction factors are calculated using the
correlations proposed by Chang et al. (1994) as/stxelow:

j,, =0.291RgI ¢ 04 (B.1)

-0.72 H -1.22 1.97
f =0.805 RQ‘;-F’”(&J (—fJ [i] (B.2)
LP LP LP

wherejy is the Colburn j-factor andis the heat exchanger fining factor suggested b@ston
(1978).

The correlations given in Equations (B.1) and (Baé&g recommended for the following
Reynolds numbers and fining factors:

100 <Rg, < 700

7<e<12
Two different correlations are used to calculateréfrigerant side heat transfer coefficient based
on the value of mass flux inside the micro-channki.case that the mass flux is above 350
kg/mPs, the modified Gnielinski correlation developed Bgtterson et al. (2000) is used to
calculate the refrigerant side heat transfer coeffit:

P 0.11
Nu= N%(P—:j (B.3)

where

T (Re-1000) Pr g
Ny, =—98 1+( j (B.4)

f 2
1+12.7 /( Pe- ﬂ
8

and
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f ={—1.8Iog|:6R—§+(3—17§) }} (B.5)

In case that the mass flux is lower than 350 Kg/rthe correlation developed by Petrov and
Popov (1985) is used to calculate the refrigerat® Beat transfer coefficient:

M " E n
NL{N = NL!N, ppk(l_ qwj(_p} (B.6)

G C

p,w

where

n 6
0.66—K(%j if—2 < 1.
G

Con
n= . E’ (B.?)
0.9—K(%j if—2 > 1.
G Cow
and whereM = 0.001 kg/J, and K = 0.00041 kg#l,is defined as:
c, = h-h, (B.8)
Tb _Tw

Nuwppk in Equation (B.6) represents the Nusselt numbé¢erdened by the Petukhov-Popov-
Kirilov correlation with the thermophysical and sgport properties evaluated at the inside tube
wall temperature. The Petukhov-Popov-Kirilov coatedn is used to calculate the
circumferentially averaged local Nusselt numberifietube cooling of a single phase flow where
the thermophysical properties are either constanteakly varying. It can be expressed as:

LRePr
8

Nu ,, = = (B.9)
12.7\/§( PP - ]}+ 1.07
where the friction factoff,, is determined by the Filonenko correlation:
f,=(0.79In( R§- 1.6} (B.10)

The refrigerant side friction factor is calculated the correlation developed by Kuraeva and
Protopopov (1974) as follows:

0.22 G
f (ﬂj if R—r< Bx 10°
e
f= Ho (B.11)
" er\? Gr
2.15‘0(&] (—j if 510'<— < 3 10
M, Re Re

wheref, is determined by Equation (B.10).

The heat transfer rate based on the overall heasfer coefficient is determined by the
effectiveness-NTU method:
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Q = €Chin (-I;efrig,i = T ) (B.12)
where cmin is the smaller one af, €, o, @andn, ¢ ., , while the larger one between those
two is defined asmax

The heat exchanger effectivenesss given by

g=1- ex;{{cij NTU°'22{ ex;{—c, NTU°-78] - }1 (B.13)

for heat transfer between two unmixed fluids inssrlow configuration, or by
_ 1-exg -NTU(1-C)]
1-C, exd -NTU(1-G)]
for heat transfer between two unmixed fluids in rteu flow configuration.C, and NTU are
defined as follows:

(B.14)

C, = Smn (B.15)
C

max

NTU = A (B.16)

'min

The overall conductandgA is given by:

1
UA= B.17
1 +In(ro/ri)+ 1 (8.17)

hair,70 Aﬁir ZﬂLKV hefrig refrig

where
Afin
=1-—""(1-p, B.18
, %r( M) (B.18)
M _ fani{mL,) (B.19)
mLﬁn

m= |2 (B.20)
kair tfin

The heat transfer rate can also be determined fremrefrigerant side conductance and the
temperature difference between the inside wallthedefrigerant using the following equation:

Qrefrig = (UA)refrig (-I;efrig - TW) (821)
where
(UA)refrig = I’1efrig Aefrig (822)

The pressure drop associated with the contractitrenwthe refrigerant flows from the
distribution header into a micro-channel insidewdtnport-extruded tube is calculated as:
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Ap, :% K oV? (B.23)

The pressure drop of a refrigerant flowing insidenalti-port-extruded tube is caused by two
effects: friction and density change of the refregge. For each finite segment along the micro-
channel of a multi-port-extruded tube, the pressimgp associated with the frictional loss is
calculated by:

L
Ap; = f—pV? B.24
P =t>5° (B.24)
The pressure drop due to the refrigerant denseéygé is calculated by:
Ap, = G (i ——1J (B.25)
po pi

The pressure drop associated with the expansiom vie refrigerant flows from a micro-
channel inside a multi-port-extruded tube into¢bBection header is calculated by:

Ap, =% K oV (B.26)

The air side pressure drop is calculated similtolythe refrigerant side pressure drop. The
pressure drop associated with the entrance loss wigeair first flows into the heat exchanger
slab is calculated by:

Apen, air =K ar (827)

The pressure drop associated with the exit losswine air flows out of the heat exchanger slab
is calculated by:
G2
Apex air = Kex - (828)
’ 2Ioair
The pressure drop associated with the frictionas$ lvhen the air flows among the fins of one
segment of the heat exchanger slab is calculated by

2
Apf ,air = fair Sl % (829)
2deqv Ioair
wheredeqy is defined as:
40V,
Qeqy = = (B.30)
Ageg

andVseqis the total volume occupied by one segment ofcthike Asc4is the total air contact area
of one segment of the slab. The fraction of fregcepvolume for one segment of the skabis
calculated by:
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tfin
o= pfin
1+ r“ube

1-

(B.31)
fin
The pressure drop due to the air density changerfersegment of the slab is calculated by:

Apair,a:Gazir l - 1 (832)
pair,o pair,i

B.2. Computation sequence of the gas cooler model

The gas cooler simulation model requires the falh@anput parameters:
+ Refrigerant mass flow rate, inlet temperature ams$gure (outputs of the compressor
model)
« Air inlet temperature and volume flow rate
« Geometric parameters
+ Flow circuits configuration
« Thermal conductivity of tube and fin material
« Head loss coefficients
« Number of segments for each MPE tubes

The outputs of the gas cooler simulation modellagerefrigerant and air-side pressure drop, the
heat transfer rate, and the refrigerant and ag-sidtlet state points. The calculation sequence
based on the governing equations listed abovefislasys:

The refrigerant side pressure drop in the distiouheader is calculated. The inlet state
points for the segments of the multi-port-extrudigioes at the start of the refrigerant
flow path are determined.

The refrigerant and air inlet state points for eaegment of the multi-port-extruded tubes
of a heat exchanger slab are determined if thatssible or otherwise assumed.

The heat transfer rate and refrigerant and air-pr@ssure drop are calculated for each
segment. The refrigerant and air-side outlet spatmts are determined for each
segment.

Step 2) and 3) are repeated until the iteratioraficassumed values converges.

The refrigerant side pressure drop in the collectieader is calculated. The outlet state
points of the refrigerant and the air, and theltbt&at transfer rate of the slab is
determined.

For each segment of the multi-port-extruded tuberwhoth the refrigerant and air inlet states
are known, the calculation of the heat transfez eatd the refrigerant and air-side pressure drop
is executed in the following sequence:
1) An inner wall temperature is assumed for the segratm value between the inlet
refrigerant temperature and inlet air temperature.
2) The refrigerant-side heat transfer coefficientatcglated and the heat transfer rate is
estimated using Equation (B.21).
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3) The outer wall temperature is determined basederestimated heat transfer rate and
the assumed inner wall temperature.

4) The air-side heat transfer coefficient is calculatBhe heat exchanger effectiveness
and NTU is determined using Equations (B.13) t@Qf.

5) A new value for the heat transfer rate is calcdlaiging Equation (B.12).

6) If the values of the heat transfer rate based aratimn (B.12) and based on Equation
(B.21) do not agree with each other, the inner weahperature is updated and the
sequence starts again at step 2). Steps 2) te 6¢jpeated until the iteration on the heat
transfer rate converges.

7) The refrigerant and air-side outlet temperaturesthe heat transfer rate of the segment
are calculated.

8) The refrigerant and air-side pressure drops acelledaéd.

The calculation sequence of multiple heat excharsjgns that make up one gas cooler is
arranged based on the refrigerant side intercoimmmeend the air side flow configuration. The
total heat transfer rate of the gas cooler is egutie summation of the heat transfer rates of all
slabs. The total refrigerant side pressure dropbeadetermined based on the pressure drops for
each slab and the refrigerant side interconnedatfcdhese slabs. The total air side pressure drop
can also be determined from the air side pressoge af each slab and the air flow configuration
of the gas cooler. Finally, the overall refrigeraamtd air-side outlet state points can be
determined for the gas cooler.
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Appendix C: Evaporator model for transcritical £8r conditioning system

The following assumptions are made for the evaporabdel:

« The evaporator operates at steady state.

« The air flow velocity is uniform across the facear

« The refrigerant distribution is uniform for eachanai-channel in the same flow path.

« The fin edges are adiabatic.

« Both the tube and fin have constant density ancithleconductivity.

« The heat transfer and pressure drop calculatiorbeatecoupled for each single finite
segment of multi-port-extruded tubes.

« Constant heat transfer coefficients and frictiootdes are assumed for each single
finite segment of the multi-port-extruded tubes.

+ Each finite segment of the multi-port-extruded siizeeither dry or wet for the whole
segment air side surface.

+ CO; is either a two-phase mixture or a single-phaggwanside each single finite
segment of multi-port-extruded tubes.

» Frost build up is not considered.

« The changes in potential energy are neglected.

C.1. Governing equations of evaporator model

The governing equations of the evaporator modelbmafisted as indicted below. Some of the
governing equations are the same as for the ondkeofgas cooler model. The important
additional equations are for the wet-surface amalgs the air side and the two-phase flow
analysis on the refrigerant side.

The air-side heat transfer coefficients for both sEgments and wet segments are determined by
using the same Chang et al. (1994) correlation §&gu (B.1)) as used in the gas cooler model.
The air-side friction factors for a dry surface asdculated using the accompanying Chang et al.
(1994) correlation (Equation (B.2)). The air-sfdetion factors for a wet surface are calculated
using the Wang et al (2000) correlation:

f f f 1.958
F 2 3 4 L
f =2.814R¢ | > BBy 00of [2| oo (C.1)
) Dc Dc Pt I:p

where
0.71 -0.05
_ Fy R
f,=1.223- 2.857—>| | (C.2)
D, R
f,=0.8079In Rg ) (C.3)
f,=0.8932In Rg ) (C.4)

f, =-0.999In 2~ (C.5)
H;
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The single-phase refrigerant-side heat transfefficeants are calculated using the modified
Gnielinski correlation (Equation (B.3)) developeg Petterson et al. (2000). The single-phase
refrigerant-side friction factors are calculatechgshe Churchill correlation (Yin et al., 2001) as

shown below:

1
3112
16 2

12 16
f=g)[2 ] +|| 2.4571 - +[ 37530 (C.6)
Re 7\ Re

— | +0.27%
Re

The two-phase refrigerant-side heat transfer adeffis are calculated using the Kandlikar
correlation (Kandlikar, 1990) as recommended byePstn et al. (2000):

h=h[qc&(25 Ff)* + g BG E] (C.7)
whereh, is calculated using the Dittus-Boelter correlation
h =0.023R¢*® F,’P"‘% (C.8)

Table C.1 lists the constants applicable to Equnafi©.7) for carbon dioxide as reported by
Pettersen et al. (2000).

Table C.1: Kandlikar Correlation Constants for @ariDioxide.

Constant Convective Boiling Nucleate Boiling
Fn 1.0 1.0
C1 1.1360 0.6683
Co -0.9 -0.2
C3 667.2 1058.0
Cq 0.7 0.7
Cs
(vertical tubes: any Fr, 0 0

horizontal tubes: Fr > 0.4)
Cs

(horizontal tubes: F< 0.4) 0.3 0.3

The two-phase refrigerant-side friction factors aedculated using the Churchill correlation
(Equation (C.6)) in which the Reynolds number isleated using a homogeneous two-phase
density and viscosity as given below:

1:l+1—_>( (C.9)

M= X, + (1= X)44 (C.10)
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For a dry surface, the overall heat transfer oihgls finite segment of the multi-port-extruded
tubes in the evaporator is calculated almost instree way as it is calculated in the gas cooler
with the following differences.

The heat exchanger effectiveness of a single fsggment containing two-phase refrigerant is:
E=1-expENTU) (C.11)

The dry segment heat transfer rate calculated ubmeffectiveness-NTU method is:
Q = ‘gcmin (Tair,in - -lr-efrig in ) (C12)

If the outer wall temperature of a finite segmenbelow the dew point temperature of the inlet
air to this segment, the segment is assumed tollbeed For a wet surface heat transfer

calculation, the method developed by Braun et1#89, 1999) is used and can be summarized
as follows.

The overall effective fin efficiency is defined as:

A

7, =14 (1-773) (C.13)
where
. tanh(m* Lﬁn)
M iin _m*—Lﬁn (C.14)

h..
m = | s (C.15)
kt; c,

and where, sis the effective specific heat of saturated aileated at a given temperature.

The effective number of transfer units is defined a

. (uA)Y
NTU :(__) (C.16)
rr"air
where
. 1
(UA) = (C.17)
cp;air Jn (r,/r,) s
hair,70 Aﬁir ZHLKN hef '%f
The total heat transfer rate based on the effentis®is given by:
QNTU = I;ﬂairé‘* ( I‘}alir,in - rgat,'[)w) (C18)
where
£ =1-exp(-NTU') (C.19)
hsat,'l[)w = hair(Tow’ a)sa (CZO)

The air outlet temperature is given by:
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Tair ,out = Tow - ( Tow - Tair, in

)exp(- NTU,) (C.21)
where

NTU, = Zofr A (C.22)
rnair Cp,air

The sensible heat transfer rate can be calculated a
Qsens = maiGC air ( Tair, in_ Tair, out) (C23)

The latent heat transfer rate can be obtained as:

Qlat = QNTU = Quen (C.24)
The air outlet humidity ratio can be obtained as:
Wy = Wy =~ o (C.25)
rr"air h‘g,water

The pressure drop and fan power calculations irettag@orator are performed in the same way as
the ones for the gas cooler.

C.2. The computation sequence for evaporator setgmen

The evaporator simulation model requires the foill@anput parameters:
+ Refrigerant mass flow rate, inlet quality and puess
+ Air inlet temperature, humidity and volume floweat
+ Geometric parameters
« Flow circuits configuration
« Thermal conductivity of tubes and fins material
+ Head loss coefficients
« Number of segments for each MPE tubes

The outputs of the evaporator simulation modeltheesrefrigerant and air side pressure drops,
the heat transfer rate, and the refrigerant angdidé outlet state points. The computation of the
evaporator model is executed the same way as thefdhe gas cooler model with the exception
of the calculation of each finite segment of theltrport-extruded tubes. The computation of
each finite segment of the multi-port-extruded wibé&the evaporator model is carried out in the
following sequence:

1) An inner wall temperature for this segment at au@dbetween the inlet refrigerant
temperature and inlet air temperature is assumed.

2) The refrigerant-side heat transfer coefficientatkcglated and the heat transfer rate is
estimated using Equation (B.21). Whether to usaglesphase heat transfer coefficient
or a two-phase heat transfer coefficient is deteechby the inlet refrigerant quality.

3) The outer wall temperature is determined basederestimated heat transfer rate and
the assumed inner wall temperature.



4)

5)

6)

7)

8)
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If the outer wall temperature is below the dew paihthe inlet air, a wet analysis of
the segment is performed to obtain a new valuéhioheat transfer rate using Equation
(C.18).

If the outer wall temperature is above the dew fpoirthe inlet air, a dry analysis of the
segment is performed to obtain a new value forhiat transfer rate using Equation
(B.12).

If the value of heat transfer rate based on Equg#012) or based on Equation (C.18)
does not agree with the one based on Equation )Bi24 inner wall temperature is
updated and the sequence starts again at stepeps & to 6) are repeated until the
iteration on the heat transfer rate converges.

The refrigerant and air-side outlet temperaturestha heat transfer rate of the segment
are calculated.

The refrigerant and air-side pressure drops aceiledéd.
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Appendix D: Separator model for ejector expansiandcritical CQ air conditioning system

A schematic of the separator is shown in Figure D.

The assumptions used in the separator model ¢ed lielow:
« The separator operates at steady state.
« The heat losses from the separator to the envirohane neglected.
« The kinetic and potential energy changes are niglec
« The refrigerant mixture inside the separator reagase equilibrium.
« The quality of vapor leaves for the compressott iatgials one.
« The liquid refrigerant leaves for the evaporat@atirated liquid.

rﬁcomp
Xcomp=1
My
Xqif
r:nevap
Xevap=0

Figure D: schematic of separator model.

The governing equations of the separator moddisiesl next.

The conservation of mass across the separatotsésuhe following equation:
ri.'diff = r.n:omp+ h.!evap (Dl)

In addition, the following mass balance is estigds
ri.'diff )%iﬁ = rT(!omp (DZ)

The evaporator mass flow rate is the same as tgt®sistream mass flow rate and can be
correlated using the motive stream mass flow ratg,.and the definition of ejection ratim

ri.'evap = ¢ mnozzle (D3)
Thus, the ejection ratio and the ejector outlet G@ality must satisfy:
(1+0) x4 =1 (D.4)
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Appendix E: Experimental data for transcritical £fr conditioning system

Table E.1: Data for C&bread board ECU

Basic cycle 1 2 3 4 5 6 7 8
Pam(kPa) | 100.35 99.88 99.88 99.91 99.64 99|58 99.429.42
Tiq (°C) 267 | 26.7| 267 267 267 2677 267 267
RHq(%) | 500 [ 500] 50.0/ 50.00 500 500 50p 500
Tod (°C) 278 | 278 278/ 322 322 35p 350 378
Tareo(°C) | 16.60| 17.13] 17.09 17.4p 16.69 1643 17/59 3316
Taew (°C) 922 | 11.93] 1162 997 12533 116 1201 1258
Voaar(M/S) | 0.987 | 1.062 | 1.062) 1.062| 1.062 1.056 1.072  1.056
Targo(°C) | 50.77 | 51.03 | 51.84 54.10 56.50 57.11 58.71 01
Peompi(bar) | 36.13| 38.11] 36.79 36.4D 38.83 36/76 37/28 93§.
Teompi(°C) | 10.12| 9.02| 1054 1157 8.89 1257 13/95 956
Peompo(bar) | 119.06] 122.38 129.84118.80| 128.24 121.26| 122.40| 132.31
Teompo(°C) | 122.7 | 119.79 132.2 12552 123|4828.5| 129.69 128.5
Pei(bar) | 117.26] 120.70 128.34117.49| 126.90 119.51| 121.24| 130.32
Tei(°C) [ 115.79] 113.85 124.90118.97| 117.86 121.95] 123.06| 122.74
Peo(bar) | 117.16] 120.25 128.23117.07| 126.43 119.37| 120.91| 130.31
Teeo(®C) | 50.97 | 47.99] 4587 5022 5197 5144 52091 1548
Pexibar) | 115.57] 118.56 126.92115.52| 124.61 117.96| 119.29| 128.56
Tewi(°C) | 50.09 | 47.23] 4524 4948 5120 5130 52/10 @48
Pevaj(bar) | 38.18| 40.28) 38.91 38.60 40.97 3979 39/45 9%l
Peaobar) | 37.84| 39.81] 3840 38.15 40.53 3847 38/92 730.
Tewao®C) | 939 [ 796| 9.78] 11.07 7.79 1243 1409 8.3
m.(kg/s) | 011 | 012 | 011 011 012 011 011  0.42
m.(ka/s) | 011 | 012 | o011 041 012 011 011  0.12
W (W) | 970 | 10.02| 10.28 9.68 10.38 9.78 9.93 10,57
Winge (kW) | 1.23 | 117 | 118 1.17| 1.1 114 114 1.13
WineakW) | 115 | 1.18 | 1.18| 1.19| 118 118 119  1.18
Quarr(KW) | 10.65 | 12.95| 14.23 11.23 11.38 10.81 10|8 10|35
COP 1.098| 1.292] 1.386 1.16D 1.097 1.1405 1.087 0.979
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Table E.1: Data for Cbread board ECU (continued)

Basic cycle 9 10 11 12

Pam(KPa) | 99.42 | 99.42| 99.42  99.4

NG

Tia (°C) 26.7 26.7 26.7 26.7

RHiq (%) 50.0 50.0 50.0 50.0

Tod (°C) 37.8 37.8 40.6 40.6

Taireo (°C) 16.25 16.35 16.53 16.29

Taew (°C) 12.35 11.41 13.09 12.4

Vowu(ms) | 1.054 | 1.064 | 1.060 1.060

Tairgo (°C) | 61.35 61.89 64.02 64.65

Peomp,i(bar) | 38.58 37.54 39.84 38.82

Tcomp,i (°C) 9.41 10.36 8.32 8.75

Peompo(bar) | 135.37| 14150 138.78 145.28

Teomp,o(°C) 131.9 141.3 130.0 139.(

Pge.i(bar) 133.5 | 139.8] 136.7 1434

Tgc,i (°C) 125.8 134.2 124.5 132.6

Pyc.o(bar) 133.5 140 136.7 143.6

T4c,0(°C) 54.52 53.31 57.43 56.45

Pexv,i(bar) 131.9 138.6 134.9 142.1

Texv,i(°C) 54.37 53.15 57.25 56.27

Peva.i(bar) 41.27 40.05 42.56 41.38

Peva,o(bar) 38.58 37.54 39.84 38.82

Teva,o(°C) 8.5 9.19 7.99 7.52

m,.(9/s) 0.12 0.11 0.12 0.11

m,,.(9/s) 0.12 0.11 0.12 0.12

W, (kW) | 107 | 10.83| 10.99| 11.17

Wign o (KW) [ 1.12 1.10 1.09 1.10

W ea(KW) | 1.18 1.18 1.17 1.18

Quva et (KW) | 10.96 11.69 | 9.384| 10.01

COP 1.025 1.079 0.854 0.896
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Appendix F: Experimental data for ejector expansranscritical CQ air conditioning system

Table F.1: Data for ejector expansion {dfdead board ECU
(the values for dare measured values)

Ejector cycle 1 2 3 4 5 6 7 8
Patm (kPa) 99.87| 99.87] 99.8Y 101.32 101}41D0.29| 99.84 | 98.38
Tiq (°C) 26.7 26.7 26.7 26.7 26.7 26.[7 267 267
RHiq (%) 50.0 50.0 50.0 50.0 50.( 50.0 50.0 500
Toa (°C) 27.8 27.8 27.8 27.8 27.8 27.8 27,8 27.8
dp (mm) 17.2 17.2 17.2 17.2 5.9 5.9 5.9 5.5
d; (mm) 2.7 2.6 2.5 1.8 2.7 2.6 2.5 1.8

Tareo(°C) | 21.14| 20.97| 21.44 2018 21.28 21/03 19|78 6&4.
Teew(®C) | 13.93| 13.58] 13.32 13.28 11.21 12)50 12|60 743.
Vouu(M/s) | 1.129 | 1.129 | 1.121| 1.048| 1.137 1.121 1.107 1.093
Targo(°C) | 43.01 | 43.86 | 4354 46.200 4272 4441 4564 351
Peompi(bar) | 42.79| 435| 41.39 32.60 4153 41pP9 4281 134.7
Teompi (°C) | 7.82 | 8.47| 6.37] -346 649 61 7.4 -1.12
Peompo(bar) | 103.2| 107.1] 108.2 1196 98.75 105 1222 1316
Teompo®C) | 70.4 | 71.05| 7046 9512 736 7612 7582 108.7
Pyi(bar) | 98.69| 102.63 104.02117.97| 95.76] 102.30120.25| 130.66
Te.(°C) | 67.01| 67.74] 67.46 9048 69.76 7257 72/51 4103.
Peo(bar) | 96.74| 100.7§ 102.77117.50| 92.66] 9953 117.18 129.45
Teo®C) | 42.89| 4456 4752 4310 418 4452 4758 4771
Patolbar) | 46.62 | 47.44] 44.94 3468 4512 4477 4655 736.
Pevaj(bar) | 43.18| 43.76] 42.99 329 409 4086 41]39 31.75
Pevaolbar) | 42.19| 42.86] 41.99 31.0f 39.68 39/15 40/36 1131.
Tevao®C) | 23.86 | 22.01| 25.37 21.7 2458 2351 17.1 24,89

M. (9/s) 0.2 0.2 0.19| 012 0.18 0.18 0.2 0.1p
Mm..(9/s) | 006 | 006 | 005/ 0.05 006 006 0.0 0.06
W, (kW) | 859 | 887 | 881 9.05/ 834 879 96 10.01
Wi oo (KW) | 1.2 1.2 | 1.19| 119 1.2 118§ 1.2 1.13
Wi ea(KW) | 1.5 156 | 1.56| 1.52| 142 14 129 11
QuarerKW) | 1352 | 13.16| 11.61 13.48 14.05 14.06 15p9 1607
COP 1574 1.484 131y 1490 1.685 1.600 1.579 1506

o)

U

~
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\I




Table F.1: Data for ejector expansion {Ifdead board ECU (continued)
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Ejector cyclel 9 10 11 12 13 14 15 16
Pam(kPa) | 99.87| 99.87| 99.87 101.32 101/440.29| 100.03| 100.31
Tia (°C) 26.7 26.7| 26.7] 267 26 267  26[7 26,7
RHia (%) 50.0 | 50.0 | 50.0/ 50.00 50.0 500 500 500
Tod (°C) 350 | 350| 350 350 350 350 350 350
dp (Mm) 17.2 17.2| 172 172 5.5 5.5 5.5 5.5
di (mm) 2.7 2.6 2.5 1.8 2.7 2.6 2.5 1.8
Tareo(°C) | 22.06[ 22.02] 2154 19.84 2231 215 20/52 3@Q.
Teew(®C) | 13.36| 13.19] 13.88 1338 12.71 1381 13)11 a20
Voaa(M/s) | 1.145 | 1.145 | 1.131| 1.033| 1.56 1.137 1.123 1.068
Targo(°C) | 49.91 | 50.66 | 51.0 54.16 49.79 51.y3 54.14 23%3.
Peomp.i(bar) 47 47.76| 45.13 347% 4536 4551 4434 3287
Teompi (°C) | 11.87| 12.46] 10.09 -1.01 1031 10p5 9.33 532
Pompo(bar) | 116.5| 120.6 120.2 130.f7 1116 1186 1201 .3125
Teompo®C) | 74.15| 75.05| 78.12 1085 76.08 8051 888 1125
Pgi(bar) | 111.36] 115.44 115.46129.25| 107.94 115.44] 126.90| 124.24
Tgei(°C) 711 | 72.13] 7511 1032 7278 7741 85556 106.5
Pgo(bar) | 108.98] 113.2% 114.01128.63| 104.50112.21] 123.93| 123.44
Teo®C) | 49.08| 50.38] 51.08 49.86 47.91 5106 5409 795
Paro(bar) | 51.38| 52.25[ 49.07 36.71 49.48 495 48]13 246
Poai(bar) | 47.42| 48.16] 46.76 34.16 44.46 4434 41/99 7229
Peaobar) | 46.7 | 47.45| 4597 3238 435 4314 41p4 2903
Tevao(°C) 23 21.19| 2398 17.8] 245 2136 1974 234
M, (9/s) 0.22 023 | 021 012 021 021 019 0.11
m.,(g/s) | 0.06 | 0.06 | 0.05| 0.05/ 008 0.06 0.07 0.05
W, (KW) | 9.69 9.99 | 9091 9.9 9.39 9.95 107 9.58
Wi oo (KW) | 1.18 1.18 | 1.18| 116| 118 116 1.16 1.14
Wiy eva(KW) | 1.53 1.39 | 1.42 1.5 152 153 1.4y 1.14
QuaretKW) | 12.26 | 11.84| 10.65 12.87 13.03 1274 15p2 1372
COP 1.265] 1.185 1.075 1300 1.388 1.7J81 1422 1432




Table F.1: Data for ejector expansion {Ifdead board ECU (continued)
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Ejector cycle| 17 18 19 20 21 22 23 24
Pam(kPa) | 99.87| 99.87| 99.87 101.32 101/310.29| 100.03| 100.31
Tia (°C) 26.7 26.7| 26.7] 267 26 267  26[7 26,7
RHia (%) 50.0 | 50.0 | 50.0/ 50.00 50.0 500 500 500
Tod (°C) 378 | 378| 378 378 378 378 37)8 378
dp (Mm) 17.2 17.2| 172 172 5.5 5.5 5.5 5.5
di (mm) 2.7 2.6 2.5 1.8 2.7 2.6 2.5 1.8
Tareo(°C) | 2262 22.44] 21.88 20.3p 22.69 22p1 20[75 4720.
Teew(°C) | 1341 13.23] 1333 1345 1165 1357 12|82 853
Voaa(M/s) | 1.150 | 1.150 | 1.137| 1.123| 1.16p 1.145 1.117 1.087
Targo(°C) | 52.65 | 53.34 | 53.99 57.97 53.07 5422 57.05 1556.
Poompi(bar) | 48.37| 48.99] 46.84 36.97 48.56 47/08 44/88 533.
Teompi(°C) | 13.12| 1356) 11.68 149 1315 1171 971  -2|37
Pompo(bar) | 120.8| 1249 1258 141 121[1 1245 130.3 1295
Teompo®C) | 76.68| 775| 8091 1129 7712 816 9201 1152
Pgi(bar) | 115.42] 119.44 120.73138.36| 116.90 121.14] 127.98| 128.43
Tgei(°C) 73.69| 74.64] 78.01 1079 74.67 7857 88[72 3L09.
Pgo(bar) | 51.29| 5257 53.64 5312 5155 53/48 56|05 9%1.
Tgeo®C) | 51.29| 5257| 53.64 5312 5155 5348 56/05 1.9
Puir.o(bar) 529 | 5358/ 50.92 39.08 53.11 51pP9 48445 853
Peai(bar) | 4877 49.29] 4843 3586 47.65 4573 42/03 041.
Peao(bar) | 48.09| 48.63] 47.76 3415 46.85 449 40098 &94
Tevao(°C) 23.7 | 2185 2357 1801 23 2173 20.13 20[16
M, (9/s) 0.23 024 | 0.22| 013 023 022 019 0.11
m.,(g/s) | 0.06 | 0.06 | 0.05| 0.06f 007 0.0y 0.07 0.06
W (kW) | 10.11 | 10.43| 10.44 10.67 10.18 1041 1089  9.81
Wi oo (KW) | 1.17 1.17 | 1.16| 114 118 116 115 1.12
Wi eva(KW) | 1.44 1.32 | 159 1.44 1.6 1.7 1.59 1.13
QuarerKW) | 11.94 | 1157| 1022 1494 13.98 1441 15p2  16/08
COP 1.181] 1.109] 0979 140D 1374 1384 1.397 1.539
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Table F.1: Data for ejector expansion {Ifdead board ECU (continued)

Ejector cycle] 25 26 27 28 29
Patm (kPa) 99.72 99.72 99.72 99.72 99.72
Tig (°C) 2.8 2.8 2.8 2.8 2.8

RHq(%) | 539 | 5.39 5.39 5.39 5.39
Toa (°C) 411 | 411 41.1 41.1 41.1
db (MM) 10.0 10.0 10.0 10.0 10.0
d (mm) 1.8 20. 2.5 2.6 2.7
Tareo®C) | -2.01 | -152 | 1.12 2.56 3.06
Teew(C) | -2.68 | -2.45| -2.36] -2.38] -2.31
Vowu(M/s) | 1.076 | 1.093 | 1.113| 1.123| 1.127

Targo(°C) | 56.57 | 56.55 | 53.19] 51.06] 50.29
Peompi(bar) | 30.87| 35.03| 38.3§ 40.42  41.68
Teompi (°C) | -5.46 | -0.41 3.3 5.54 6.81
Peompo(bar) | 137.1| 128.7| 1135 1065  104.
Teompo®C) | 122 | 98.19| 79.14] 71.1] 683
Pyi(bar) | 13565 11510 101.001 94.80 933
Tei(°C) | 114.7| 94.44| 7654 68.45 655
Pgo(bar) | 135.90] 12643 109.65 101.24 98¢
Teco(®C) | 48.91| 53.74 53 50.92  50.0
Pato(bar) | 32.72| 37.91| 4225 44.96  46.6
Pevaj(bar) | 28.68| 30.54| 353§ 38.11 39.3
Pevao(bar) | 28.09| 30.03| 3524 38.05  39.
Teao(®C) | 941 | 67 | -059| 254 3.83

m.(g/s) | 0.0917| 0.1272| 0.1594 0.1795 0.1897
m,.(9/s) | 0.0526| 0.0603| 0.0463 0.0555 0.0593

W (KW) | 965 | 9.84 9.19 8.76 8.64

Wenoe kW) | 118 | 1.19 1.18 1.2 1.21

W eva(KW) | 1.49 1.52 1.5 1.51 1.48

Quawr (kW) | 1263 | 13.61| 9.804| 11.27 117
coP 1.309| 1.383| 1.067 1.287  1.3¢

RO FOHFH©

a1

a1

A\~ 2} \WA|
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Table F.2: Two-phase flow ejector data to determmodive and suction nozzle efficiencies
and mixing efficiency (the values foy are measured values)

Run| dy o Pm | Tm | m, | Ps | Ts | m, | Pd | Nnm | Ns | Nmix
No. | (mm)| (mm)| (bar) | (°C) | (g/s) | (bar) | (°C) | (g/s)| (bar)| (-) () ()

1 17.2 2.7 91.14 42.89200.0| 41.68| 23.49| 60.0| 46.62| 0.930| 0.750| 0.987
2 17.2 2.6 95.12 44.56200.0| 42.32| 21.67| 60.0| 47.44| 0.877| 0.709| 0.960
3 17.2 2.5 98.08 44.92190.0| 41.60| 25.07| 50.0| 44.94| 0.906| 0.531| 0.751
4 17.2 1.8 | 116.0143.19| 120.0| 30.54| 21.58| 50.0| 34.63| 0.500( 0.899| 0.867
5 55 2.7 87.45 41.30180.0| 39.07| 24.08| 60.0| 45.12| 0.880| 0.696| 0.997
6 5.5 2.6 94,94 44.5p180.0| 38.51| 23.06| 60.0(44.77| 0.770| 0.712| 0.997
7 55 25 | 112.7347.58| 200.0| 39.65| 16.78| 70.0| 46.55| 0.750| 0.849| 0.993
8 55 1.8 | 127.8647.02| 120.0| 30.32| 24.09| 60.0| 36.73| 0.500| 0.872| 0.999
9 17.2 2.7 | 101.6449.08| 220.0| 46.24| 22.59| 60.0| 51.38| 0.849| 0.564| 0.911
10 | 17.2 2.6 | 105.8150.38| 230.0| 46.97| 20.72| 60.0| 52.25| 0.875| 0.528| 0.876
11 17.2 2.5| 108.1051.08| 210.0| 45.6 | 23.72 50.0| 49.07| 0.875| 0.823| 0.501
12 17.2 1.8 126.9849.86| 120.0| 31.76| 17.74| 50.0| 36.71| 0.500| 0.662| 0.807
13 55 2.7 97.76 47.91210.0| 42.97| 24.04| 60.0| 49.48| 0.888| 0.542| 0.938
14 55 2.6 | 106.1551.06| 210.0| 42.81| 20.95| 60.0| 49.5 | 0.750 0.532| 0.938
15 55 2.5 | 119.1854.09| 190.0| 40.28| 19.33| 70.0| 48.13| 0.750| 0.835| 0.970
16 55 1.8 | 122.0748.96| 110.0| 28.28| 22.84| 50.0| 34.62| 0.500| 0.714| 0.910
17 17.2 2.7 | 105.0051.29| 230.0| 47.65| 23.31| 60.0| 52.90| 0.875| 0.524| 0.923
18 17.2 2.6 | 109.1852.57| 240.0| 48.18| 21.41| 60.0| 53.58| 0.875| 0.661| 0.905
19 17.2 2.5 | 112.78353.64| 220.0| 47.40| 23.32| 50.0| 50.92| 0.875| 0.369| 0.501
20 | 17.2 1.8 | 136.7453.12| 130.0| 33.48| 17.76| 60.0| 39.03| 0.500| 0.896| 0.955
21 55 2.7 | 105.2751.55| 230.0| 46.33| 22.62| 70.0| 53.11| 0.875| 0.595]| 0.985
22 55 2.6 | 111.0553.48| 220.0| 44.34| 21.28| 70.0| 51.29]| 0.750| 0.660| 0.998
23 55 2.5 | 120.48356.05| 190.0| 40.23| 19.60| 70.0| 48.45| 0.750| 0.840| 0.985
24 55 1.8 | 126.2651.25| 110.0| 28.67| 19.79| 60.0| 35.38| 0.500| 0.839| 0.999
25 10 1.8 | 134.8648.00| 91.7 | 27.68 -10.25| 52.6| 32.72| 0.500| 0.828| 0.703
26 10 2.0 | 124.4452.63| 127.2| 29.41| -7.84| 60.3| 37.91| 0.500| 0.513| 0.718
27 10 2.5 | 105.9850.96| 159.4| 34.56| -1.4 | 46.3| 42.25| 0.677| 0.519| 0.711
28 10 2.6 95.94 47.65179.5| 37.46| 1.86 | 55.5| 44.96| 0.795| 0.691| 0.759
29 10 2.7 92.59 46.1 189/88.72| 3.16 | 59.3| 46.63| 0.881| 0.766| 0.779
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Appendix G: Comparisons of the state points of Rdbased systems with and without ejector
expansion

6x10° R410A
Basic cycle
Ejector cycle
/ 1070 /
J / 1430 J/kg-K
'
ol
=,
ol
10°%}
6X102 / . -45¢ >C . .
1.0x10° 2.0x10° 3.0x10°
h [J/kg]

Appendix G1: State points of R410A cycle basedesystwith and without ejector expansion
(Toa = 27.9C(82.2F), Tiqg = 26.9C(80.4F), RHy = 50.8%)
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Appendix G2: State points of R410A cycle basedesystwith and without ejector expansion
(Tog=32.9C(91.2F), Tiqy = 26.9C(80.4F), RHy = 50.8%)
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R410A
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Appendix G3: State points of R410A cycle basedesystwith and without ejector expansion
(Toa = 40.9C (105.6°F), Tig = 26.9C (80.4°F), RHqy = 50.8%)

R410A

6x10°
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Ejector cycle

. 960 1070 1430 J/kg-K
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‘\
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Appendix G4: State points of R410A cycle basedesystwith and without ejector expansion
(Tog = 45.9C (114.6°F, Tig = 26.9C (80.4°F), RHq = 50.1%)



126
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Appendix G5: State points of R410A cycle basedesystwith and without ejector expansion
(Tog = 50.9C (123.6°F), Tig = 26.9C (80.4°F), RHq = 50.1%)



