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ABSTRACT

This paper describes a novel approach to the Rankapor compression cycle for cooling and refriiera The

specific innovation is the application of a two-phalevice known as a “condensing ejector” (CExfsecond step
of compression. The innovation has the potentiainofeasing the efficiency of the standard singége vapor
compression cycle through a reduction of mechardoatpression at the expense of harnessing kinetecgg of

gas in the ejector device. In addition it will reguthe greenhouse gas emission by providing the samount of
cooling with less electric energy consumptidhis is the continuation of the developmental wpekformed under
the funding from the NSF and US Dept. of Energy.

1. INTRODUCTION

The main objective of this project was to expldne possibility of using a condensing ejector aeeosd step
compression in a vapor compression cycle (reveiRadkine cycle) for refrigeration and air-conditiogi
applications. The entire research consisted ofrgystéc theoretical analysis, numerical simulatemd laboratory
experiments. The main research activities wereljodevelop the methodology for the design of a emsthg
ejector using refrigerants as working mediums, @&)ficm the theoretical model by practical experitsean the
laboratory stand. The results indicated the paéfdr using a two-phase condensing ejector irigefation cycles.
Our approach of using the ejector in refrigeratigale significantly differs from prior attempts:

1) The ejector is placed after the compressor digghto increase the final cycle pressure, whiléoadlate designs
used ejectors for increasing the compressor suptiessure.

2) In all previous ejectors, the outlet pressurs iméermediate between the pressures of motivesactibn streams.
Our design produces the outlet pressure higher bwh inlet pressures. This is achieved by thetimeaof a
“condensation shock”, when the vapor phase is duidondensed onto the liquid stream, producing dapi
transformation from two-phase into single-phase/flaith a resulting rise in pressure.

2. THEORETICAL ANALYSISAND NUMERICAL SSMULATION OF THE CE

2.1 Principle of the Condensing Ejector

The condensing ejector is a two-phase jet deviaehich a sub-cooled refrigerant in a liquid statemixed with its
vapor phase, producing a liquid stream with a pnesshat is higher than the pressure of eitheheftivo inlet
streams. In our new cycle, the compressor competsge vapor to approximately 2/3 of the final pteesand
additional compression is provided in an ejectaducing the amount of mechanical energy requiredaby
compressor and improving the efficiency theorelycay up to 35%. The theory of the condensing ejebts been
known since 1970’s but all previous work was cortdd®n open systems. Specifically, the theory vesxidbed by
Levy and Brown (1972), Van Wijngaarden (1972) ansefko (1986). This research is believed to befitise
attempt to use such device in a refrigeration systehere inlet and outlet parameters must fall iwitonstraints of
a closed thermodynamic cycle.
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Figure 1 below presents the predicted behavior ofradensing ejector based on the results of litezastudy and
our initial computer simulation. The high relativelocity between vapor and liquid streams prodwcegyh value
of heat transfer and the rate of condensationef/#fpor phase is high. This condensed vapor adtie tmomentum
flux of liquid stream. The remaining vapor and ldjjet (original plus condensed vapor) enter thastant area
mixing section where a condensation shock may osaoh that a completely liquid state exists doveastr of the
shock. The pressure rises due to lowering the itglof the stream and the mass flow balance is ra@iad by a
sudden change of density (condensation).
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Figure 1: Condensing Ejector Processes and PreBsstrébution

2.2 Modeling the Condensing Ejector

Theoretical modeling was conducted to develop #&gh methodology of the condensing ejector. Twaesyof
simulation were performed in order to better uniders functioning of this device. The basic probleomsidered
was, given the inlet conditionsyhat will be the exit pressure of the condensing gector. A conventional
mathematical analysis, which consists of equata@in®ass, momentum and energy, results in the detation of
the discharge pressure; however it does not exgpharcharacter nor the location of a pressure shbg&refore in
order to gain the full understanding of these phegrima, we used computer simulation together witreexpents.
Consequently, we have created a three-dimensioRBI i@iplementation based on a pseudo-fluid appregobre
the mixture is not in thermodynamic equilibrium,t istead returns to equilibrium over an empiritale scale.
The Homogenous Relaxation Model was used as thie fmaghe rate of return to equilibrium.

2.3 Control Volume Analysis
A control volume representing the condensing ejastshown in Figure 2.
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Figure 2: Control Volume for CE analysis. Pointi®t shown in the picture) relates to the constas&aixing
chamber — between converging and diverging areas
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From this control volume the continuity, momentangd energy equations are obtained:
~m—m+m =0 1)
-mU,-mU, +msU,-PA -P A +PA,+WPF =0 @)

] 2 ) 2 ) 2
—mv(rwuzvj—mL(hL+U7LJ+nb(m+U—23j:0, ®3)

where the subscriptg, L, 3 signify vapor, liquid, and outler,h is the mass flow ratd) is axial velocity, P is

pressure,Ais cross-sectional aredjis enthalpy, andVPF is the wall pressure forc8VPF is evaluated by
assuming the pressure is constant and equal teaiher phase pressure at the inlet and the endeofdghvergent

mixing section:
WPF =R, (A-A) (4)
whereA; is a sum of inlet areas for vapor and for liquigs A, + A

By re-arranging formulas (1) through (4) aboved aralculating nozzle efficiency using generally emed
calculation methodology, the following formulas faral enthalpy and pressure were obtained:

2 2 2 2
h, :ﬂ(hL +U_LJ+ﬂ[hV+U_vJ_U_3+ZU_s -
m 2 m 2 2 2
P?’:pl_i.pR/i.,_mLUL+m/Uv_n5U3_R/(AL_A2)_P2(A2_A?) ©)
ACTA A A A A A,

In addition to the above equations of motion, tifetem must satisfy the second law of thermodynangingopy
generation must be greater than or equal to zaranladiabatic process with no work applied, theopy balance
equation becomes:

-m§,—MmLs +mss, =0, )
where s is the entropy at the specified locatiomowing the input entropies and mass flow ratesthadexit mass
flow rate from (1), the inequality sign is replacegith an equals sign, and (7) can be solved foDace gis known,
and using hfrom (3), the output pressurg €an be obtained and compared with the output presghen entropy is
not taken into account. These equations are salsegd) an iterative method with the Engineering &pn Solver
(EES) or F-Chart Software.

The inlet operating conditions used in the analgsesthose obtained from experiments, and are showable 1.
The properties used in the equations are for R-22.

Table 1. Condensing Ejector Operating Conditions

T,=63.7°C P, =1.574uPa
T, =32.4°C P =1.641mPa
rﬁL =0.0487kg/s Fluid = R22

For the operating conditions outlined in Table He ratio of the theoretical output pressure to ittt vapor
pressure, P, vs. the ratio of the vapor to gas mass flow ratgén_ was investigated. The analysis indicates that
the second law is an active constraint in the dhesfgcondensing ejectors and suggests that infagiesystem with
zero entropy generation,sfim_ must be less than approximately 1.25 to obtaiaia i output pressure. The quality
of R22, x=m /(m, + m.), at the output of the control volume should logiilil for maximum efficiency. In order for
the output to be liquid phase at the operating tatpre shown in Table the ratio mp/m_ must be less than 0.15.
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While observing an experimental run, it was noteat extreme caution was taken to prevent the ligphiase inlet
pump from cavitating. Upon further inspection itsmaoticed that the condensate temperature wascl@sg to the
vapor temperature for R22. This prompted an ingasitin to see what effect the input liquid phaseperature has
on the output pressure. In order to examine thignm was set to a typical operating value of 0.3 whas set to
64°C, and the liquid phase temperature was varimd f10-33C. The results of this analysis are shown in Fidijre
where a large increase in output pressure is sd@n W, is decreased. The location of the current opegatin
temperature is marked with an “X” and is seen towéry close to the right edge where the performaricke CE is
weakest. This result indicates that the condersdadald be cooled before being used in the condgrejector.
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Figure 3: Effect of liquid temperature on outpuégsure, as constrained by the Second Law. Theddisie
represents an upper bound on pressure ratio.

The foregoing discussion is a sample of the aralyshieved with the control-volume assessmentettndensing
ejector. The low computational cost and the corsece of this type of calculation have greatly infed our
operation of the condensing ejector. For exampke have identified optimum mass flow ratios of ldjudo vapor
and the optimum area ratio of inlet nozzle to theraa.

2.4 Results of Control Volume Analysisfor Closed Refrigeration System

Originally, the mathematical model described abdice not consider the fact that the condensing ejelbtd to
work within the constrains of closed refrigeratioycle. In order to further verify the model, we en®d into the
formulas values which are achievable in such aedag/stem, taken from the initial experimental asnshown in
Table 2 below. The results were then plotted oh-ardiagram for R22 to determine if full condensattook place
and if the pressure rise was indeed achieved. Tabl®ws the inlet data as measured during theriexpets on the
laboratory stand and further, the resultant fimahalpy and pressure calculated from formulas g8l @).

Table 2. CE operating conditions in the closedgefation system

Input Data Calculated Data

Inlet liquid pressure P .= 2.1MPa Outlet pressure P; = 2.36MPa
Inlet vapor pressure Py = 1.7MPa Outlet enthalpy hy = 273.5kJ / kg
Liquid flow m_= 0.077kg/s

Vapor flow my = 0.016kg/ s

Inlet liquid enthalpy

h. = 240k / kg

Inlet vapor enthalpy

hy = 420kJ / kg

Plotting the obtained values on h-p graph for R2I5 ipossible to determine that the fully condenbgdid at
elevated pressure appears on the outlet from gwogjas shown in Figure 4 below. Outlet poiry, () is located
very close to the saturated liquid line. The pressise in this case might not be that substaiftiabo) but it
depends mainly on selected inlet parameters ardhigsults are possible.
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Figure 4. Inlet and Outlet operating points plottedh-p graph for R22. 1 — liquid inlet, 2 — vajrdet, 3 — ejector
outlet

4.4 M ulti-Dimensional CFD Analysis

An entirely new computational fluid dynamics (CFB)de was developed to simulate the condensingogject
When modeling thermal non-equilibrium, one musstfilecide whether to employ a full two-phase sotutivith
separate transport equations or a pseudo-fluidoagprwhere the mixture of phases is representeddontinuous
density variable. The former approach offers gditgrincluding separate velocities for each phasgkije the latter
approach offers relative simplicity and expedierfegr the initial investigation, the latter approaghs employed.
The pseudo-fluid approach still allows relativeoay between the phases on the resolved scalesexample, an
annular flow might have low speed vapor in an osterath around a high speed liquid core. Secondlgxplicit
model for interphase drag is required. The numkepoablems of very high-drag rates and tight cougplbetween
phase velocities, such as high computational aodtproblems with numerical instability, are mosilyoided. The
main risk of using the pseudo-fluid approach ig that interphase momentum transfer will be overdpted and
mixing will be suppressed.

Finally, we choose not rely on detailed modelsntéiifacial area, convection coefficient, and terapee field in
the turbulent, two-phase heat transfer processerGilie nearly intractable complexity of the dethiteat transfer
process, it is preferable to rely on an empiricabel that encapsulates the physics in a simpleskedion. For this
purpose, the Homogenous Relaxation model was emplby Bilicki and Kestin (1990) and Downar-Zapolskal
(1996). Like most proposed closures for two-phdsnoel flow, this model has only been previouskestigated
in one dimension. The Phase 1 work considers thawer in multiple dimensions.

The Homogenous Relaxation Model is based on arirezhexpansion proposed by Bilicki and Kestin (@09 he
general model form has been used by numerous ditreame-dimensional, two-phase flow. The modefespnts
the enormously complex process by which the twaspta@xchange heat and mass. The model form detsrithie
total derivative of quality, the mass fraction @por. The key physical phenomenon is the relanaiiothe mass
fraction of vapor to the equilibrium mass fractiole to the finite rate of inter-phase heat trandfee timescale is
empirically fit to data describing flashing flow fang, straight pipes.

Much of the effort in Phase | was determining hbw tmodel equation should be coupled to basic espsabf fluid
motion. If the continuity equation is used fongng for mixture density and conservation of monuentis used for
velocity, then the model is primarily responsilbe @ietermining the pressure.

In contrast to incompressible or low-Mach numbervidaStokes solvers, the current model does nok see
pressure that projects velocity into consistenalie continuity equation. Instead, we solve f@ pressure that
satisfies the chain rule and employs the continetyation indirectly. Through the chain rule, thegsure responds
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to both compressibility and density change due ltasp change. The behavior of pressure is seen tmthe
hyperbolic and parabolic, while the phase changdehappears as a source term.

The code must be able to handle phase changehigr @irection since, during transients, large pressvaves can
bounce around the domain. In any given computatioall, at any moment, it is possible for fluiddondense or
vaporize. The application of the vaporization dality made the CFD code developed in this projenty attractive
to sponsors interested in flash vaporization. fabbns by Gopalakrishnan and Schmidt (2008) aed ét al
(2008) explain the construction and function of toee in detail.

Some examples of the new code results are shownreifigures below. Figure 5 is a simulation inhars venturi
nozzle where the entering flow is a mixture of ldjand vapor above the saturated pressure. Thdhiered from
the left boundary and was accelerated through tukiesnd then re-expanded to the original diametgiting to the
right. The two phase mixture then condenses anduses a corresponding increase in pressure. Xdapge
below is not quite ideal, since the angle of tHéuder section of the venturi is too large andftbes separates. The
separation creates large amount of vorticity, whigstorts the condensation shock and prevents themum
pressure recovery.

Density (kg/m3).
500,

0.00100 250. 750. 1.00e+03

Pressure (Pa)
2.00e+03 5.15e+04 1.01e+05 1.50e+05 2.00e+05

Figure 5. A low density mixture of liquid and vapaxcelerates through a venturi and then condenseiquid,
producing a pressure increase. Density is showieariop half of the nozzle, and the pressure fieferlain with
streamlines are shown in the lower half. Flow@f left to right.

3. LABORATORY EXPERIMENTS

3.1 Experimentson the Laboratory Test Stand

The design of the two-phase ejector was completexd on theoretical considerations given in Secioithe

previous calculations indicated that under certainditions the ejector produces a significant pressise and a
complete condensation. Extensive laboratory exgammwere conducted to verify the theoretical modedpecial

laboratory stand as in Figures 6 was built as aghofithe 2.5 Ton refrigeration system. It allowfed varying the

flow and thermal parameters in the broad rangecamdparing the conventional cycle with a cycle egeib with

the condensing ejector.

3.2 Test Results

The main objective of our laboratory experimentsswa assess the feasibility of non-mechanical cesgon
according to the theory presented earlier. The rebabjective was to evaluate the behavior of thedeasing
ejector in a closed refrigeration cycle and to cameghe cycle with and without the condensing ejedh general
the results have confirmed the mathematical mod#ie-discharge pressure rise over both suctionraotive
streams was obtained and the outlet stream frorejetor was a single phase. The key scientifiectbje waso
obtain the pressure jump on the gector and such condition was indeed observed duringfitee round of
experiments.
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Figure 6. Schematics of modified laboratory stand

As shown in Figure 7, the pressure shock on th&etoaf the ejector was achieved when counter-pressaias
increased. Such an increase is normally causebeimrefrigeration system by temperature rise onctiredenser,
however in our experiments, we simulated this dioliby slowly closing the valve installed on thjeator outlet.
In this case, the pressure rise of approx. 7% aboweompressor pressure was achieved. Duringekieraund of
experiments, we tried to obtain the continuous qumes “shock” by adjusting liquid and vapor flow eatand
changing the heat load on evaporator and conderd@sswas challenging in our simple experimentahd, but the
continuous pressure shock was observed at cexaibioation of parameters. It is shown in Fig. 8.

Pressures 3,8,10 Pressures 3,8,10

20
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‘—P3 [Bar] — P8 [Bar] — P10 [Bar]‘ ‘ P3 [Bar] P8 [Bar] P10 [Bar] ‘
Figure 7. Shows the inlet pressures to the eje Figure 8. Continuous rise of ejector outlet pressur
P8 for liquid and P10 for vapor and outlet (P3). As shown, the outlet pressure (green line) is
pressure from theector: P3. The outlet presst slightly higher than any of inlet pressures and thi
shock is visible when the counter-pressure is condition is held for approx. 50 sec.

The condition of Figure 8 was achieved during ammiusly raising both liquid and vapor inlet pregsuiThe vapor
pressure rise was caused by decreasing flow ofirgpetater to the condenser and pressure rise afdligvas

produced by changing the RPMs of the pump motomi@oations of pressures and flow rates that prodiecease

of outlet pressure were randomly obtained in ttéges of research and their reproduction was ditfiddowever,

the fact of achieving such pressure rise confirfms tesults of the analytical calculations and piesi the
background for further studies in the next phasthiaf project.
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4. CONCLUSIONS

The objectives of the first phase of this projeetrevmet by synergistic theoretical analysis, nuca¢simulation
and laboratory experiments and specifically by: dEveloping the theoretical model that clearly shibvilkee
possibility of a pressure rise in two-phase conugns2) verifying the model by laboratory experingerand
practically demonstrating for the first time thecaorence of a pressure shock and 3) developingrigthodology
for CE design and successfully applying it in aseld refrigeration cycle.

The reduced-order modeling using control volumdyamawas successfully applied and used to perfoanameter
studies. The calculations were performed withigefiant properties. The key new observation foppr operation
of the condensing ejector was the precise temperatiithe incoming liquid in order to be sufficisntool to
provide a sink for the enthalpy of vaporizationptiéhum operating conditions for the ratio of vapaidiquid mass
flow and optimum nozzle area ratios were also iifiedt

A new multi-dimensional CFD code has been constdudior simulation of the two-phase flow inside the
condensing ejector. The code can operate in twbree dimensions and has been used for simulatitiy flash-
boiling and condensation. The application to flasiing is more straight-forward, since macro-gscalixing need
not always be resolved. However, a major findifighe Phase | effort is that modeling two-phaseingwill be
necessary for correct representation of condensjagtors. The current model does not discriminatveen
density changes due to mixing and due to condemsati
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