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This dissertation examines two important concepts: improvements to transcritical
carbon dioxide €O) refrigeration systems being deployed in supermarkets, and their
potential use for demand response and load shifting in a aiitpected application.
As regulatory pressure increases to reduce the use of ozone depleting and greenhouse
gases as refrigerts) the heating, ventilation, air conditioning and refrigeration
(HVAC&R) industryis movingtowards alternative refrigerants including natural
substances such as carbon diox(@@; has already gained traction as the refrigerant
of choice for supermarkefpplications in some countries, but deployment in warmer
climates has been slomdue toconcerns over efficiency when the cycle operates in
transcritical mode. Among the cycle enhancements considered to overcome these

concerns is the use of dedicated mechanical subcooling. Laboratory testing was

performed on a transcritical booster systerthwiechanical subcooling to quantify



the system performance with and without the subcobDieta was used to develop

and validate transient models, which in turereused to study the systewide

effects of demand response, particularly stemn sheddig of medium or low
temperature loadystems can provide value to the electric grid if they can be
responsive to changes in electric utility generataanindicated by direct calls to shed
load orprice signalsTo further expand the potential usefulnesthe refrigeration

cycle in gridinteractive operation, the integration of thermal storage is considered. In
particular, the integration of thermal storage into the subcooling system is
investigated. Thenechanicak ubc ool er i s us emedi@uciiashar geo
water or another phase change material) overnight, and the storage media allows the
subcooler to turn off during peak hours. This allows the systeshiftoload and allow
temporary reduction in electric power usagthout a reduction imlelivered
refrigeratingcapacity.These two paths are potentially complementary: the load
shifting of the integrated thermal storage providesi@mm load reduction, while

direct load shedding in evaporators allows more agile,-$&ort reductionsThe

models developed and validated with laboratory datexpanded upowith

thermal energy storagand demand response approagiresidenew learnings into
enhanced load shifting and demand response capabhigyfindings of this work

show that particuldy in time-of-use rate structures with a high ratio ofgeek to
off-peak pricingthe thermal storage and load shedding strategies here can provide a
reduction in total refrigerating energy cosven though the changes proposed
introduce a slight increa in daily energy under the simulated conditibms

simulated hot day for Baltimore, Maryland, the energy consumption was 2.6% higher



using the thermal storage system than withlouthe most extreme case, comparing

an aggressive realorld Timeof-Use ratewith thermal storage and load shedding
against a flatate case from the same utility and no controls or storage, a cost savings
reduction of 2% wascalculated Comparingoaseline operation against a controlled
load-shifting strategy under the sartiime-of-use rate plarthe cost reduction was in

the range 02.8-8.7%depending upon thgpecificplan.
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Chaptlemntdoducti on

Motivation

This research effort will focus ancombination of two relateaotivations.The first

is understanding and evaluating the transcriticat 2@ster refrigeration cycle for
commercial refrigeration applications, and particularly the potentiadpoove

efficiency and capacity by the use of dedicated mechanical subcooling. The second is
to develop and improve methods of implementimgrmal storagéo this cycle to
enableparticipationin demand response and lesttifting applications. Each of these

motivations is described in more detail below.

Motivation: COz Refrigeration

Legislative pressures to eliminate the usage of ozone depleting and global warming
gases are pushing tlmesearch, development and application of natural refrigerants
such as carbon dioxide (GOr R744) for heating, cooling, refrigeration and water
heating application®ecently the Kigali Amendment to the Montreal Protqg&agali
2016)formalized a globahgreement to phase down greenhouse gas production and
use. In the U.S., the Environmental Protection Agency is expected to implement the
agreement pending legal obstaqlE®A 2016) States are also taking steps including
notable proposed actions by Calii@a to limit refrigerant useacross nearly all
applications (California Air Resources Board 2003)e of the oldest refrigerants,
R744has recently receivaeénewed attention, particularly foommerciatefrigeration

as well as water heating applicatioitshas several advantages as a refrigerant: it has



zero ozone depletion potential (ODP), 1.0 global warming potential (GWR)dsty

is commonly available, and is listed as an ASHRAE Al refrigerant, considered non
toxic and norflammable. Also, due tits high volumetric heat capacity, R744 systems
generally require smaller components for comparable capacity than conventional
refrigerants. However, there are a number of challenges which have to date prevented
widespread adoption of R744. High operafpngssure, efficiency issues in transcritical
operation, and low familiarity and availability of equipment are among just a few
barriers. R744 operates at a very high pressuretdowperature (LT) and medium
temperature (MT) evaporator pressures of 1.3.50MPa are typical, and compressor
discharge pressure of 810.0 MPa are also common. €laas a low critical point (7.38

MPa and 304.13 K), meaning that these systems are often in transcritical operation in

many climates.

Supermarket refrigeration dgsns are one of the areas where this usage efaG@

refrigerant is increasing, because of the environmental and safety traits of the
refrigerant. Since supermarket refrigerating equipment is traditionally distributed
across a machine room, throughowt $itore, and outdoors for heat rejection, the charge
requirement is often quite | arge, and the
leakage In fact, supermarket refrigerant leak rates are estimated to be on average 25%

with a typical charge quaty of 4,000 poundg1,814 kg)(EPA 2016, meaning a

typical store may lose 1,000 pounds (454 fxg) year With a highGWP refrigerant,

this results in a direct greenhouse gas emissions rate which may equal or exceed the

indirect emissions frorpower prodiction to run the equipmenthe requirement for a



nonflammable, nortoxic refrigerant, with minimal GWP and zero ODP, which can
provide refrigerating and freezing capability through the use of a familiar central
refrigerating rack configuration points@D,. However, CQrefrigerating systems can
have lower efficiency than the conventional HFC systems they are intended to,replace
particularly in hot climates hereforejmprovements to the cycle must be implemented

in order to allow C®@to bebest applied.

Motivation: Demand Responseith CO; Refrigeration Systems

A definition of Demand Response (DR) is provided by Motegi (2007) as follows:

Demand Response (DR) is a set of fiependent program activities and
tariffs that seek to reduce etdcity use or shift usage to another time period.
DR provides control systems that encourage load shedding or load shifting
during times when the electric grid is near its capacity or electricity prices
are high. DR helps to manage building electricitgtscand to improve

electric grid reliability.

Demand response has long been of interest to steuticutility companies,

particularly those whose peak demand periods approach the limits of their generating
capacity: reducing the peak can allow themavoid using expensive generating
resources, as well as reducing stress on transmission infrastructure and potentially
delaying investment and maintenaniceregions of the country with an independent

system operator (1SO), the variation of price can le@ & publiclyavailable



locational marginal pricing (LMP) data, which shows the tolependent variation of

the price of production and delivery of electricity. An example is shoviagure 1.
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The price of electricity generally follows demand, itself a function of outdoor
temperature. An example of electric load as it varies with outdoor temperature is

shown inFigure2.
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In addition to the peak reduction capabilities described by Motegi, DR is also
becoming of more interest as society moves ¢oriporate more renewable electricity
technologiesAs renewable generation increases, flexible eses become more
important, as renewable generattends to bentermittent.Developing endlise
equipment with thability to respond to a changing powepply, store energy, and
shift energy usage in time lWbe an important part of the transition to a more

distributed and renewableeavy electric grid.

Among enduse devices, some are more attractive for demand response than others. It
is desirable fothese devices to be large loads which are predictable and tolerant to
interruption. Large power consumers are of interest to maximize the amount of
response per transacti@sghedulingan interruption from a single Slowatt device

is more desirable thadnom 500individual 100-watt devices. Predictability is

similarly important it is preferable to request interruption of a device whose
operating state is reasonably known such as an air conditiomeg thue hottest part

of the dayrather than a devioghose power is termittent and hard to predistich

as a simple electric resistance water heater, which only runs brieflyfidbgtiboss
much of the dayTolerance to interruption is also criticalrning off residential lights

in the evening is likgl to lead to customer complaints; a brief pause to tubaege

of an electric vehicle overnight may not be noticed at all.

Considering these factors, largeale commercial and industrial refrigeration systems

are an area with good potential for dehaesponse. This research effort will focus



in particular on supermarket refrigeration. Supermarket refrigeration is a large load:
about 50% of store energy consumption is for refrigerating equipment, totaling over
2.5 million kWh per year for a typicalae (ENERGY STAR 2016). It also has a
higher base loadhan most other application typegth refrigerating equipment

running around the clock (Hart et al. 20.14lso, supermarkets contain a large

thermal mass of refrigerated and frozen product, soméich is also tolerant to

some interruption of servicél{rsch et al. 201p And finally, as regulatory changes
require the adoption of new technology such ags @foster systems, there may be

opportunity to implement new storage and control strategiéstirgse new systems.

Literature Review

COz Refrigeration

The modern resurgence of €8s a refrigerant is often credited to the work of Gustav

Lorentzen (Lorentzen 1993; Lorentzen 1994). Lorentzen and his collefigsies

investigated C®for the application of mobile air conditioning, later also identifying

itds potential for applicalharearesanumibecdi as he
ways in which CQ@ is commonly used as a refrigerant, each with merits and
disadvantages. One dfé most common is in water heating, where Heghperature

heat rejection allows higtemperature water heating with attractive efficieridgksa

1998). This application, first deployed in mass in Japan, is today fairly common, with
400,000500,000units ceployed per yeaand total deployment estimatedaaibund5

million systemg(Shecco 2016 CO: is alsobeingused with increasing frequency in

commercial refrigerationpne configuration of which is the subject of this work.



Generally, CQis used in refgeration as a starmlone refrigerant, as the low stage of
cascade cycles, or as a pumped secondary fluid with another fluid as the primary
refrigerant. Deployment of transcritical systems discussed in this work are still small
in North AmericaAs of eary 2017, there were more than 150 knowrne@énscritical
grocery stores in Canada and more than 260 in the United States, compared with over

9,000 in Europe (Shecco 2017).

A review of the various configurations of refrigeration systems implementing@®©
performed by Sharma (2014). The researchers reviewed transcritical booster systems
along with cascade systems and secondary loop systems in order to compare the
configurations, their merits and drawbacks, atehtifiedthe best option for different
climate zones. This included comparison with a typical baseline R404A system. In a
secondary loop system, a higlie refrigerant operates in a DX cycle, cooling a
secondary fluid which is pumped. This can be shmjlase (such as water/glycol
mixture) or twephase (such as GPIn a cascade system, the lstage refrigerant is

also part of a vapor compression cycle; the evaporator of the high stage and the
condenser of the low stage are coupleda heat exchanger called tlvascade
condenser. Some configui@ats combine traits of these cycles, such as the combined
secondary/cascad€SC) system, where the lotemperature working fluid provides

DX cooling to LT refrigeration loads, and pumped liquid refrigerant is supplied to the
MT loads. The work of Sharmauggested that the best configuration depends on
climate zone; they found transcritical cycles with bypass compressors to be the most

efficient configuration in northern climates, and R404A DX systems (followed closely



by CSC cascade) to be the best in Beut climates, with cross over in moderate
climates.In an assessment by Purohit et al. (20&7%tudy of several modern lew

GWP refrigerating options was considered. This included booster cycles using parallel
compression or dedicated mechanical subogpland combined C4R1234ze(E)
arrangements in secondary or cascade configurations. A baseline R404A multiplex was
considered as well. The researchers found that amoagQlPoptions, the dedicated
subcooler had a greater benefit than the parallel cessmn approach (both together
could be better still); each of the alternative approaches was similar or better than the
R404A plant in terms of energy. The &@nly options were also found to be better in

terms of energy than either of the £®1234ze(Ehybrid systems.

Booster systems are tvwgtage R744 refrigeration systems, so named because a low
temperature (LT), subr i t i c al compressaor stage fboost
pressure to the mediutemperature (MT) pressure range, where MT compretisens
increase pressure to the gas cooler/condenser. Laboratory tests of a booster system
without subcooling were performed by Sharetal.(2015), and compared with cycle
models (Sharmat al, 2014). These results showed test conditions in the range of
approximately 283808K ambient air temperature, which includes both subcritical and
transcritical operation. In their study, the evaporator loads were held constant. It was
observed that the LEompressor operated at a constant power and mass flow across
outdoor temperature ranges, as it discharges to a roughly fixed intermediate condition
and is in a way isolated from the outdoor conditions. However, the MT compressor,

which also compresses flatank bypass vapor, required higher power and mass flow



with higher outdoor temperatures to provide the same capacity to the MT evaporator.
In some configurations, the bypass gas is circulated with dedicated compressors. Stated
differently, the proportiof bypass gas being moved by the MT compressor or bypass

compressor increases with increasing outdoor temperature.

During operation in transcritical mode (where the refrigerant is above and below the
critical point at different stages of the cycle), thehavior is different than a typical
subcritical cycle. Unlike a typical subcritical cycle, where efficiency decreases as high
side pressure increases, in transcritical operation efficiency may increase with
increasing pressure to an optimupoint, befoe decreasing (Kin2004). This is
illustrated in Figure 1, which shows ideal transcritical cooling cycles with isentropic
compression and an assumed gas cooler leaving temperature of 310K. Thigdéehigh
pressure values are plotted: 8.0 MPa, 9.0 MPa ar@iMPa. The reader may note the
slope of the 310K isotherm as it varies with pressure, compared with the slope of the
isentropic line at the same pressures. Increasing pressure from the 8.0 MPa case to 9.0
MPa leads to a large increase in heat rejectioa tomparably small increase in work.
Increasing from 9.0 MPa to 10.0 MPa also increases heat rejection and work, but with
a much smaller heat rejection benefit relative to the work increase. Among these three
options, the highest COP is realized in c@sehe 9.0 MPa gas cooler pressure.
Modeling and laboratory studies have been performed to examine this behavior in
greater detail. For instance, Wang et al. (2013) showed an optimal pressure for R744
heat pumps with varying inlet water temperaturesesailt supported by Hou et al.

(2014) in a study of the effect of EEV position on a refrigeration cycle. A number of



simulation efforts have also addressed this point, including Ge and Tassou (2011) who
modeled steadgtate performance of a supermasktie transcritical refrigeration

rack, and identified higiside pressure control as a means of optimizing performance
in transcritical operationWork by Cecchinato et al. (2007) demonstrates a control
strategy for transcritical systems in which control shetfrom an optimized pressure
control to minimize gas cooler leaving temperaturethe transcritical zone and the
transition tosubcritical, switching to a target subcooling-peint in the subcritical

Zone.
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Figure 3. SimpleTranscritical Cycle with Varied Gas Cooler Pressure
Another important consideration for the booster cycle is that the configuration
couples the lovtemperature and mediutamperature stages together; the LT stage is
in a sense isolated from the outdoondition, as the liquid refrigerant entering the
expansion valve and the discharge of the LT compressor are both at essentially fixed

conditions.Theimpact of load ratio and bypass flow are discussed in Sharma et al
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(2015) and Sawalha et al. (2015). Shaahal performed laboratory tests of a booster
system without subcooling and compared them with cycle models. The results
showed test conditions in the range of approximately3#3< ambient air

temperature, which includes both subcritical and transakibigeration. In their

study, the evaporator loads were held constant. It was observed that the LT
compressor operated at a constant power and mass flow across outdoor temperature
ranges, as it discharges to a roughly fixed intermediate condition ana vgay

isolated from the outdoor conditions. However, the MT compressor, which also
compresses flash tank bypass vapor, required higher power and mass flow with
higher outdoor temperatures to provide the same capacity to the MT evaporator. In
some configuations, the bypass gas is circulated with dedicated compressors. This
configuration is referred to as a parallel compression cycle, and the auxiliary
compressor has a slightly lower pressure ratio because the suction gas is at the flash
tank pressure rathéhan the evaporator pressubeveral researchers have
demonstrated an efficiency improvement with the parallel compression cycle (e.g.
Chesi et al 2014, Gullo et al 2016). &x@nscritical booster systems are becoming
more common, particularly in coldelimates, but more slowly emerging in warmer

regions.

There are a few approaches to improving efficiency that receive a fair amount of
attention in the literature. Two in particular focus on reducing the impact of throttling
losses on the transcritical cycle. One such method is ejectors. Ejectors are ednsider

particularly attractive forCO. refrigeration cycles because of the large pressure

11



reduction in the expansion process. Simulations by Deng et al. (2007) for example
showed an 122% efficiency improvement is possible in transcritical refrigeration.
Haida et al. (2016) recently performed laboratory evaluation of a transcritical R744
rack with and without ejectors, and found COP improvements up to 7% using the
ejectors. The improvement was most significant with gas cooler pressures near the
critical presste. Further research by Gullo et al. (2017) suggests that combining
ejectors, ovefed evaporators and parallel compression can produce significant savings
compared with the baselindaboratory tests by Boccardi et al. (2017) on2CO
transcritical heat pups show an optimal ejector configuration exists, and COP
improvementsn the range of 1:20% were observed using the ejector in the laboratory.
Another proposed method is expanders, which use a mechanical energy recovery
device to recovery energy in thepaxsion process. Zheng et al. (2013) described a
variety of approaches and evaluations showing strong potential for efficiency
improvements. However, due to cost and complexity there are not currently

commercial systems with expanders.
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Figure 4. Simple Transcritical Cycle with Subcooling
Another way to improve efficiency is through the use of subcooling. Figure 2 shows
the same idealized cycle, with 9.0 MPa hgitle pressure. In this case, two gas cooler
leaving temperatureseshown: 310K and 295K. The COP with the 295K discharge
temperature is 46% higher than with the 310K discharge temperature; a much lower
guality two-phaserefrigerant is sent to the evaporator in the diagrammed cycle, and
capacity is significantly imprad for the same compressor work. Llopis et al. (2015)
analyzed theCQO; transcritical cycle with mechanical subcooling, using simplified
cycle models. The model had a single evaporator stage, and compressor models with
both singlestage and twstage with intercooling; detailed component models were not
included. The resultshowed COP improvements of about 20%, as well as a lower
optimal gas cooler pressure using the subcooler, both benefits. No experimental
validation was provided. A study by Sarkar (2013) similarly evaluated subcoolers with
the transcriticalCOz refrigeraton cycle, in this case modeling the cycle with a
thermoelectric subcooler. Similar to Llopis et al. (2015), the base refrigeration cycle

13



was simplified, with focus on the high level effect of the subcooler, but again
significant COP improvement (25.6%) aretuced gas cooler pressure were shown.
Recently, several authors published work evaluating mechanical subcooling for
laboratory prototype systems. A singiage trangitical system was tested with a
dedicated mechanical subcooler usik@pO0arefrigerart by Sancheezt al.(2016). In

that study, the mechanical subcooler was found to both improve capacity and allow for
a lower gas cooler pressure, with capacity and COP improvements of up to 42% and
17% respectively. Testing was in transcritical operatioly. The system also had a
dedicated internal heat exchanger for subcooling which improved capacity and COP
by 12% and 3% respectively. Nebdndres et al. (2016) studied the same mechanical
subcooling system at additional operating conditions, with ainefficiency and
capacityimprovementseported.Shoenfeld (2013) performed laboratory testing on a
singlestage transcritical COrefrigeration system using thermoelectric subcooling,
similarly finding improvements to COP and capaci®ore recently Daet al. (2017)
presented a novel concept of combining an expander with a thermoelectric sybcooler
wherethe expander capower the subcooler. The researchers d¢aleuor a single

stage trangttical cycle a COP up to 38% higher than the baseline. Expetal
validation has not yet been performed. In a study with a similar concept, Jamali et al.
(2017) propose using a thermoelectric generator, heated by the waste heat of the gas
cooler, to provide some of the power for a thermoelectric cooler, whichdpsov
subcooling. The calculations suggest 19% COP improvement; again laboratory
evaluation has not been performadowever noneof these efforts look at twstage

evaporating system such as boosters, and therefore do not capture the effect of
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subcoolingon such a cycle. Mazzokt al. (2016) reported on systelavel energy
analysis from several supermarkets, including +sgle pressure measurements, and
compared stores without subcooling to those with different kinds of subcooling
(dedicated mechanicalulscooling, coupling with other A/C equipment, and
groundwater). This effort identified significant peak reduction and energy savings
particularly at peak load periods for all methods. This study did not evaluate cycle
performance in detail, though. Anothecent effort (Eikevilet al.2016) examined a
singleevaporator transcritical system with a dedicated mechanical subcooler using
R290.NebotAndres et al. (20)7evaluated approaches in which a sirgfiege CQ
transcritical cycle has a mechanical sadder using R1234yf, or alternatively is in a
cascade configuration with R1234yf as the kegle fluid. The researchers concluded
that there are times when each configuration is better (and at the highest temperatures,
the cascade configuration is prefade); but if one approach must be selected, the
mechanical subcooling approach provides better average efficiency across a typical
operating range with considerably higher COP compared with the cascade
configuration in lower ambient temperatures, versug slightly higher COP for the
cascade configuration in hot conditionsternal heat exchangers, which provide a
subcooling effect via internal heat exchange, are an important component to improve
capacity and efficiency of C{rycles as was demonstrated Torella et al. (2011)
through experimental work; internal heat exchangers can be paired with other
efficiency enhancements as part of overall system design. The subcooling system needs

to be accounted for in engineering design of the system: the lonegdragerant mass
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flow requried to balance operation is less because of reduced flash gas, meaning total

compressor displacement can be less.

A number of other simulation efforts have been undertaken for R744 refrigeration
systems, though generally thesedies do not have laboratory data validation. Baek et

al. (2004) modeled a twstage compression and intercooling cycle; this study focused
on finding optimal intetstage pressure for a tv@age compression process. Ge and
Tassou (2011) modeled a suparketstyle booster system to analyze opportunities

for efficiency improvements. Citing the high nonlinearity ©O. at transcritical
conditions, the researchers opted to use a sensitivity analysis to identify optimal
operating pressure. This study showeat optimal high side pressure is only a function

of outdoor temperature, and not tluection of the intermediate pressure or MT and

LT evaporator stage pressure. Sawalha (2008) performed a similar analysis using EES.
More recently, Gullcet al. (2016) investigated several technologies for-dimhate
operation via simulation, including mechanical subcooling and parallel compression,
as well as investigating cascade systems with R134a/R744. Their findings suggest that
each of these improvementsiigooling and parallel compression) can be deployed in

a way that makes the R744 system roughly equal in terms of energy consumption to
the cascade system. Gull oés findings showe
was the best option in terms of annealergy consumption among the considered
systemsGe and Tassou (2014) also modeled a @@nscritical cascade system to
study heat recovery performance in the WPKlzot et al. (2017) showed overall energy

savings using extensive heat recovery, compaitda baseline of R134@0:cascade
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with a separate dedicated HFC heat pump; the savings are dependent upon climate.
Tsamos et al. (2017) modeled-&lD> configurations of a booster with parallel
compression, and two allO; cascade configurations (witand without parallel
compressor). The nerascade booster with parallel compression was found to be best
among these option& recent effort by Fidorrat al. (2016) describes the booster
system with cold thermal energy stordgthis paper is discussed greater detail in

t he ADemand MRefsrpiomesreatwiidarhd secti on, bel ow.

A study of five realworld installations of R744 transcritical supermarket systems in
Sweden was performed by Sawalha et al. (2015). These systems were also modeled
using Engineering Equation Solver (EES). Sawalha showswedtd performance is
improved with the subcooler, and also importantly shows that the removal of flash gas
from the intermediate vessel (the flash tank) has an important impact on effid¢rency.

an extasion of this effort, Karampour and Sawalha (2017) used field measurements
and wholebuilding energy simulation to model integrated systems, where heat
recovery from the gas cooler/condenser is utilized for heating loads and 1kg3t€in

is also used fomir conditioning loads; the modeling suggested better performance
compared with standlone conventional HFC solutions, lemphasized that efficiency
enhancements such as subcooling and ejectors are needed particularly in warm and hot

climates.

An important factor in the realorld operation of transcritical CGGsystems is the

performance of the condenser/gas cooler as the system operates near the critical point.
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Some research has been performed in this area recently, including work by Kondou
and Hrnjak(2011) who performed tests on condensing properti€Oafat pressures
approaching the critical point. They compared results with correlations developed by
others such as Cavallini et al. (2006) and Dang and Hihara (2003). A finding of interest
is the depease in heat transfer coefficient at pressures approaching the critical pressure,
an operating regime of key importance to transcritical R744 sysfelaboratory test

by Tsamos et al. (2017) examined tvaov and threeow heat exchanger designs for a
booster system in laboratory testing, and found significant improvements to COP

enabled by the thremw configuration due to lower refrigerant leaving temperatures.

Transient simulation is a valuable tool for understanding the dynamic behavior of vapor
compression systems and can allow researchers to study their performance in changing
conditions, and simulate control methods without having to do extensive and costly
laboratory testsA COz refrigeration modeling library was developed in Modelica by
Pfafferott (2004). In this work the researchers were focused on aircraft cooling
equipment. The researchers found fair agreement with experimental results for heat
exchangers, and noted increasztbr in modeling the gas cooler. The researchers
observed that the discretization of the heat exchanger causes inaccuracy near the critical
point, a problem which can be reduced by higher discretize&ianilar was observed

by Sanchez et al. (2012) wktudied the effect of degree of discretization on accuracy

and calculation time.
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Shi (2010) developed a transient model using Dymola, showing a limited validation
with results recorded from a real store installation. They studied the difference between
using a onadimensional (D) and 2D gas cooler model as compared with-8 3
model to reduce simulation time, noting thaD vorked well with all gas cooler fans
running, but in partoad operation, the results of thdd2and D models deviated too
muchto be acceptable; the authors recommended not using thtBroersional model

for this reason. They also studied the effect of natural convection on the gas cooler
model, noting that it is important to consider natural convection to accurately portray
performance in conditions where the fan(s) are dthdelaziz et al. (2006)
demonstrated developments to their enthddaged solver for transient simulations by
modeling a transcritical COmodel. A heat exchanger model was proposed which
could simulate evapators, condensers or gas coolers with the same method; the
proposed component used the moving boundary layer approach, handling supercritical
fluid as a vapor regiorZzheng (2015) developed transient models of a €@ctor
expansion refrigeration cycl&ERC), also applying a moving boundary approach for
the heat exchanger. This cycle was again a sisigige system, in this case studying
the performance of ejector§alazar (2014)noting few works in the literature
addressing transient controls of trarigcal systemsdeveloped a lumped energy
balancemodel for simulating a singlstage CQtranscritical systemThey used this
model, which relies on physical correlations and empirical coefficients derived from
other studies, to simulate PID control hnads.In a paper describing transient modeling

of small stanehlone refrigeration systems using £ Mastrullo et al. (2015)

summarized the literature regarding £J€frigeration modeling by noting that, at that
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time, the validated, transient models of £3€frigeration systems were fetafner et

al. (2014) presented a transient model using Modelica of a booster cycle which was
used to simulate a mulgjector approach. However, the laboratory system used for
data validation was a sing&tage (not boosteconfiguration with ejectors; the baseline
booster system was not tested in the laboratory. Therefore, the researchers also

developed a simulated booster cycle, also neglecting the low stage.

Demand Response with Refrigeration

In practice there are many ways of providing demand respAtsei and Ef
Saadany (2007) described programs using the classification strsictwva inFigure

5:

Demand Response Programs

> Incentive Based Programs (IBP)

Classical
t:Direct Control
Interruptible/Curtailable Programs

Market Based
Demand Bidding
Emergency DR
Capacity Market
Ancillary services market

= Price Based Programs (PBP)

- Time of Use (TOU)
—>Critical Peak Pricing (CPP)
—Extreme Day CPP (ED-CPP)
> Extreme Day Pricing (EDP)

> Real Time Pricing (RTP)

Figure 5. Demand Response Program Classifications (Albadi ar8dzldany

(2007))
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Each of these has potential benefits and draw backs, and target applications. For
instance, direct load control is more common faidential usage and may be used
with load control switches for air conditioners and water heaters. For large
commercial applications it may be more common to participate in demand bidding,
bidding on load reduction targets in the electricity wholesale ehaPkicebased
programs like time of use rates are attractive tous®ts who can reasonably
schedule usage; storage and load shifting may help customers move their
consumption to lonwcost hoursHVAC and refrigeration equipment can be
implemented direty or indirectly into any of these programs, with the control and
implementation differing by program type. In the simplest case in direct or
interruptible control, an eoff signal or even direct relay interruption may be the
method. On the other extrene,Real Time Pricing scenarios the control may be part
of a more sophisticated scheme such as a building supervisory control, or even
controlled by an external aggregator who sends control signals to a distributed

network of connected equipment.

Motegi (2007) describes some of the various DR implementations in commercial

buildings. Among their observations is that HVAC (and by extension, refrigeration) is

an excellent resource for demand response because HVAC&R load is substantial and
alargecontributo t o peak | oads; the fAthermal fl ywh
temporary reduction in capacity without immediate comfort impacts; and finally

commercial HYAC&R equipment is often at least partially connected to existing
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building energy management sgiss. All of the above factors mean that HVAC&R

loads offer a valuable opportunity for DR.

Load shifting may be done on a regular or even daily basis. Adftdte-art study

by Arteconi et al. (2012) describes thermal storage opportunities and @atitist

ice and water storage are the methods mitist of themarket share (ice being the
largest). Refrigerant subcooling using thermal storage is one approach that has been
studied (e.g. Huang et al. 2007, Chetlal.2004) and in conventionaéfrigerant

applications the COP benefits are in the range of 8% using an ice storage subcooler.

Many studies have evaluated the options for thermal storage foegiaious

thermal storage applicationBor instance, review of cold storage materials for air
conditioning (Li et al. 2012) and for subzero applications (Li et al. 2013) have been
performed and describe dozens of potential blends and their phase change
temperature and latent heat of phase chdnge6 s wor k al so descri bes
in materialselection, which include cycling stability, conductivity, chemical stability
and cost. Or6 et al. (2012) also summarized an extensive list of phase change
materials with melting temperatures fre86°C to +20°C. Or¢ et al. also described
some commercialbavailable cold storage equipmer@ost is always a critical
consideration, and thermal storage could be financially attractive in the right
conditions: Hasnain (1998) described thermal storage using chilled water, ice or

eutectic salt, and provided a cpamison of cost for a chiller system with and without
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ice storage. The analysis stated that ice storage integration could result in a lower

total system cost because of the opportunity to use a sroaplacity chiller.

Supermarketefrigeration equipmerdanbe considered for demand response and load
shifting, having inherent storage in the store because of refrigerated and frozen
products The use of refrigerated and frozen goods in grocery stores as a thermal
storage mediurhas ber studied in limited casef such an approach, the

refrigeration capacity to a particular zanéor instance, a wakn freezefi canbe

reduced or interrupted for a period of time to reduce power without damaging the
product in the store. Hirsch (2015 rformed pilot type testing in supermarket stores

to evaluate and quantify this potential. One factor they identified as important was
establishing the timescale for DR using different resources, such agwealkisplay

case refrigerators and freezdmswever, the store owner in their pilot was

particularly sensitive to using the refrigerated cases for DR and therefore they were
considered offimits. This highlights one issue: food retailers are likely to be

sensitive to participating in programs tthall affect (or be perceived to affect) their
product. Hirsch also looked at different methods for DR:qa@ing or not, changing

the discharge air temperature in critical cases oraniical cases, and controlling the
compressor s bapsreodd uocnt nseiansuulraetdo ric t emper at ur
controlling discharge air temperature. Using these methods they were able to shed up
to 10 kW of load on average during DR events in a real, operating supermarket. One
suggestion from this study was that theiibtb switch between control pointshe

discharge air temperature or the temperature of a product simulator inside the case
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might be best for control, as the case air temperature responds to DR changes much
more rapidly than product simulator tempearat They also identified a research need
intheareaof DRcontrelo i ncr ease t he sy doftemesiweenpower

excesgrid power is availablsuch as renewable integration.

Others have looked at the methods for planning and controlknghiifting of loads

using foodstuff as the storage medium. Vintiieal.(2015) examined a learning

based preooling algorithm for this. The goal of the algorithm is to determine the
appropriate timing and duration of pceoling for refrigerated or fr@n goods. Their
initial interest was avoiding a capacity shortfall on the hottest day of the year, rather
than capitalizing on a demand response price signal or similar, but the concept is
similar. Hovgaard et al. (2011) examined the use of model predictwmtrol with
adjustments to display case storage temperatoq@®vide a flexible load in

response to pricing, including the ability to regulate power up or down; they found
their predictive control method could sav@2% by considering predictions lofad

profile and electricity prices. Prediction of the load itself is important for this
approachRasmussen (2016) studied models for forecasting the electrical load of
supermarkets. The researchers found that using store data, local weather observations
weather forecasting, and knowledge of open/closed hours for the store, they could
accurately model electrical loalowever, this approach takes a sttaneel view

rather than considering individual refrigerated or freezer loads and the temperatures
within. Shafiei (2013) modeled a GBooster cycle, like that discussed in this work,

for supervisory control under DR | oads.
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simulation method, with parametric models of the condenser, suction manifold
(including estimat of a bulk compressor power) and the display cases; these
components can be tuned with real data and used to estimate power and predict the
system response under DR loadiAgsimilar modeling approach was described by

O 6 C o nehat(R014) and also imipmented in the work of Hirsch (2015), who used

it to model display cases supported with empirical data from steirssh

considered simplified refrigeration cycle models based on an empirical multiplier
applied to Carnot efficiency, but found the gtax display case models to agree

well with measured data from the display cases.

While much of the research focuses on storage within theismar load shifting by
adjusting temperature spoints, he concept of applying thermal storage within the
COzbooster cycle has been explored only recently. Fidereh (2016) provided an
overview of four possible configurations, showrFigure6 below. The
configurations include are briefly descried here. In Layout #ldedicated medium
temperature evaporator can be used to catbr@gemedium, which may later be
used for subcooling. This has the advantage of being internal to the&ycle.
TRNSYS modebf such a concept was explored by Poktadl. (2015), who
considered a water tank as the storage mediagout #2shows storagmtegrated in
the MT level load such as by a phase change material inside display Gabinets
similar concept was exploreq Waschullet al.(2014). In Layout #3storagds used
to coolthe receiver liquid outlet to the evaporataosteduce the required mass flow

for a given cooling capacity. In Layout #storage medium upstream of the reeei
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inlet can be charged orstiharged by adjusting the refrigerant pressure passing

through the storage mediutrowering the pressure boils some refrigerant to charge

the storage media; increasing the pressure to a point where the saturation temperature
is warmer than the storage teangture in turn allows the refrigerant to be cooled by

the storage medium.
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Figure 6 Thermal Storage Integration Configurations Proposed by Fidorra et al.
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Fidorra et al. identified the abog#&rage approaches and evaluated them through

steag-state thermodynamic analysis. The researchers found Layout #1 to have high



demand reduction potential, with relatively small hardware required; a large
temperature difference leads to relatively lowadfncy though. Layout #2 was also
assessed to have high potential for peak reduction, but sizing and deployment of the
storage material is challenging. In Layout #3, small temperature differences mean that
large heat exchangers are needed and the totadtiewl potential is comparatively

small. In Layout #4, there are no new heat exchangers required other than the storage
itself; however, the temperature difference between charging and discharging is small
which may present heat transfer challengesse&ch gaps in the areas of detailed
simulation models and transient simulations weeaiified. In addition, the workf

Fidorra does not examine the opportunity to use external sources (such as a dedicated
cooling unit) for storage; there may be an oppaty for improved efficiency from

dedicated cooling equipment.

Summary of Literature Review

CO: refrigerationsystemsncludingtranscriticalbooster systemsave been a popular
topic in the literature in recent yeamhis is driven by surging intereis low-GWP
refrigerant solutions for refrigeration applicatiomse challenge thahay be most
frequentlyidentifiedin the literature is efficiency at high outdoor temperature
conditions, and researchers have investigated a variety of paths to improving

efficiency. The primaryrelevant paths aesearch are

1 Examining possible systearchitecturesfor usingCQ, either as the only refrigerant

or as part of a mulirefrigerant system;
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1 Optimizing performance of the transcritical cycle (including booster cycle) through
optimal control of pressure levels;

1 Reducing the penalty of throttling losses through devices liketejs and
expanders;

1 Reducing the flash gas, particularly in transcritical operation, through the use of

subcooling.

In laboratory evaluations, researchers have mostly studied-sitagje systems or
subsystems of the booster cycle, wélv data setsfdull -fledged twestage booster
systems found in the literatufduch of the recent focus of current laboratory efforts

is on ejectors and parallel compressiaraboratory evaluation of the booster cycle
using dedicated mechanical subcooling was natdan the literature review for this
effort. Many steadystate models have been developed, but fewer transient models of
the full booster cycle have been published as yet. In particular, no transient model
validated with laboratory data was found studytimg booster system with

mechanical subcooling.

Demandresponse as it relates to refrigerati®anareathathas seem recent increase

ininterestas utilities move towards an Adintegrat
in this area consider stolevel controls: adjusting sgioints andusng load

prediction strategies. Research has also examined the concept of shedding load by
interrupting cooling capacity to display cases or other loads, often from the

perspective of quantifying the behavior bétcase itself (rather than the detailed

impact on the larger system). Conventional thermal storage, using ice or another
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material to provide direct coolingpplied to the loadgnd offset mechanical cooling

is well represented in the literature. Alteiimatconcepts of thermal storage

integration intahe refrigeration cyclare emerging in parallel to this work, and
Fidorra et al. (2016) have explored several versions of this concept with the booster
cycle.The concept of thermal storage applied to saolieg using dedicated

mechanical subcooling was not found in the literature. The combined application of
thermal storage as applied to the cycle along with load shedding has also not been

explored.

Objectives

The objectives of this worlire focused on iproved energy efficiency and improved ability
to operateeffectively andfiexibly in demand response applications using thel@tOster

cycle. The objectives are:

1. Perform experiments tguantify the performance of the booster cycle with and
without dedicated mechanical subcooling asdties with outdoor temperature.
Capture transient behavior of the booster cyaleeasuing cycle response to
shedding medium temperature or lovemperatues loads in particular.é¥elop
insight into the benefit of the subcooling as it varies with size of the subcooler

2. Develop transient models texpand understanding of cycle response to load
shedding. Quantify the response of the system to varying degrelesad shedding
at each evaporating stagPevelop the ability to simulate load shedding scenarios in
a simulated supermarket refrigeration system, and quantify the potenfiarating

cost reduction of demand response in these applications.
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3. Develop theconcept of a thermal storage subcooleharged by and offsetting the
dedicated mechanical subcooling systedtudy the impact of the thermal storage
subcooler on wholesystem behavior and efficiency. Verify that the storage
subcooler can provide loashifting that does not affect refrigerating capacity
Evaluate demand response scenaliimsorporating the storage system to provide

added benefit.
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Chapter 2: Refrigeration Systems

This section discusséise majorsystem configurations in commercriafrigeration
applicationsand types of subcoolers and their potential applicabilitg chapter
first categorizes the major configurations of refrigeration systerdshen describes
thesubcooling approachdisatare used The analysis includes commercial awne
industrial refrigeratiorfparticularly configurations that are related to, or potentially
applicable in commercial refrigeratigrijut excludes residential refrigerationhe
purpose of this chapter is to:

1 lllustrate the relevant alternatives to the &0oster cycle and highlight key
differences

91 Describe appropriate approaches to subcooling which may be applied to some or all
of the system types described herein. Identify benefits, drawbacks and applicabi

of subcooling technologies using existing literature where possible.

System Configurations

This section broadly categorizes the configurations of efaigpn equipment that are

used for commercial refrigeration applications.

Booster

The boostecycle is discussed at lengtithis effort, and will be treated only briefly
here. The booster system integrates thetEwperature and mediutemperature

stages oh refrigeration system into one cycle. The {t®mperature stage compressor
discharges tthe suction level of the medium temperature stage; a flash tank/receiver

is at an intermediate pressure above the MT stage pres$swadypical application it
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is common for the compressor rack to combine sisgked compressors with one
variablespeedcompressor per stage, to provide capacity matching. The compressors
are controlled to maintain the pressure level of the suction manifddesicbooster

cycle schematic is shown kigure?.

. Condenser/ Gas
— Cooler
Pressure Cbmhngassor ()
X Regulating Valve
Bypass Valve
>
J Hash Tank/
Receiver

> MT Evap.
LT
Compressor ()

><] LT BEvap.

Figure 7 Basic Booster Systefithematic

Remote/PackagedondensingJnits
Remotecondensing units areery common for applications like small waik coolers
and freezerdpod retail and some smaller industrial applications. Remote condensing
units are typically sold as pengineered systems with all of the components except
for the expansion device and ewagtor in a single package. The typical

configuration includes a single compressor, receamrdenser and faand suction
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accumulator if appropriate. A remote condensing unit is specified to pair with the
evaporator for the application; for instancepadensing unit may be paired directly

with a hung evaporator in a wailk cooler or freezer.

o Compressor () }
% Bxpansion |
& Device J
4 1 4| PockagedCondensing |
Unit
Remote Evaporator
Enthalpy =

Figure 8 Typical Remote Packaged Condensing Unit PresEmtbalpy Diagram
and Schematic
Packaged condensing units are common because they are inexpensive and easily
accessible, and readily integrate with a variety of evaporator types for small
applications. They are designed and sold by many major manufacturers, using a wide
range of refrigeants, and generally have performance characteristics that are known
and tabulated by the manufactuidiost are fixedspeed, though variabkpeed

compressors are also available.

The efficiency of remote condensing unit systems has been calculateérial sev

studies, summarized in the table below.
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Tablel Results of Packaged Condensing Unit Laboratory Tests (*: COP visually

interpreted from graph)

Study Equipment Conditions COP
35C cond. air |i|:];23.30 evap. ait g ga
. _ 18.3C cond. air in-23.3C evap. 131
Condensing unit, airin .
R290refrigerant 35C cond. airin, 1.7Cevap.aj | -q
in '
18.3C cond. ali:]m, 1.7C evap. ¢ 266
35C cond. air in;23.3Cevap. air 0.8
in '
18.3C cond. air in;23.3C evap.
Condensing unit air in 1.27
Hwang et al. (2007 . ’
g ( )| Ra0A refrigerant [ 35C cond. air in, 1.7C evap. ai 171
in '
18.3C cond. aliLm, 1.7C evap. ¢ 264
35C cond. air |i2;23.3c evap. ail o -g
18.3C cond. aiin, -23.3C evap. 124
Condensing unit, air in '
R404A refrigerant 35C cond. air in, 1.7C evap. ai 157
in '
18.3C cond. ali:]m, 1.7C evap. ¢ 239

Condensing unit,

R134a refrigerant 26C cond. air in;6C evap. airin| 2.175

Kabeel et al. (2016)
Condensing unit,

R1234zeefrigerant 24C cond. air in;5C evap. airin| 2.292

35C cond. Air in, 2C evap. airif 2.8
35C cond. Air in;5C evap. airin  2.4*
35C cond. Air in, 8C evap. airif 3.2

Condensing unit, R22
refrigerant

Aprea et al. (2011
P ( ) 35C cond. Air in, 2C evap. airif  2.1*

Condensing unit,

irin- iri *
RA422Drefrigerant 35C cond. Air in;5C evap. airin 1.8

35C cond. Air in, 8C evap. air i 2.3*

For packaged condensing units, unlike the other systems described here, the COPs in

the literature can be readily corroborated with manufacturer specification. Tecumseh,
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a U.S:based manufacturer of refrigeration equipment, provides efficiency data for
thar off-the-shelf condensing units. A selection of systems are described here for

comparison with the abo@ecumseh 2014, Tecumseh 2014a, Tecumseh 2016)

Table2 Manufacturer Performance Data for Condensing Ufiec(imseh 2014 e€umseh 2014a, Tecumseh
2016).

Model Refrigerant Test Condition Capacity| Power| COP

37.8C cond. inlet airk17.8C
1612| 1459| 1.10
evap. inlet air:

37.8C cond. inlet air3.6C
AJA7494ZXDXC | R404A 2881| 2142| 1.35
evap. inlet air:

26.7C cond. inlet air6.7C
3136| 1842 1.70
evap. inlet air:

37.8C cond. inlet air17.8C
840 819| 1.03
evap. inlet air:

37.8C cond. inlet air3.6C
AJA7565YXDEC | R134a 1707| 1245| 1.37
evap. inlet air:

26.7C cond. inlet air6.7C
1869| 1169 1.60
evap. inlet air:

37.8C cond. inlet air15C
425 270| 1.57
evap. inlet air:

AE4430U R290 37.8C cond. inlet air3.6C
645 320| 2.01
AA1ACK (Propane) evap. inlet air:

26.7C cond. inlet air6.7C
692 290| 2.39
evap. inlet air:
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Multiplex DX

Multiplex systems areurrentlythe most common configuratidar the major loads
within a supermarketand there are some variations to the basic configuration.
Multiplex systems consist of multiple compressors with a sHagedl, suction and
discharge manifokland condenser or condensers. Multiple evaporator ks
connected to thiquid andsuction manifold andistributed throughout the storn
example of this @nfiguration for a single suction group is showrkigure9 (Baxter,

2002).

Machine Room

| Skid-Mounted | Discharge Manifold !
1 Components | d |
| | | Multiple :
6 Spmlhl !
] Compressors |
[ ] :
Yy . . |
Sales Area XY  Ssuction Manifold !
[l F=f========== === ===
: _ _ |Evaporator | X |
i i ) 1 ) [
| T — I\........
I 3= 3= A
i I i !
I T .
v m Refrigerant
: Display Case Line-Ups : Piping
1 I
1 I
! - ST
1 L]
1 I
1 I
1 I
i I
1 I
1 I
! L
| I |
1) I

______________________ A2544-1

Figure 9 Typical Gnfiguration of aMultiplex Refrigeration $stem $howing @e

SuctionGroup) (Baxter, 2002)
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Multiplex systems may be separate racks of compressors per temperature group, or

may

and liquid maniftd are shared between the kh@mperature and medium temperature

havesuatfisomloitconfigurati on,

wher e

the r

compressor groups, but compressor groups each have a dedicated suction manifold at

the appropriate pressure levEhe refrigeration rack is installed in a machine room,

rooftop mezzanine, ather remote location. A concern with multiplex systems is the

requirement for a large volume of charge. Since the system is in a central location and

distributes refrigerant all around the store, charge quantitidargeeand leak rates

are high. Anag r ag e

store

n

t he

Uu. S. |l eaks

total refrigerant quantity per store is typically in the range of 128D kg

(Faramarzi and Walker 20Q04))o reduce charge and the length of refrigerant piping,
some stores are enginegmgith multiple distributed systengach located as close as

possible to the appropriated group of laads
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Figure 10 Schematic of Multiplex Configurations for MT and LT Racks
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Figure 11 PressureEnthalpy Diagrams for MT and LT Multiplex Racks

Multiplex systems are highly customizable and may include features such as heat
reclaim (where heat is recovered from compressor discharge vapor, for waitey,heat

space heating or other useful applicationyubcooling.

While multiplex systems are extremely common, they are generaligslteand
laboratory or field-measured COP is uncommon in the literatBeexter (20@)

provides fieldmeasured, seasalraverage COPs for multiplex refrigeration systems,
as follows: for LT loads, the COP from May through August was 2.48 with an
average saturated suction temperatur®i°C and saturated discharge temperature
of 28.2C. In November through FebruaryetiCOP was 2.83 witf29°C SST and
21.7C SDT. The MT system COP averad®82 from May through August, with

5.1°C SST and 28.5°C SDT, and 4.90 from November through February6v@ith
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SST and 19.4°C SDThe store used R404A for low temperature loadsR22 for

medium temperature loads.

Indirect/Pumped Secondary

In recent years efforts to reduce refrigerant charge and leakage have led to more
systems using indirect or pumped secondary sysiemesiuce the charge of a higher
GWP or toxic oflammable refrigerantPumped secondary systems use a primary
refrigeration circuit to cool a secondary fluid, which is pumped to the end use. The
secondary fluid may be a volatile fluid such as carbon dioxide or-&alanle fluid

such as water or brinPumped secondary systems are much like chillers, and the
secondary working fluid is selected depending on the needs of the application.
Application of the pumped secondary configuration can help to reduce the charge of
the primary working fluid or to keethat working fluid contained to a single location.
For example, in ammonia/carbon dioxide systems, a relatively small charge of
ammonia may be contained in a machine room or similar while a safe, secondary
working fluid such as carbon dioxide is circeldtto the evaporatorB@sh and

Mitchell 2017. Pumped secondary systems introduce additional power consumption
from pumps. The also require an intermediate heat exchanger behegemiary

and secondary fluids

A review by Wang et al. (2010) described a range of secotolapysystems

including volatile secondary and singlaase secondary fluids, with different primary
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working fluids, and found that the energy consumption was similar to conventional
DX systemsyarying higher or lower depending on system design, climate, and other
site-specific considerations. The main motivation for this configuration in
supermarket applications is reduction of R@WP or hazardous refrigerant charge,

rather than energy savings
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Figure 12 Schematic and Pressuknthalpy Diagram for Secondary Loop System

A study by Faramarzi and Walker (2004) details a field trial of a secoihalzpy
refrigeration system, compared with arttetateof-the-art DX multiplex system. The
secondary loop system had some enhancements such as evaporative cooled
condensers which explain some of the efficiency improvement over the baseline;
nonetheless, efficiency was reported and is shown héfigune13. The LT COP
ranged from approximately 2235, while the MT COP range from approximately

3.5-3.8 in most conditions.
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Figure 13 Efficiency of Secondatlyoop SystertJsing R507A and &alt-Water
Secondary kiid, Showing low-Temperature Eiciency (withBaselineMultiplex,
left) andMedium TemperatureEfficiency (right). EER = COP * 3.412 (Faramarzi
and Walker, 2004)

The efficiency of a set of three Swedish HB&ed spermarket refrigeration racks
was measured in the field in Sawalha et al. (20E&¢h system uses a multiplex DX
low-temperature and indirect medittemperature configurationThe relevant
details of the systems are describedale3. The number of units refers to the
separate rack systems in each store; in other words, 2 MT units means the store has
two separate systems serving the MT loadsuiiinadhe store.

Table3 Descriptions of HFC Multiplex Refrigeration Racks Studied in Sawalha et

al. (2017)

RS1 RS2 RS3
Refrigerant MT: R404A, MT: R407C,; MT1: R404A,

LT: R404A LT: R404A MT2: R407C;

LT: R404A

Cooling MT: 87 kW; LT: MT: 175 kW; MT: 410 kW;
Capacity 18 kw LT: 36 kW LT: 81 kW
Subcooler Yes Yes Yes
Heat Recovery No No Yes
Heat Transfer MT: Prop. MT: Eth. MT: Prop.
Fluid Glycol; LT: DX Glycol; LT: DX Glycol; LT: DX
Number of Units MT: 1;LT: 1 MT: 2; LT: 2 MT: 2;LT: 2
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The COP for each system is showrigure15.
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Figure 15 Measured COP vs. Condensing Temperature of HFC Multiplex Systems

from Sawalha et al. (2017) with SST in Parentheses in Legend

Cascade

Cascade systems use two, interconnected vapor compression systems to provide

refrigeration. -sQndee oc,i rrceyjietc,t st hhee afth ivgi ha
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ambient, cooling water, or estilderowici g cauttsi

provides refrjeration, and the condenser of thedside fluid is the evaporator of the
high-side fluid. The lowside fluid may be configured for one or multiple evaporators
and suction pressure levels. Cascade systems are applied in a range of applications,
includingindustrial and commercial. The most common use of cascade systems is in
applications with a large temperature difference between the lowest evaporator and
the condenser, such as lb@mperature freezing. The cascade configuration allows
two different refrgerants to be specified, each with the appropriate thermodynamic
properties for the range of its operation.@&often used as the legide refrigerant

in cascade systems, while a refrigerant with more desirable traits fetemgierature
operation is s&d as the high side refrigeraftascade systems have the efficiency
benefits that come from twstage compression, but this benefit is tempered by the

need for the intermediate heat exchanger.
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Figure 16 Configuration and PressurEnthalpy Diagram for Cascade System
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Cascade systems have been modeled in many theoretical studies but there are fewer
sources for laboratoryr field-measured COP values. Dapoza and FernaSdara

(2011) tested a prototymé an ammonigarbon dioxide cascade system for freezing
processes. In this study, a range of evaporating temperatures bei@¥emo-35°C

were tested, with a range of €bndensing (intestage) temperatures and a 30°C

condensing temperature with 56€subcooling. These results are showkigure

17.
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Figure 17 COP vs CQ@Condensing Temperature for a Range of Evaporator
Temperatures, at 30°C Highide Condensing Temperature, for ad\tO;
Cascade System (Dapdoza and Fernartleara 2011)
Bingming et al. (2009) presented a laboratory test of GB system and
compared the results with experimental results for astage, ammontanly system,
as well as a singistage ammonia system aadingle stage ammonia system with

economizer. This result, shownkigurel8, shows similar COP to the above results,
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and supports the idea that cascade systems are a good solution particularly at very low
evaporating temperatures; the cascade system has the logsheffbelow about

40°C.
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Figure 18 COP vs. EaporatingTemperature foNHs/CO, Cascade $stem,Sngle
SageNHs System with and without Economizer, and BageNHs system

(Bingming et al 2009)

Cascade Hybrid

A number ofhybrid versions of cascade systems exist to achieve multiple evaporator
levels as needed in supermarket systems. In dalgwside refrigerant is used for
low-temperature loads and has a dedicated compressor much like in a conventional
cascade cyclé'he mediurmemperature loads may be met using the high stage fluid,
the low stage fluid, or a third fluid. The first configuration showFigurel19 uses a
pumped secondary fluid cooled by a MT evaporator in the high stage of the cascade
system, where LT loads are cooled by the low stage of the cascade system. In this

configuration, the high side fluid is contained to the machine room. The medium
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tempeature loads are cooled with a separate pumped fluid such as a brine, and the
low temperature loads are cooled with the low stage of the cascade, such as
subcritical CQ. This configuration is adopted by at least one major supermarket
chain in the U.S., wh the primary motivation being charge reduction. The
configuration is expected to have a similar or higher overall energy consumption than
a simple DX system due to the lower saturated suction temperature required to cool

the secondary fluid.
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Figure 19 Hybrid Cascade witfPumpedSecondary Fluid MT Loads,a0led by

High-Sage MTEvaporator, and.ow-StageCascade LT #aporators
Alternatively the MT loads can be satisfied using either the-sighe or lowstage
refrigerant. The higistage refrigerant may be used: in this configuration the high side
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of the system resembles a multiplex configuration with the cascade heat exasanger
one of several loads in parall@lsamos (2016) illustratékis configurationsshown

in Figure20. This configuration is also sometimesrefeted si mply as a
systemdo in the I|iterature, particularly

comparing with other Cg&refrigeration options.

Figure 20 Hybrid Cascade with DXligh-Stage MTEvaporators andCascade
Low-Stage LT Eaporators (Tsamos 2016)
In another configuration, the MT loads may be satisfied using thatage
refrigerant. In this case, the MT loads are satisfied using pumped volatile refrigerant,
and the LT loads are the evaporator of the low sthgiee cascade system. Heat

rejection for both stages takes place in the cascade heat exchanger. This configuration

is shown inFigure21.
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Figure 21 Hybrid Cascade witlPumped MTEvaporators $ing Low-Stage

Refrigerant andCascadeLow-Stage LT KEaporators (Tsamos 2016).
Laboratory and evaluatiasf a configuration similar to that shownkigure21 was
performedby Cabrejas (2006). The system under test has a design lopdai6.6
kW of MT load and 8.0 kW of LT load. The researchers report a COP of the entire
systenranging froml.4 to 2.8, under a range of load cases (fiérk\Wload t016.6
kW load on the MT stagevith full load on the LT stagie Load Ratio = 1.25 to
2.079. The test was performed with a 35°C condensing tempera@ie MT

evaporating temperatuesd-36°C LT temperature.

In models comparing vario3O; booster improvements with a baseline of a R134a
CQOz cascade system, Gullo et al. (2016). The cascade system used as baseline uses
high-stage refrigerant DX for the MT loads, like the configurastown inFigure

20. The cascade system has a higher COP than the alternatives at high outdoor

temperatures. The CQG modeleds approximately 28 below 15°C outdoor, 1.85
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at 20°C outdoor and 1.45 at 35°C outdo®he other configurations evaluated
includea conventional booster (CB), an improved booster (IB), configurations of
boosters with parallel compression (PC) and mechanical subcoolingpf\dsih.

The modeled load for all systems was 97 kW MT and 18 kW LT (Load Ratio = 5.39).
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Figure 22 COP vs. Outdoor Temperature of a R134@, CascadeSupermarket
SystemCompared withVarious CO,-Only RefrigerationConfigurations {10°C MT

and-35°C LT) (Gullo et al. 2016)

Summary

The systems described above are summarizednittra simple CO; booster system

as a basis of comparison.

i1 Baseline CQBooster
o Summary Descriptiorithe booster cycle is a twsiage integrated
supermarket refrigeration system providing MT and LT loads. The LT

compressor stage discharges to the suction level of the MT compressors; a
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flash tank is maintained at an intermediate pressure. The systertes@sra
subcritical or transcritical depending on outdoor temperature.

0 StrengthsCO:s is the only refrigerant, with GWP of 1.0, 0.0 ODP and an Al
safety designation.

0 Weaknessegfficiency is worse than alternatives in transcrtical operation
unless cycle ghancements are included.

1 Remote/Packaged Condensing Units

0 Summary Description: Very common packaged refrigeration systems applied
in commercial and industrial refrigeration, packaged condensing units are
generally applied with one or a small number aprators connected to
each condensing unit. They are especially common in small food retail
applications such as convenience stores.

o0 Strengths: Simple and low cost, flexible, refrigerant charge may be kept
relatively low with close proximity to load

0 Weaknesses: Generally less efficient than alternatredsgerant rules may
present challenges as A2, A2L, or A3 refrigerants would need to enter the
occupied space

1 Multiplex DX and Multiplex with Pumped Secondary

0 Summary DescriptiorMultiplex refrigerdion systems are the most common
supermarket refrigration equipment configuration, comprising central
machineroom systems with distributed, DX evaporators throughout the
facility.

o StrengthsCentralizeddesign allovs for integration of efficiency

improvement measures suchsadcooling
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Weaknessed:arge refrigerant charge, long distribution lines are prone to
leaking; refrigerant rules present challenges with A2, A2L or A3 refrigerants.
This problem is reduced in pumped secondary systems, bethhoes an

associated efficiency penalty

1 Cascade

(0]

(0]

Summary Description: Uses two vapor compression systems connected via a
common heat exchanger, acting as an evaporator in the high stage, and a
condenser in the low stage.

StrengthsOffers improved effi@ncy in some cases, particularly with large
temperature differences; charge of hjtle refrigerant can be relatively

small and contained enabling many option§€@ is the lowstage

refrigerant it may be maintained in subcritical operation

WeaknessedAdded cost and complexitgfficiency can be lower than
alternatives particularly in small temperature lift conditions. Does not

provide multiple evaporator stages for supermarket style installations.

9 Cascade Hybrid

(0]

Summary Description: Variants @ascade systems which add parallel
evaporators, pumped refrigerant or pumped brine to cool additionaisend
loads

Strengths: Similar benefits to cascade, but able to provide multiple
evaporating stages to fit supermarket or other configurations.
WeaknassesSimilar weaknesses to cascade, though overcomes the inability

to provide multiple evaporating stages.
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Subcooling Approaches

Subcooling in this context refers to an auxiliary cooling effect that is provided to the
refrigerant on the liquid side ofdtcycle. Subcooling can be provided in a number of
different ways and may be applied at different points of the cyclesUleooling

effect may be supplied from elsewhere within the same refrigeration cycle, from a
separate cycle, from a dedicated pietequipment, or from some other external

source Qureshiet al.(2013) discusskthe following categoriesambient subcooling,
subcooling with liquidsuction heat exchanger, subcooling with external heat
exchanger, and mechanical subcoolisgnbient subcooling, which entails adding

heat transfer area to achieve subcooled liquid temperatures lower than the typical
Adesignd range, is not covered here. The t
consideration: it may refer to an integratedcadding loop within the cycle, or a

separate dedicated piece of equipment. An additional category should be considered,

which is subcooling between systems, which is includedis section

Liquid-SuctionHeat Exchange

Liguid-suction heat exchangersnsetimes referred to as suction line heat exchangers
or SLHX, transfer heat between the liquid leaving the condenser and the refrigerant
leaving the evaporator. The heat exchanger can provide two befisfifgroviding
superheat to the suction linensiring no liquid reaching the compressor; and second,
subcooling the fuid line, reducindlash gas. In an idealized system this means
lower-quality refrigerant entering the evaporator, and maximum evaporator surface
exposed to twgphase refrigeraniThe kenefits of SLHXs have been documented, and

vary with the refrigerant typas shown by Kleirt al.(2000). Kleinet al.showed
53



that, once the effects of pressure drop in the SLHX and minor changes to mass flow
rate accompanying pressure drop are accodatethe capacity of a simple cycle

may improve by up to about 20% or drop by up to about 5% for different refrigerants.
The researchers observed that the change in the suction conditions of the refrigerant
(higher temperature and lower pressure) causeleb$fLHX changes the suction
density and, in a fixedpeed compressor, reduces mass flow rate. This change in
mass flow reduces the COP below the value that would be calculated using ideal
assumptions, and while there is still a benefit for most refmgeran a few cases it

can lead to reduced COPhe benefifound in the studyas greatest with R404A

and R507A, and the penalty existed for R717 (ammonia), R32 and R22. The other
refrigerants evaluated had smaller benefitsimple schematic of a suctidine heat

exchanger configuration is shownhkigure23.
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Figure 23 Shematic Showing Suction Line Heat Exchanger

SubcoolingBetween Systems

Subcooling may be provided between two pieces of equipment operating in parallel.

In a refrigeration applicatiomne common approachusing the MT refrigeration

system to provid subcooling for the LT refrigeration systeAn additional

evaporator i s added to the MT system, whic
line. The reason that the MT system is used to provide subcooling is that the MT

system will have higher cycle@P, assuming both cycles operate with the same heat

rejection temperature. The subcooler in effect adds capacity to the LT evaporators, by
increasing the workload of the MT system. The addedagacity is provided at the

COPof the MT systemThis improve the combined CORFigure24is a schematic

of two simple systems connected by a subcooler. The subcooler is essentially a
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parallel evaporator in the MT rack, on the left. In the LT cycle, the subcooler

produces lowenquality refrigerant at the inlet to the LT evaporators.

MT Rack

Refrigerant A
: i Condenser LT Rack
= Refrigerant B

1 [
><> i ; Condenser

() Receiver

()

Receiver ()

> LT Loads
Qubcooler

—D><}— MTLoads §

Figure 24 Schematic Showing Subcooling Between Systems

It is of interest to study the impact of subcooling on overall COP, as it varies with

submoling capacity, mediurand lowtemperature loading, and weather chantyes.

general these terms can be defined as followa simple system without subcooling

For a given individual evaporator,

And for a given stage of refrigeration, for example the MT stage:
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With no subcoolingthe total capacity of a twstage supermarkesystemwith LT

and MT stagess described by:

And power is calculated as:

WherePanc.is the power of all the required ancillary power in the system: condenser
and evaporator fanpumps, electronic$eaters, and so o8tudies vary in whether

or not ancillary power is captured in the calculated COP; often for modeling analysis,
a cycleonly COP is calculated, while for field measurements the ancillary power is

included in the revie. COP is computed as:

Liang and Zhang (2011) performed a study of subcooling between MT and LT
refrigerating equipment, to evaluate the optimal sizing and operation of such a
subcooler. This effort includes a discussiothaf COPWhen subcoolingvith a

capacity @cis addedo a systemthe MT system must provide botiwfand Gc,
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and the required work of the LT system is reduced. The total delivered capacity is the

same, but may be expressed as:

C
C
C
C
C

The new power & scmay be recalculated in terms of the adjusted powersPand

PwT,sc

The COP with subcooling can then beangtten in termsof only capacity and

efficiencies as:

0 Q& EXIB ¢ QM p p

The percentage of overall energy savings depends aiztheatio of the two systems

and the outdoor operating temperature. Savings in the range of >20% were calculated
for the best condition§.he maximum subcooling is limited by the temperature

entering the MT side of the subcool€he saving potential isrgater when there is a

lower ratio of MTto-LT loads,which is shown irFigure25.
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Figure 25: Energy Savings vs. Lo&htio at Varying Outdoor Air Temperature
with the MT System Providing Subcooling to the LT System (Liang and Zhang

2011)

Integrated Mechanical Subcooling

Integrated mechanical subcooling refers to subcooling performed by refrigerant
which is part of the same primary refrigerant circuit as the cycle being subcooled. An
example configuratioshown inFigure26 has a twestage compressor; refrigerant

leaving the condenser splits into two streatabeled A1l and A2.
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Figure 26 Integrated Mechanical Subcooler with T\Btage Compressor

Liquid in Al flows through the higipressure side of the subcooler and then to the
expansion valve and theagorators as normal. Liquid in A2 throttled to an
intermediate pressure and flowsthe lowpressure side of the subcooler, evapoati
and providing subcooling to AThe evaporated intermedigteessure refrigerant
then goes to the suction of the second stage of compression. In this wakdbeler
acts as an intermediate stage @f tiycle. This may have an added benefit of cooling

the compressor inlet at the second stage.

The capacity of this cycle with internal subcooling may be defined as:

~ ~ ~
g g g

0 0 0
Where Qrimaryis the capacity that would be deliverédmly ambient subcooling was
present, and § is the additional capacity from subcooling. The total power includes

60



the power of the first stage is that required to compress the gas leaving the evaporator
(stream Al fronfigure26) to the intermediate stage; the second stage compresses
both the first stage discharge and the subcooler leaving vapor (stream AZiduom

26) to the condensing pressure.

U U v

This approach as studied by Torella et al. (2009) in the laboratory. The researchers
found thatCOP increased bgver 20% across a wide range of evaporating and
condensing temperatures when compared with astage system with no

subcooling; the benefit was greatest at higher condensing temperatures.

Another approach may be taken in which the primary compresa@inglestage

compressor, and a dedicated second compressor tasuddrigerant for subcooling.

This configuration is shown iRigure27.
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Figure 27 Integrated Mechanical Subcooler with Dedicated Subcooler Compressor

The work of Khan and Zubair (2000) analytically evaluated this configuration and
showed an optimal configuration for improved EQ he optimum temperature for
the subcooler evaporator to operate was found to be about halfway between the
condensation and evaporation temperatures of the cycle for most conditiens.
researchers analytically found an improved COP of approximatelya25é best

inter-stage pressure setting.

In this case the capacity is the same:

) V] 0

While the power is simply the sum of the power of the two compressors.
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The two approaches are shown on a pressottealpy diagram ifrigure28.

o o

Figure 28 Pressure Bthalpy Diagrams of Integrated Mechanical Subcooling with

Dedicated Compressor (left) and TABtage Compressor (right)

Dedicated Mechanical Subcooling

Dedicated mechanical subcooling is similar to subcodigtgveen systems as
described above, except that the subcooling is provided by a dedicated piece of
equipment which does not perform another functionhe case of dedicated
mechanical subcooling, a staalbne system like a small chiller is applied te th

liquid line of the larger refrigeration system.
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Figure 29 Schematic of Dedicated Mechanical Subcooler System
In the case of dedicated mechanical subcooling in a system with a single evaporator
stage, the capacity of the total cycle is the capacity of the primary cycle without
subcooling, plus the subcooling capacity:
0 0 0
The power of the total cycle is the sum of the primary system power plus the

subcooler power:

Like the case of subcooling between systems, the dedicated mechanical subcooling

provides an overall efficiency boost because the subcooler operates at a higher COP
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than the primary cycle, adding capacity to the primary cycle at a higher efficiency.
The baefits of the subcooler increase with increasing capacity, but with diminishing

benefit: as the subcooler provides lower temperatures, its own COP decreases.

Subcooling with External Heat Exchanger

Subcooling may also be achieved using a heat exchamgaother external heat

sink. This could be an evaporatigeoled coil, a groundwater loop, or as will be
examined later in this effort, a thermal storage media. The concept is much the same
as the dedicated mechanical subcooling approach and the pertermay be

described by

o
Cz
C..
Ccq CR

The power of the subcooling system depends on what is being usedbéooling. In

the case of applying thermal storage, the energy consumption to provide the
subcooling capacity may be offset in time from when the capacity is delivered to the
primary cycle; in this case it is necessary to consider performance eitaemsdf
cumulative energy or at relevant instantaneous tiffies following discussion

considers a storage media that is charged by a dedicated vapor compression system.
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Figure 30 Schematic of Subcoolirwith an Unspecified Auxiliary Source of

Subcooling

To consider the instantaneous CORe must consider that the capacity during
chargingis the capacity of the primary cycle but the power includes the charging of

the storage media

CA
=y
CA

C
¢

CA

CA

Ccq C
5S¢ | o
C

Clearly the COP is lower during this period than a baseline system alone. However
during discharge the capacityirereasedvhile the power is not.
0 r 0 0
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C

Here, the instantaneous efficiency is improv@dnsideringenergy, additional factors
must be consideredhe efficiency of chaying and discharging the storage media

must be considere@hreefactors are important. First is the approach temperature
between the storage media and the charging/discharging refrigeramsgdproach

t e mp e r apbrobths equoedl between the stge media and the refrigerant in

either charging or discharging operation, thensthigcooler must provide charging at

2 * gpdroacibelow the eventual subcooling temperature. This reduces energy
efficiency compared with providing instantaneous subcoolihg. other factor to
consider is the possible difference in efficiency of the subcooler between the time of
charging and discharging. If charging of the subcooling media is performed at a time
when the ambient temperature is significantly lower than the when the

subcooling is desired, the efficiency of the subcooler cycle will be greater and this
improvement may overcome the reduced efficiency due to the reduced charging
temperature. On the other hand if the ambient temperature is higher, the overall
efficiency will suffer. Fortunately subcooling may be most desirable during hot
outdoor temperature conditions, so charging during colder hours should often be
feasible. A third consideration is the standby and parasitic losses in storage itself.
The storge media may require pumps or other auxiliary power, and may be required
to stand idle, incurring thermal losses between the time of charging and discharging.

This must be considered as well.
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Summary

The subcooling approaches detailed above are sumihdugze.

9 Ligquid-Suction Heat Exchange

o Summary Descriptiortdeat exchangers transferring heat between the
refrigerant leaving the condenser and the refrigerant leaving the evaporator.

0 StrengthsEnsures superheat to the compressor; provides subcooling,
reducing flash gas; in many cases, improves fple and inexpensive
compared to other measures; only requires added heat exchanger and valves

0 Weaknessedn some cases, effects of added pressiop can lower CQP
Relatively small total benefit compared with some other approaches

o0 Observed Efficiencytmprovements of up to 20% or reductions up to 5%
depending on refrigerants and operating conditions

1 Subcooling Between Systems

0 Summary Description: In systems operating in parallel, subcooling provided
to one system with cooling provided by other system. In a supermarket,
typically the MT system provides subcooling for the LT system.

0 Strengths: improves overall efficiency by simf some work from less
efficient LT cycle to moreefficient MT cycle; only requires added heat
exchanger and valves

0 Weaknesse®iminishing benefit with higher MEo-LT load ratio

o0 Observed EfficiencyEnergy savings range from up to approximately 20% in
low MT-to-LT scenarios, to up to 3% in very high Ma-LT scenarios

1 Integrated Mechanical Subcooling
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Summary Description: Using an internal circuit, some liquid refrigerant is
evaporated to subcool the primary licliide refrigerant; secondary circuit is
compressed in twstage compression or dedicated subcooling compressor
Strengths: Improved efficiency; shared refrigerant circuit is less complex
than dedicated mechanical subcooling with second circuit
WeaknessesAdded compressor or twstage compressoeeded; in the case
of CQ, in transcritical mode, subcooler circuit may have high flash gas

Observed Efficiency20-25% COP improvement

1 DedicatedViechanical Subcooling

(0]

(0]

Summary DescriptionA separate, dedicated cooling unit is used to provide
subcooling o the primary refrigeration circuit

StrengthsRefrigerant selection or sizing not limited by primary system;
improved efficiency

Weaknessesdviore complex than other options, requires full vapor
compression system aside from primary circuit

Observed Effiegncy:19-38% COP improvement

1 Subcooling with External Heat Exchanger

(0]

Summary Description: A heat exchanger provides cooling via some other
external heat sink

Strengths: Depending on heat sink, subcooling may be free, flexible, or
otherwise convenient; nantegrate storage

Weaknesses: Limited to available heat sink options

Observed Efficiency: Depends on external resource
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Chapter Summary

This chapter summarizes the system configurations that may be considered in
commercial refrigeration applicatioatong with the C@booster cycle, which is the
primary focus of this dissertation. In some cases, such as with small, packaged remote
condenser equipment, thestrictions of the application may dictate selection of one

over the other. In other cases, sashhybrid cascade applications, energy analysis for

a particular design and climate, along with equipment and utility costs, may be

needed to determine the best option. Large multiplex systems face legislative
challenges around usage of hHGNVP refrigerats, and safety concerassociated

with implementingow-GWP refrigerants into these systems may push declining use

in new systems.

Subcooling options are also discussed in this chapiécooling systems can be used

to improve capacity and/or efficiepn many cases. The simplest approach, liquid
suction heat exchange, provides increased capacity and efficiency in many cases. In
applications with separate MT and LT systems, an overall benefit can be seen by
providing subcooling to the LT stage using T system. In more complex

approaches, integrated or dedicated mechanical subcooling systems can provide large
COP improvements, at the expense of added equipment and complexity. An

intriguing possibility is the use of other external sources, such asheimal energy

storage media, to provide subcooling with added flexibility.
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Chaptlkab@r at orayndleStteaandgy St at e
Perf or mance

This chapter describes laboratory testing of a €anhscritical booster refrigeration

system with and without deziited mechanical subcooling. The system was

constructed by a refrigeration system manufacturer, as a labesatigyversion of a
supermarkestyle configuration. Steaestate testingvasperformed to map

performance with and without the dedicated subcooler to quantify the performance
improvement using the subcooler. Further, transient tests were performed to capture

il esande d 0 behavior of t h éhetobjestivesthrework c a | boos
detailed in this chapteareto:

1 Provide new, detailed, laboratory evaluation of a completel®@ster system with
and without subcooling

1 Quantify the benefits of the dedicated mechanical subcooler and its impact on the
overall cycle behavior

91 Provide a basis for modeling systems under simulated, realistic loading and weather

conditions

Overview

For the laboratory testing portion of this effort a transcritical booster refrigeration
rack with dedicated mechanical subcooling was procured fromnafiacturer,
Systems LMPThe configuration of the test rack is showrfFigure31. The system under

test has a variablgpeed MT compressor with amimal capacity of 17.6 kW and a single
speed LT compressor with a nominal capacity of 6.8 kW. Two plate heat exchangers serve as

the LT and MT evaporators. Watglycol is used as the heat transfer fluid, and is pumped by
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250watt pumps. The mechanical sabler, using R134a refrigerant, has a nominal
compressor capacity of 8.1 kW and also has a plate heat exchanger evaporator. A
condenser/gas cooler with a tspeed fan was installed in a psychrometric chamber to
simulate the outdoor environment; the cohtf this condenser was to switch to low speed
below approximately 290K outdoor temperature. The subcooler provides cooling to-a water
glycol circuit which in turn cooled the R744 leaving the condenser/gas cooler; this
configuration was selected by the mafacturer for stability with the relatively small

laboratory test rack. The pump for this subcooling circuit was axgébmodel.

— — —»  Water/Glycol Mix Gas — —
——  High-Pressure 0O, Cooler —
—————— Medium-Pressure QO, =
——p  Low-Pressure QO, le—
1
13 Gas
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Subcooler = MT Suct.
<« — — 5 HX
Throttle NN
Valve 3 16A 12
X 1
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J| Fash| o = . ’
b
Tank | =14 I 17| 1 MT
10 4\ Compressor
5 MT Evap.
BV 6 9
il el g L7
7 \TEvap.15 . 8‘ Compressor
«— — — ] __JMUUUT X

Liquid/ Suction HX

Figure 31 System Schematic

To characterize performance of the system, laboratory tests were performed with imposed
load to capture capacity and efficiency. The gas cooler/condenser was installed in a

psychrometric chamber and the water/glycol tanks were heated with electricesistaters

12



to provide load. The rack and the mechanical subcooler were located in a conditioned

laboratory space which was typically 293K to 297K.

Figure 32 Transcritical Booster Rack During Installation
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b/;f'

Figure 34 Refrigeration System and Glycol Tanks during System Installation

Process
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Figure 35 Condenser/Gas Cooler during ladiation

The instrumentation for the laboratory test is describéhlvie4. Discharge temperature
from the MT compressor (point #12 Bigure31) was not captured, so an isentropic efficiency
estimate was used based on manufacturer software calculations for each condition. The
uncertanty of the calculated test results was calculated for each test point using the uncertainty
propogation methods in Engineering Equation Solver (EES), which uses the method described
in a NIST technical note (Taylor and Kuyatt, 1994). The refrigerating citgpaf each
evaporator had uncertainty O0.6%, the uncertai
02. 7%, and f or t he-58W wih thenlargee snsedainty i dhe lovizer 4
discharge pressure conditions. The uncertainty of the COP .@ds3% with a large portion

of the uncertainty owing to the compressor power uncertainty.

75



Table4 Instrumentation for the dboratoryTest

Reading Description Location(s) Accuracy
Refrigerant Pressure . +-0.11% FS
Pressure high bressure Points 1, 12 Nominal pressure
gnp range: 613.79 MPa
- 0,
p Refrigerant Pressure Points Ny O'.ll/o FS
ressure normal pressure 457911 Nominal pressure rang
P 2269, 3.45 MPa
Temperature Thermocouples: Type T (al! indicated +/- 1K
points)
liquid +/- 0.10%
Flow Refrigerant Mass Flow | Points 6 ,8,11 | reading; gas +0.25%
reading
Flow Water/Glycol Flow I(ci?;)h alved +/- 1% reading
Air . Gas cooler Temp.:+/0.2K at
Temperature/ Alr - inlet, rack 293K. .
Humidit Temperature/Humidity amb’ient Humidity: +- 1 +
y 0.008*reading %RH
Power Rack Power, Gas Cooler Power: 0.2% reading
Power
Power Subcooler Power Power: 0.5% reading

Using the data gathered above, key quantities are calculated. Refrigerant enthalpies are

calcul ated using

each evaporator is calculated using

Q =m* (h)utT hin)

(1)

While compessor work is calculated similarly as

W =m * (houtT hin) (2)

The COP of the system is the sum of capacities divided by the sum of work inputs,

described below

COP = xWQ /

®3)

NI ST6 s eREZDDBRReRigevamt capacityim 9. 1

The COP is presented here using refrigesiaid measurements.
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Stead StateResult Summary

Tests were doni@ both transcritical and subcritical operating modes, with and without the
subcooler runningEleven test points are examined and also simul&igdire 36 shows the
results of Test #1 on a pressr@halpy diagram, with the most relevant state points indicated
using the number scheme frdfigure 31. Table5 shows the results for the tests, calculated
from the refrigerant side. The subcooler powelable5 is estimated sinckull refrigerant
side capacity measurements were nkémaon the subcooler cycle. Test #1 will be used as an

example fordescribingthe cycle behavior.
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Figure 36. PressureEnthalpy Diagram for R744Booster Cycle Laboratory Test

Results with 307.9 Kutdoor,with Point Numbers fronfigure 31 Indicated

For this test the ambient temperature of the outdoor chamber was 307.9 K. The effect of
the subcooler can be seen on the fpgissure line here: the temperature entering the subcooler
(Point 13) was 310.6K, 2.7&bove ambient. The refrigerant temperature leaving the subcooler

(Point 2) was 298.0 K. This significantly impacts the refrigerant quality entering the flash tank:
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with isenthalpic expansion from the high pressure state at 310.6K to the flash tankepoéssu

3.49 MPa, the refrigerant quality would have been 0.61. With the subcooler, the actual

refrigerant quality to the flash tank was 0.27.

Table5: Summary of Test Results Including Refriger&ide Capacity and Power and COP
Test gilrJtdoor gischarge E:A(-)rmpressor IC_:-Ic;mpressor SUbCO,?ler Total ?:Agmp'
Temp. ressure | o\ er Power Power Power Mass
Flow
- K MPa kW kw kw kw kg/s
1 307.9 8.66 6.66 1.54 1.17 9.37 0.0889
2 312.3 8.69 7.71 15 1.17 10.38 0.1058
3 302.1 8.43 5.92 1.54 1.17 8.63 0.0792
4 297 7.17 6.23 1.55 1.17 8.95 0.1056
5 280.9 5.12 2.99 1.54 1.17 5.7 0.0788
6 289.1 6.04 5.26 151 1.17 7.94 0.1143
7 (no sub) | 296.2 7.00 7.13 1.54 0 8.67 0.1484
8 (no sub) | 281.2 5.41 5.14 1.49 0 6.62 0.1424
9 (no sub) | 308 8.75 8.68 1.51 0 10.19 0.1247
10 (no sub)| 302.1 8.62 7.81 1.51 0 9.32 0.1091
11 (no sub)| 289.3 6.14 6.12 1.45 0 7.58 0.1365
MT
Test II\E/I\;asF; B}Egap' MT Bypass EZ/I;—pacity IC_:-glpacity -Cr:?olt;;city coP
Flow ow
- kgls kg/s % kw kw kw -
1 0.0313 | 0.0263 65 7.81 7.03 14.84 1.58
2 0.0264 | 0.0228 75 6.56 6.15 12.72 1.23
3 0.0389 | 0.0279 51 9.72 7.42 17.14 1.99
4 0.0331 | 0.0294 69 8.18 7.67 15.84 1.77
5 0.0319 0.0238 60 7.97 6.43 14.4 2.53
6 0.0239 | 0.0237 79 5.93 6.39 12.32 1.55
7 (no sub) | 0.0081 | 0.0269 95 1.97 7.07 9.04 1.04
8 (no sub) | 0.0159 0.0234 89 3.91 6.25 10.16 1.53
9 (no sub) | 0.0086 | 0.0269 93 2.13 7.09 9.22 0.9
10 (no sub)| 0.0275 | 0.0265 75 6.8 7.06 13.85 1.49
11 (no sub)| 0.0047 | 0.0229 97 1.16 6.15 7.30 0.96
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This reduction in flash gas has significant implications for efficiency of the cycle. The flash
tank requires sufficient liquid refrigerant returning from the condenser/gas cooler to balance
the leaving liquid to the evaporators. Absent a subcooler, dhaate would require additional
flow to the condenser/gas cooler, requiring an increased flow through the MT compressor

(and/or a reduction in the capacity delivered to the evaporaificests 17 in Table5 are

thosewith the mechanical subcooler active; Testkl7are without subcooling.

Discussion of Results

Comparing test points with similar outdoor temperatures, the capacity and COP are both
considerably higher in tests with the subcooler, and this is true in both the transcritical and
subcritical test conditions. The COP improves in part because the seihiteelf operates at a
comparatively efficient state: the subcooler removes heat from the gas cooler/condenser
leaving refrigerant (which is a few degrees above outdoor temperature) and rejects heat to the
laboratory space, in the range of 29287K. Themost substantial difference may be seen in
the MT capacity and the refrigerant bypass percentage, which will be addressed later. The

bypass flow is also shown Table5, and is computed as:

Moypass= MMT comp] MMT evap. 4)

- 4 " U D IA O O—G p Tt M-bBypaSS (%) = (mpass/ mv|T Comp) * 100%
8

(5)

Comparing two tests in which the outdoor temperature setting was the same, one with and
one without the subcooler, helps clarify the impact the subcooler has on the overall
performance. In particular, with transcritical tests the difference is pronoundexia be seen
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since all highside enthalpy points are known from measurement &ajare 37 shows test
results for the nominal 308K test point with and without subcooling. The blue cycle represents
the withoutsubcooling test (Test #9), while the black cycle shows the-suititoolirg test

(Test #1). The outdoor temperature isothermal line is also plotted. The most important
difference is the gas cooler leaving state. In Test #9, the temperature at the outlet of the gas
cooler is 311.3K. In Test #1, the temperature leaving the gdsrée@10.6K and leaving the
subcooler, the temperature is 298.0K. This is particularly important considering the refrigerant
quality entering the flash tank: at 3.50 MPa, the refrigerant quality entering the flash tank is
0.27 in Test #1 and 0.65 in Te#. For the system to operate in a steady condition, the amount
of liquid returning to the flash tank has to balance the liquid sent to the evapdrhtmbenefit

of the subcooler is providing a higher percentage of liquid to the flash tank, allovangm=a
overall flowrate in the MT compressor and through the gas cooler/condenser, reducing
compressor work and increasing efficiency.
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Figure 37 TestResults folNominal 308KTestCondition with and without

MechanicalSubcooler
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Figure 38 shows the pressure at different stages of the cycle, plotted against outdoor
temperature. The discharge pressure of the MT conpréBeint #12) increases roughly

linearly with outdoor temperature until the 302K test points, where the pressure is held roughly

constant.
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Figure 38 Pressure ofCycle Points vs.Outdoor Yemperature with and without

MechanicalSubcooler
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Table6: Refrigerant Pressure at Different Cycle Points
Outdoor Air | Discharge | Flash Tank | MT Evap. LT Evap.
Test Temp. Pressure Pressure Pressure Pressure
- K MPa MPa MPa MPa
1 307.94 8.66 3.49 2.94 1.54
2 312.34 8.69 3.50 2.98 1.40
3 302.13 8.43 3.48 2.92 1.59
4 297.04 7.17 3.56 2.94 1.68
5 280.88 5.12 3.48 2.90 1.42
6 289.09 6.04 3.50 2.95 1.44
7 (no sub) 296.16 7.00 3.55 3.31 1.59
8 (no sub) 281.20 5.41 3.53 3.06 1.46
9 (no sub) 308.00 8.75 3.52 3.08 1.58
10 (no sub) | 302.12 8.62 3.50 2.98 1.56
11 (no sub) | 289.28 6.14 3.52 3.04 1.44

Figure39 shows the normalized flow rate in each evaporator anchétkum temperature
compressqrfor the withsubcooler tests. Normalized flow is calculated for each point of

interest as the ratio tfie measured flow divided by the LT flow rate:

nmorm = m/ m_T (6)
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MT Evaporator Flow LT Evaporator Flow MT Comp. Flow

Figure 39 NormalizedMassFlow Rate forEach EvaporatorandMT Compressaqr
with Subcooling
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This graph shows bypass flow which is highest at 289K (Test #6 Fadne5) increasing
from a lower bypass rate at the 281K test point (Test #5). The bypass flow then decreases with
increasing outdoor temperature to the 302K test point (Test #3) and then increases again with
increasing outdoor temperature. This agrees in genetlalthe findings of Sharma et al.
(2014a, 2014b), who showed a similar phenomenon through modeling; in the present testing
the phenomenon i s much more pronounced. Howeve
LT loads was roughly 2:1. In the current ladkory setup, the loading was closer to 1:1,
meaning the LT loads were a substantially larger portion of the load. Since the LT load in this
system is in essence isolated from the gas cooler (with the compressor discharging to the flash
tank), it stands toeason that bypass flow requirements will be higher with a higher proportion

of LT load than in a system with a lower LT proportion.

In order to understand the requirement for high bypass flow in some conditions, an analysis
of the heat transfer within the gas cooler is considered. Since capacity of the gas cooler is not
precisely measured in subcritical conditions in the experimanmtdel may be used to assist
in this understanding. Using the validated model calculations for heat transfer in the gas cooler,
the phenomenon driving the required mass flow (and with it, overall COP) may be better

observed.

Figure40 shows the effectiveness of the GC/condenser. A finite volume HX model (Jiang
et al. 2006) was used to calculate the refrigesade heat transfer coefficient (HTC) ftre
modeled gas cooler, using simplified assumptions: for each subcritical pressure, the refrigerant
inlet condition was set at 27.8K superheat entering the condenser, and the air temperature set

at 5.6K below the saturated refrigerant temperature. Farsttcal conditions, the outdoor
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temperature was set to 305.4K and the refrigerant inlet temperature set to 366.4K. Importantly,
in these simplified calculations the mass flow rate was held constant, to isolate for the effect of
pressure on HTC and alldier calculation of more pressures than were tested. The result is an

average heat transfer coefficient for the gas cooler under conditions similar to the range of test

conditions, which is also plotted Figure40.
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Figure 40 Gas Cooler/Condenser Effectiveness mtetPressure;Also Shown is a
CalculatedHeat TransferCoefficient for theGas Cooler Using aFixed MassFlow
Rate tolsolate theEffect ofPressure
The heat transfer coefficient in the gas cooler/condenser decreases with increasing pressure

to a local minimum at approximately 6.5 MPa, before increasing to the critical point. This is
supported by the work of Kondand Hrnjak (2011) and Cavallini (2006) who studied heat
transfer and condensation (albeit for horizont
| ocal mi ni mum at about 6.5 MPa for the conditi
showed theminimum closer to the critical pressure. After the critical point the HTC again
decreases with increasing pressure. The effectiveness of the gas cooler/condenser under test

showed a corresponding trend.
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Plotting COP vs. condensing pressure, the trentbasraplicated as shown Figure4l,

along with COP vs. Outdoor Temperature for reference.
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Figure 41 Gas COP vslnlet Pressure withCalculatedHeat TransferCoefficient
for theGasCooler Using a Fixed llssFlow Rate tolsolate theEffect ofPressure
(left); COP vs. @tdoor Temperature (right)
This result, combined with the pressure vs. outdoor temperature shdwguie 38 and

the mass flow rate (particularly the bypass flow}igure 39 shows a challenge for systems
operating near the critical point; the reduced condenser effectiveness combined with the booster
cycl edbs requir ementdnkcessitatbsyaghpomortidn bfboypassfioe at e s
in this pressure range to satisfy the heat rejection requirements of the cycle.This phenomenon

would be particularly prevalent in cycles with a high ratio of LT loading.

Considering the effect of the loading ratio, Sawadal. (2015) showed a method to
calculate the COP of each stage, and the COP of systems with the same performance traits but
different load ratios. This method calculates the efficiency of each stage by attributing some
portion of the MT compressor work temoval of heat from the LT evaporators, and can be
used to estimate how differently the system would perform if a larger fraction of the load were

the efficient MT stage. It does not account for other system differences that would fexist
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instancethis system had a single, varialzi@pacity MT compressor, where in reality a larger
system with a larger MT stage would most likely have multiple, staged-fipedd MT
compressors. This is also useful because in the present laboratory testing, dernneffic
conditions the MT evaporator capacity decreased significantly and in the most extreme
conditiosn, the load ratio was very low though though the COP of each individual stage was
not particularly low; this had the effect of strongly biasing the ov&r@P towards the LT
COP. The results of thanaylsis, shown ifable7, showthat for some of the lowestficiency

tests, such as Tests 7, 9, andthg,increase in efficiency if the LR had been 1.0 would have
been 1015%. Comparing the COP with LR = 3 (a more typical supermarket value) with the

measured CORsthe improvement in total COP would be on the order 629%
depending on the test conditidrigure 42 shows the COIBf each stage as measured,

calculated using this method, along with the total COP. The theoretical bounds of total COP

are in between the MT and LT COP, depending on the load ratio.
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Figure 422 COP ofEach Compressor Stage Calculated and Combined COP with (left) and
without (right) Subcooling
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Table7: COP Calculateébr Each Stage and for Different Load Ratios Using Method from Sawalha (2

Test Outdoor Air | COP COP LR COP COP, COP, COP, COP,
Temp. MT LT Tot LR=1 |LR=2 |LR=3 |LR=4

- K - - - - - - - -

1 307.9 2.08 1.25 1.11| 1.58 1.56 1.70 1.78 1.84

2 312.3 1.59 0.98 1.07| 1.22 1.22 1.32 1.38 141

3 302.1 2.62 1.51 1.31] 1.99 1.91 2.10 2.21 2.28

4 297 2.34 1.41 1.07| 1.77 1.76 1.92 2.01 2.06

5 280.9 3.81 1.78 1.24| 2.53 2.43 2.76 2.97 3.10

6 289.1 2.13 1.24 0.93| 1.55 1.57 1.72 1.81 1.86

7 (no sub) | 296.2 1.47 0.96 0.28 | 1.04 1.16 1.25 1.30 1.33

8 (no sub) | 281.2 2.25 1.28 0.63| 1.53 1.63 1.79 1.89 1.95

9 (no sub) | 308 1.22 0.84 0.30| 0.90 1.00 1.06 1.10 1.12

10 (no sub)| 302.1 1.95 1.21 0.96| 1.49 1.49 1.62 1.69 1.74

11 (no sub)| 289.3 1.41 0.91 0.19] 0.97 1.11 1.19 1.24 1.27

Steady State Modeling

A system solvewas developetb simulate th€C O refrigeration systenBeshr 2016) This

new component based vapor compression system steady solver falls under the successive
solution scheme category of solvers where a variable is solved before moving on to the next
variable. This approach is fast and robust because the number ofétgeatables for a

certain system using this approach are less than the number of variables in the simultaneous
approach (which uses a ntinear equation solver to solve all the unknown variables
simultaneously). Also, this solver has many benefits angue features compared to the

existing solvers. Firstly, this solver overcomes the flexibility problem associated with
successive solution scheme system solvers. This happens through using highly flexible data

structures. Therefore, this solver is capaiflsimulating large number of different designs of
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vapor compression systems including arbitrary system configurations, multiple air and
refrigerant paths, and user defined refrigerants. Moreover, this solver implements a
componenbased solution schemghis means that it treats the different component models

as black box objects so that the equations or any other information used in any component
model are not exposed to the solver. Therefore, detailed engineering models and solvers can
be used to represt the different components without affecting the complexity, robustness, or
computational speed of the system level solver. Figure 10 shows the solver outline. The
solver is based on the enthalpy marching approach (Winkler et al. 2008) where the enthalpy
(refrigerant state in general) is propagated from one component to the next (e.g. the pressure

and enthalpy outlet of the compressor is the pressure and enthalpy inlet to the gas cooler).

Determine the unknowns
Formulate the residual equation$
Determine the required guess valles
Determine convergence criteria

v

Inlet port state knowr

Run componem

End of component lisi

v All port states knowrr>
[Run compressor(%)
(Check next component in the lig—— Calculate reS|duaI
$ '
No Sy
Update unknown values ]: Solver converges= Ye Display results

Figure 43. SolverFlowchart
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The COz gas cooler component model is based on a finite volume HX model (Jiang et al.
2006) while the subcooler HX, MT and LT evaporators use a finite volume plate HX model
(Qiao et al. 2013). The R134a subcooler is not simulated in the system model and the inlet
glycol operating condition is based on the experimental data. The LT compressor model is a
ten-coefficient (AHRI540-2015 Standard) model with a power adjustment factor of 0.87
while the MT compressor is defined using the volumetric and isentropic effieg the
displacement volume and RPM. The solution scheme requires setting 4 different convergence
criteria in the system. The selected criteria are the discharge pressure for transcritical test
points (outlet GC/condenser quality for subcritical tesh{sd, expansion valve outlet quality

at point 14, and superheat at the outlet of each of the two evaporators. These convergence
criteria values are set to be equal to the experimental values for the corresponding testing

conditions.

The validation rests for the COP, power consumption and total system capacity are shown

in Figure 11. The predictions are within 3% of the experimental data.
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Figure 44. ValidationResults

Parametric Analysis of Subcooler

The model was used to perform a parametric study on the effect of the subcooler,
varying the capacity of the subcooler. Since laboratory results showed that the
subcooler had a beneficial impact on overall system efficiency at all test conditions, it
is of interest to understand to what extent additional subcooling capacity would

improve overall efficiency. A simple modification was made to the simulation
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settings to perform this simulation: the inlet glycol condition to the subcooling plate
heat exchangewvas adjusted and the simulatioartm to evaluate new steady state
results. The constraints and inputs to the model were otherwise held constant. The
power of the mechanical subcooler, which was not itself modeled, was calculated first
assuming a consta@OP, and then with COP adjusted by 23% to show the effect

of subcooler efficiency on the expected overall system COP. One important
consideration for interpreting the results of this simulation is that the compressor
RPM is a set input to the modé&he results therefore show increased refrigerating
capacity with increased subcooler capacity, when in real operation the result may
instead be reduced compressor RPM and lower total power to provide equal

refrigerating capacity.

The simulation was rurof test points #2, #4 and #6. The results are shoWwigiure

45, Figure46, andFigure47 respectively. COP increased with lowtemperature

glycol in the subcooler, and bypass flow percentage decreased with lower
temperature glycol in the subcooler. The improvement in overall system COP
depends on the efficiency of the subcooler, and the effect was most pronounced in the
lowest outdoor tempetare test, where the subcooler power makes up the largest
percentage of overall system power. The graphs also show the CORCGhtbgcle

only (meaning, with subcooling power excluded from the total power). This shows
why the benefit of reducing subceotemperature diminishes for the Test #4 and
Test#6; as the COP of tiO; cycle itself improves, the efficiency benefit of

subcooling gets marginally less. Though the actual cycle efficiency of the subcooler
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was not modeled here, it is evident that abeé point exists at which adding

subcooling capacity at relatively lower COP may reduce total cycle COP.
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Figure 45 Parametric Analysis of Subcooler Results: COP vs. Subcooling Plate HX Glycol
Inlet Temperature (left) and Bypass Flow Percentage vs. Subcooling Plate HX Glycol Inlet
Temperature For Test #2 (312.3K Outdoor Temperature)
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Figure 46 Parametric Analysis of Subcooler Results: COP vs. Subcooling Plate HX Glycol
Inlet Temperature (left) and Bypass Flow Percentage vs. Subcooling Plate HX Glycol Inlet
Temperature For Test #4 (297.0K Outdoor Temperature)
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Figure 47 Parametric Analysis of Subcooler Results: COP vs. Subcooling Plate HX Glycol
Inlet Temperature (left) and Bypass Flow Percentage vs. Subcooling Plate HX Glycol Inlet
Temperature For Test #6 (289.1K Outdoor Temperature)

Chapter Summary

This chapter details laboratory testing of a transcritical booster system with dedicated
mechanical subcooling. The system was tested in a range of condenser/gas cooler inlet air
temperatures and with simulated load for the MT and LT evaporators. Thesyatetested

with and without subcooling; the subcooler provides a substantial improvement to capacity
and efficiency by reducing the flash gas and requirement for bypass flow. Because the system
had a high proportion of LT loads, there is high bypass itothie MT compressor, and in
cases without subcooling the total system capacity is reduced at hot outdoor conditions
without the subcooler. The efficiency of the cycle had a local minimum in the transitional
region just below the critical point, as théeetiveness of the condenser is comparatively low
in this regionln a steadystate modeling task, the effect of sizing of the subcooler was
investigated. The COP of the gfximary cycle excluding the subcooler increases with
decreasing subcooler tempenat, while the COP of the subcooler itself is less as leaving
temperature decreases. As the primary G@le efficiency gets higher, the benefit of

additional subcooling diminishes.
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Chap4 €mransBeehntvi or

This chapter describes the developn@rtansient models of the G®ooster

refrigeration system that was tested in the laborat@iyoratory tests of three

transient scenarios were performeding transient laboratory tessults the model

is validated for transcritical and subcritical operating modes. A preliminary study on

the effects of demand response fAishedo even
performed.The objectives of the work described in this chapter are:

1 Develm transient model of full booster cycle with dedicated mechanical subcooler
using the Modelica language and Dymola simulation environment.

9 Using laboratory test results, validate model in transient operating conditions in
transcritical and subcritical opaing modes

9 Using validated model, expand understandintpafl shed behavior of booster cycle

by modeling partiaload, pefrstage load sheds

Model Description

The booster cycle was modeled using the oleieinted simulation language

Modelica and th®ymola simulation environment, using many components from the
University of Maryland CEEE Modelica Library. The Sdirk34hw solver, aottier
singlestep/Runge&utta solver ighe primary solver used he cycle describeid

laboratory testingvas replicatd with the exception of the LT evaporator suction line
heat exchanger: because of the large superheat from the LT evaporator related to the
laboratory test saip, the LT suction line heat exchanger did not engage during

typical operation, so it was omittédrom this simulation for simplicityThe schematic

of the system as modeled is showrrigure48.
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Figure 48 CO; Booster Cycle Schematic as Modeled for Validation

The following describes see of the key component models.
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Heat Exchangers

The model contains a number of plate heat exchanger components. For these the
CEEEModelica Libray plate heat exchanger component is used as a basis with
modification as appropriate. The model includes refrigai@nefrigerant and
refrigerantto-brine plate heat exchangers, as well as subcritical and transcritical

refrigerant behavior.

There are a total of 5 plate heat exchangers in the model. Each parallel flow channel
is modeled using the finite volume method. The finite volume approach that was
adopted here is described generally in Qiao (2014) using components from the CEEE
ModelicaLibrary. The heat exchanger geometries are describ&adhile8. The MT
evaporator, LT evaporator, and subcooler@@e-to-glycol components. The

subcooler evaporator is a R13#eglycol heat exchanger. The suctiamel heat

exchanger i€0;-t0-COz2. The condenser/gas cooler is also modeled using the finite
volume method. The flash tank is modeled as a lump control volume. There are three
ports: an inlet port of refrigerant returning from the high side; a vapor potieof

bypass refrigerant to the MT compressor, and a liquid otulet port to the MT and LT
evaporators. The component model is the same as that described in Qiao et al (2015)

modified to the geometry of th@0O, system.
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Table8 Plate Heat Exchanger Geometries

Description Dimensions (Length, Width, Number of Channels /
Hydraulic Diameter) Plates
MT Evaporatoii COzto Glycol 0.53m, 0.11m, 8.75*1Om 26 Channels / 27 Plates
LT Evaporatoii COzto Glycol 0.21m, 0.073m1.06*10% m 16 Channels / 17 Plates
Suction Line Heat ExchangerCOzto CQ» 0.32m, 0.11m, 8.75*1Hm 6 Channels/ 7 Plates
Subcooleii COzto Glycol 0.32m, 0.11m, 8.75*1Hm 12 Channels / 13 Plates
Subcooleii R134a to Glycol 0.32m, 0.11m, 8.75*1Om 12 Channels / 13 Plates

Each heat exchanger includeSiagleNoddeat transfer componewhichis the

interface between each fluid and the heat exchanger walls. The component includes
heat exchanger geometry and materials, and computes an energy balance between the
walls and the fluids for a heat exchanger witiodes and connecting fluids A and B

a ay
Z - Z - -
€ Qo

on

The SingleNodeomponent connects to each fluid control volume and exchanges the

node temperaturenddeas well as heat transfer Q.

For each control volume nod¢he energy balarcis computed as

0 OY&®d 2 Y 5 Y

The heat transfer coefficient is calculated differently depending upon the fluid. For

brine and air components the heat transfer coefficient is taken as a constant and
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determned empirically within a range of reasonable bounds based on laboratory

results.

For refrigerant components th@iteVolumeFluidC\component from the CEEE

Modelica Library is used. This component computes the properties and flows for a

discretized heatxchanger of fixed control volumebhe HTC is calculated at each

time step for each node. For each refriger
parameters for liquid, twp h a s e  a nig pala g0 T ensude smooth

transitions between pises, the three are spliced together in an intermediate step using

the ModelicaspliceFunctioras proposed by Qiao (2014):
0Y6g [ NaRAR D o
0Y6g | QaQRO® RY Y ip

[ & 0e;RO"YS imdou cfidtv wé &€ QQE i Qi

Y0 5 hoolBih Fse o QUORET GO E I

Finally,

O"Yo é(— ZOYOg]

Wheremavgis the average of mas®W rate into and out of the node amglis a
parameter for the nominal flow rate of the component. In the case of transcritical or

nearcritical flow, further modification is neede®efrigerant quality is used in the
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smoothing funtions above, but tranisdr i ¢ a | refrigerant has no
there is no hor h. To retain the same equations and smooth transition, the values of

hr and hare retained from the point 7.2 MPa; therefore the interpolation of HTC

values can still be performed acrolss tange of enthalpy conditions while near or

above the critical point. Further, since heat transfer coefficient varies greatly in the

nearcr i ti cal and transcritical regions, the
refrigerant pressure, rather thaput as a fixed parameter as in the components

operating well below the critical point.

The energy balance in the control volume is calculated as,

1 Qb1 00
P Qo 10 Qo

N ITE SO LIS
vow P 0 Q0

Compressors

The model includes three compressors: the MT, LT and subcooler compressors. The
model consists of a small control volume of refrigerant at the inlet to the compressor,

and a base compressor component.
The compressdrase component takes compressor speed in RPM as an input. The

parameters include a fixed volumetric and isentropic efficiency, as well as

displacemenb. The following equations describe performance:
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The MT compressor was modeled with a displacement of 6.461h3 and

isentropic efficiency of 60%. Compressor speed was controlled in the range of 550 to
1,750 rpm. The LT compressor was modeled with displacemeri3i#2*2.0-5 m3

and isentropic efficiency of 72%. The LT compressor was controlled with a fixed
speed of 1,750 rpm. Both of the aforementioned compressors are modeled with CO
refrigerant. The subcooler compressor, using R134a, has a displacement of-8.09*10
m3 and was modeled with isentropic efficiency of 85%. Fixed efficiency was used,

derived from expemental and manufacturers data.

Valves

The valves were modeled asatlgalves with diameter as an input from proportienal
integral (RI) control. The valve is assumed to be isenthalpic and the equation
governing the relationship of flow and pressure is

G O6wo z” 8z Qnp?d
The Modelica functiomegrootis used for the pressure drop, which approximates the
root of the absolute value of dp, times the sign of dp, to provide a finite result which

is smooth at dp = 0.
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Flash Tank

Another important component is the flash tank. The flash tank is modeled as a
lumped volumes inQiao et al. (2015). The model assumes ideal liquid and vapor
separation and that the vapor and liquid within the tank are at thermal equilibrium.
The pressure drop within the tank is assumed to be negligible, as is the heat loss from
the tank. The component has three ports: an inlet port, a vapor outlet port and a liquid
outlet port. The component requires both mass and energy balances since the total
refrigerant quantity in the flash tank changes over time. The equations governing the

behavior of the flash tank are
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The enthalpy of the liquid and vapor phases are assumed to be the saturated liquid
and vapor enthalpy levels respectively at the pressure of the flash tank. As modeled,
the height of liquid refrigerant in the flash tank did not cross the orifice ports,

however such cases could be accommodated.
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Figure 49: Schematic of Flash Tank Mode¢produced from Qiao et al 2012)

Controls

The control logidor the simulated cycle was duplicated from the settings of the
commerciallyavailable control software used for the system in the labor&dory
validation modelingAmong key control points are the flash tank pressure, suction

pressure for the MT comprasr, saturated suction pressure for each evaporator,
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superheat and gas cooler pressure. These values were selected to match the equipment
and controls of the tested hardware, rather than to optimize performance (for

example, gas cooler pressure was baseth® control of the test equipment, not

optimized for capacity or efficiency). A Modelica PID component was used for each

of these with sgboints as shown ifiable9. Thecontrol logic of the subcooler is

again the ame as the laboratory sgb, which is oroff control based on a

water/glycol temperature of approximately 4.4°C; the sifutondition was not

observed in the tests discussed here.

Control of the cycle is performed with a series of proportiamtaigral controllers.

The ModelicaPID component is used for simulating this control. The following are
the PI controllers and their control points, derived from the actual control software fo
the laboratory equipment. In later sections these points are modified to simulate a

realworld installation.

Table9 SetPoints for Control in Validation Simulations

Description Control Input Validation Set k Ti
Point

Condenser Gas cooler (varies with 5.0*10% 0.5

pressure regulato| pressure temperature)

Bypass valve Flash tank 3.46 MPa 1.0%107 1
pressure

MT expansion Superheat 5K 7.5*10% 10

valve

LT expansion Suction pressure 1.535 MPa 5.0*107 0.5

valve

MT compressor Suction pressure 2.86 MPa 7.5%10° 1

speed

SLHX Valves Superheat to 15K 1.0*10* 1
MT Compressor

Subcooler Suction pressure 0.30 MPa 5*107 10

expansion valve
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Brine Tanks

The laboratory test sefp was also modeled for validation purpo3éd® test setip
consisted of two insulated tanks containing a water/propylene glycol blend. The
volumes were 0.492hfor the MT load bank and 0.303%or the LT load bank. The

fluid was circulated to each evaporator using pumps which are not modeksdiln d

here (the flow rate, which was measured in the laboratory, is set as a parameter). The
electric resistance heat is simulated using a simple-fueadtransfer pipe

component, and controlled with a simpleafif control with a 2Kdead bandThe

storgge tanks are modeled as lumped parameter volumes and losses are neglected.

For modeling the brine system, a brine tank component andlieatflow pipe
components are used. The pipe flow uses a lumped control volume, like that in the
heat exchanger cqmonents. The properties of brine are calculated from the following
equations:
N Y CufPr
K ™ QydY ¢ xgpu pmdn
TBITTTEPY T Y Y w
O TWINFESY CXPU OPOULVEP MM T

‘ ™M oTECY ¢XPpL pT1 NN

Energy balance in each control volume is calculated:

L e QY L, .
O(Zoozaou a Q a Q
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For fixed-heat transfer pipes (used to simulate heaters) the val@ésgirovided as
an input. The glycol tanks are modeled as a single control volaimg tihe same
method. The storage tanks are set to have a node pressure of 1 atmosphere, thereby

Agroundingd the pressure in each closed | o

Results: Transient Behavior and Model Validation

To understand behavior in transient conditidaboratory tets were performed for the
following scenarios:
(1) Shed MT load by shutting expansion valve for MT evaporator. Transcritical,
35.0°C outdoor temperature.
(2) Shed LT load by shutting off expansion valve for LT evaporator. Transcritical,
35.0°C outdoor temperature.
3)Switch the subcool er.Susgritcal,el20°CG qutdoor iono t
temperature.
The results of laboratory testing and the model validation are presented together
here.The results for the MT shed are discussed first. The values of key parameters are

averaged before, during, and after the event in

Tablel10. In mocel results, théirst 200 seconds are omitted as the model initializes.
In the simulated event, the MT evaporator expansion valve control was manually
interrupted, and set to fAclosed at time 11

seconds, and ¢éhsystem is allowed to resume normal operation at that time.
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Table10MT Shed Laboratory and Simulation Results

Before Shed During Shed After Shed

Model Lab Delta Pct Model Lab Delta Pct Model Lab Delta Pct
MT Compressor Power (kW) 594 576 019 3% 355 391 -0.36 -10% 6.08 6.16 -0.09 -1%
LT Compressor Power (kW) 141 155 -0.13 -9% 1.41 158 -0.17 -11% 142 153 -0.12 -8%
MT Evaporator Capacity (kW) 513 545 -0.32 -6% 0.23 -0.22 0.45 NA* 528 576 -0.48 -9%
LT Evaporator Capacity (kW) 6.56 599 057 9% 6.56 6.43 013 2% 6.56 6.30 0.26 4%
MT Comp. Ref. Flow Rate (kg/s) 0.07 0.06 0.01 14% 0.04 0.04 0.00 -5% 0.07 0.07 0.01 8%
LT Comp. Ref. Flow Rate (kg/s) 0.02 002 000 0% 002 003 000 -8% 002 0.03 0.00 -5%
MT Evap. Ref Flow Rate  (kg/s) 0.02 0.02 0.00 -2% 0.00 0.00 0.00 NA* 0.02 0.02 0.00 -3%

LT Evap. Pressure (MPa) 154 147 0.06 4% 1.54 156 -0.02 -1% 154 153 0.00 0%
MT Evap. Pressure (MPa) 289 286 0.03 1% 247 266 -020 -8% 289 290 0.00 0%
Flash Tank Pressure (MPa) 346 347 -0.01 0% 3.46 348 -0.02 0% 346 347 -001 0%
Cond./Gas Cooler Pressui (MPa) 8.58 8.63 -0.05 -1% 8.55 835 0.20 2% 858 8.65 -0.07 -1%
COP ) 140 135 0.05 4% 114 104 010 9% 140 136 004 3%
*comparison not applicable for comp

The power for the MT and LT compressors is showrFigure 50. The LT
compressopower, shown in blue, is approximately flat and agrees closely throughout
the simulation for the laboratory and model results. The model power is consistently a
bit lower, and the difference in power il8% at each stage of the simulation. The MT
compresor power varies during the shed event, as the MT compressor speed reduces
to minimum speed. The power agrees to within 3% prior to the shed, 10% during the
shed, and 1% after the shed. In the figure, the power may be observed to rise and fall
during steayl periods (outside the shed) as the simulated load temperature increases
and decreses. These increases and decreases are not quite synchronized between
laboratory and model, because of slight differences in laboratory and simulated

conditions arising fronthe intial conditions and initialization period.
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Figure 50MT and LT Compressor Power for Laboratory (solid) and Model (dash)
for MT Capacity Shed

The refrigerant flow rates are showrHigure51. The MT and LT evaporator flow
rates, in red and blue respectively, agree closely on average. The flow rates in the
laboratory test show some perodic cycling and variation thabtiscaptured in the
model. The MT compressor flow is higher outside of the shed, by 14% on average
before and 8% on average after, and lower by 5% during the shed. Since the MT
evaporator flow rate agrees closely, the primary difference is the bypassviiamh is
higher in the model. This corresponds to higher refrigerant temperature leaving the

subcooler, which was-8K higher in the model.
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Figure 51 Refrigerant Flow Rates for Laboratory (solid) and Model (dash) for MT
Capadty Shed
The refrigerating capacity, shownkigure52, agrees closely. The COi#gure53

agrees within 31% outside of the shed, and 9% during the shed.
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Figure 52 MT and LT Evaporator Capacity for Laboratory (solid) and Model

(dash) for MT Capacity Shed
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Figure 53 Total System COP for Laboratory (solid) and Model (dash) for MT
Capacity Shed
The LT shed test was performed similarly, and the results are shovatliell.
In the laboratory, the LT evaporator pressure often settled at slightly different steady
levels per test; in the LT demand response test, the steady pressure was approximately
1.8 MPa priotto the shed, and ramped down to about 1.5 MPa after the shed; this was
emulated in the model using different set pressures before and after the shed. Similar
to the MT shed results, the first 200 seconds of simulation time are omitted from the
calculated esults. At 1300 seconds, the LT expansion valve was manually set to close,
and after 1800 seconds;@pened. The LT compressor is controlled to shut down on
low pressure sensing approximately 1.2 MPa, and turn on sensing approximately 1.8
MPa. As such, t compressor turned off during the event. The model and laboratory
results showed fair agreement. The MT compressor power agreed within 10% before,

8% during, and 11% after the shed; the LT compressor power agreed within 16% before

109



and 17% after the shetlhe capacity of the MT evaporator agreed within 12% before,
2% during, and 7% after the shed; the LT evaporator results agreed within 10% before
and 1% after the shed.

Tablel1 LT Shed Laboratory and Simulation Results

Before $ed During Shed After Shed

Model Lab Delta Pct Model Lab Delta Pct Model Lab Delta Pct

MT Compressor Power (kw) 799 7.23 076 10% 415 450 -035 -8% 6.37 569 0.68 11%
LT Compressor Power (kW) 1.31 154 -0.23 -16% 0.03 0.07 -0.04 NA* 1.19 141 -022 -17%
MT Evaporator Capacity (kW) 540 480 059 12% 9.26 9.04 0.22 2% 466 434 0.32 7%
LT Evaporator Capacity (kW) 8.03 890 -0.87 -10% 0.14 0.68 -0.54 NA* 829 822 0.07 1%
MT Comp. Ref. Flow Rate (kg/s) 0.10 0.08 001 15% 0.04 0.05 000 -11% 0.08 0.06 0.01 20%
LT Comp. Ref. Flow Rate (kg/s) 0.03 0.03 0.00 -7% 0.00 0.00 0.00 NA* 0.04 0.03 0.00 15%

MT Evap. Ref Flow Rate  (kg/s) 0.02 0.02 0.00 14% 0.04 0.04 0.00 4% 0.02 0.02 0.00 10%

LT Evap. Pressure (MPa) 1.84 185 -0.01 -1% 1.24 158 -0.35 -25% 1.95 1.80 0.15 8%
MT Evap. Pressure (MPa) 289 291 -002 -1% 257 262 -005 -2% 294 291 0.03 1%
Flash Tank Pressure (MPa) 346 349 -003 -1% 3.38 347 -0.09 -3% 345 348 -0.03 -1%

Cond./Gas Cooler Pressur (MPa) 860 866 -0.06 -1% 856 8.63 -0.07 -1% 858 8.66 -0.08 -1%

CoP O] 131 138 -0.07 -5% 1.85 171 0.14 8% 1.54 153 0.02 1%

*comparison not applicable for compo

The results are graphedkimgure54throughFigure57. A summary of the average

power and capacity agreement betweenriaooy and model is shown Figure60.
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Figure 54 MT and LT Compressor Power for Laboratory (solid) and Model (dash)
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Figure 55 Refrigerant Flow Rates for Laboratory (solid) and Model (dash) for LT
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For the subcritical transient validation test, a differapproach was taken. A

laboratory test in which the subcooler was off at the beginning, and then turned on, was

used as the condition for validation. The resulting values are again summaiiiabtein

12

Table12 Subcooler Ofto-On Test Summary

Before Shed During Shed After Shed
Model  Lab Delta  Pct Model Lab Delta  Pct Model Lab Delta Pct
MT CompressoPower (kW) 6.92 6.64 0.28 4% 6.25 5.44 0.81 14% 4.32 3.82 0.1 12%
LT Compressor Power (kw) 1.44 148 -0.04 -3% 1.43 15 -0.07  -5% 1.42 153 -0.11 -8%
MT Evaporator Capacity (kW) 2.62 2.21 0.41 17% 5.28 4.83 0.45 9% 5.3 542 -012 -2%
LT EvaporatorCapacity (kW) 6.55 6.66 -0.11 -2% 6.56 6.69 -0.13 -2% 6.55 6.98 -042 -6%
MT Comp. Ref. Flow Rate  (kg/s) 0.14 0.14 0.01 4% 0.12 0.11  0.01 5% 0.09 0.08 0.01 13%
LT Comp. Ref. Flow Rate  (kg/s) 0.02 0.02 0 0% 0.02 0.02 0 0% 0.02 0.03 0 -4%
MT Evap. RefFlow Rate (kgls) 0.01 0.01 0 19% 0.02 0.02 0 11% 0.02 0.02 0 1%
LT Evap. Pressure (MPa) 1.53 1.51 0.02 2% 1.54 1.5 0.03 2% 1.54 1.51 0.02 1%
MT Evap. Pressure (MPa) 3.07 3.01 0.06 2% 2.86 288 -0.03 -1% 2.89 2.87 0.01 0%
Flash Tank Pressure (MPa) 3.46 352 -0.05 -2% 3.46 35 -004 -1% 3.46 348 -0.02 -1%
Cond./Gas Cooler Pressure (MPa) 5.99 5.74 0.25 4% 5.83 549 0.35 6% 5.62 5.44 0.18 3%
COoP “) 1.1 0.95 0.14 14% 1.4 144 -0.04 -3% 1.78 191 -0.12 -7%

In this case the first 400 seconds were remdrad the calculations as the model

intialized. In the event, the system is operating without subcooling for the intial 3600

seconds. The subcooler was engaged at that time in the laboratory and similarly the

model ed

subcool

er

w a s ition timee was gudged t@ be 20 . ©

seconds from simulation time 3600 to 4800, and thegwmtge period was calculated

from simulation time 4800 to 8000. Prior to the change, the MT compressor was

running at full power and the power of the modeled and &by compressors agreed

within 4%. The power of the MT compressor in the model decreased over a similar
time period but the reduction was smaller in magnitude, and the MT compressor power

was 12% higher in the peshange resultShe LT compressor agreetbsely in both

113

The



cases, within 2% before and 8% afteigure 58 shows the MT and LT compressor

power in the laboratory and simulation.
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Figure 58 MT and LT Compressor Powfar Laboratory (solid) and Model (dash)
During Subcooler OfOn Test

The MT evaporator flow and capacity was higher in the model than the laboratory
during the time the subcooler was off. With tteanpressor at full speed, this result is
to be expected: the bypass flow requirement dictates how much flow is available to the
MT evaporator (based on the total MT compressor flow). The MT evaporator flow and
capacity in both cases are considerably I&ss tthe capacity with the subcooler
running, and small differences in the refrigerant enthalpy returning to the flash tank
would be expected to drive a difference in available capacity for the MT evaporator.
The difference is much smaller after the subeptlirns on.These results are shown

in Figure59 andFigure60.
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Refrigerant Flow Rates
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Figure 59 Refrigerant Flow Rates for Laboratory (solid) and Model (dash) for

Subcooler OffOn Test
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(dash) forSubcooler OfOn Test
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Figure 61 High-Side Refrigerant Pressufer Laboratory (solid) and Model (dash)
for Subcooler OfOn Test
The pressures during steady operation agree well as in previous cases as they are
set byuser parameters. These are showhRigure61 andFigure62. Interestingly, the
laboratory and model results both show an incredSEdompressor suction pressure
as the subcooler is off and the MT compressor runs at full speed; the MT compressor
is not quite able to satisfy the control set point for suction pressure at the test conditions

until the subcooler turns on and reduceshyygass flow requirement.
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Figure 62 Low-Side Refrigerant Pressufer Laboratory (solid) and Model (dash)
for Subcooler OfOn Test
COP, shown irFigure63, agreed within 6% after the subcooler was on, and 14%
before. During the transition period most variables agreed within less than 10%, except
MT compressor power and MT evaporator flow, whwére within 14% and 11%

respectively.
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The results show good agreement in general for averaged values and with the
systemlevel trends of powerapacity and efficiengythe average values for each stage
across the three validation tests are showrignire 64. The model does not capture
some ofthe shortterm cycling in particular of the expansion valves, for example as
observed in the MT evaporator refrigerant flow. The researchers observed that the
simulation speed was significantly affected by PID control oscillations. Since the
objective ofthe research is to capture systkawel variations in behavior rather than
optimize control of individual valves, the PID controls were not-fureed to capture

these shorterm variations.
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Figure 64 Summary Results @fansient Model Validation

Load Shed Simulations

The model was subsequently adjusted to perform parametric analysis. The

simulated load banks were adjusted have fixetle®| o a d

(ratbéfothan
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control). In order to simulate a scenario where lmad capacity can be varied on both

the MT and LT | oads, the LT comproefsfsoor con
control to variable compressor speed control using the same control logic as the MT
compressor, including a compressor speed range ofLBFD rpm. These changes

allow the loads to be set, and adjusted to simulate the transient response of the rack to
changes to either load. Simulations were thenruneh80nut e Al oad shedbo
study how the system responds to load reductions of vaagditnde on either the LT

or MT evaporator. To simulate a shed, the fixetleat capacity on the MT or LT load

bank could be reduced, and the simulated volume of the load banks was significantly

reduced to allow a quick response.

Two scenarios were evated. First, remaining close to the laboratory
configuration, a on¢o-one ratio of MT and LT loads was used. 6.0 kW of continuous
re-heating load was selected as a mmatch to typical laboratory conditions.
Reductions of 1, 2, 3, 4, 5 and 6 kW were isgmb on each evaporator load for a
duration of 30 minutes, from the same initial conditions. In the second scenarie, a two
to-one MT to LT ratio was simulated. In this case, 8.0 kW of MT load and 4.0 kW of
LT load were simulated. Reductions of 0.5, 1.0, 2.8, 2.5, and 3.0 kW were imposed
on each evaporator load, again for 30 minutes.

An example of the system response is shown for a partial shed of LT load with 2:1
load rato in Figure65. The LT capacity reductionshown with a blue dotted line) is
met with a corresponding reduction of LT compressor power, and a larger reduction in
MT compressor power. Since the MT compressor provides all heat rejection flow

through the condenser/gas cooler, the reduction in heatiog] requirement manifests
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in reduction in MT compressor work. For comparison, a shed of MT load with 2:1 load

ratio is shownn Figure66. In this case, the reduction in capacity of the MT evaporator

is met with a gnilar reduction in power of the MT compressor, and the LT compressor

and evaporator are unaffected.
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Closer inspection shows the impact of a load reduction on the cycle. For each of
the cases discussatbove,Tablel13showssome key operating conditions at simulation
time of 3000 seconds (prior to the shed) and 5000 seconds (during the shed). The steady
condition was the same for both simulations. While the combined capacity reduction is
essentially the same in both cases, tiital compressor power reduction is greater in
the LT shed case. In turn, the total heat rejection required through the condenser and
subcooler is less during the LT shed than the MT shed. The temperature of refrigerant
leaving the subcooler was lowerrohg the LT shed, leading to a lower refrigerant
quailty (more liquid) to the flash tank from the subcooler. Since the LT compressor
also discharges to the flash tank, the quality of refrigerant considering both returning
flows (subcooler and LT compres$(a@an also be considered. The difference here is
pronounced: in the prehed period, the total returning refrigerant quality is 0.455;
during the LT shed it is 0.382, compared with 0.437 in the MT shed. This pronounced
difference corresponds with a sigodint difference in the bypass flow ratio: in the
steadystate condition the bypass flow percentage is 54.9%; it reduces to 54.1% during
the MT shed, and to 45.5% during the LT shed. In sum, a reduction in LT capacity
results in less bypass flow requiredta MT stage than a reduction in MT capacity.
With less flow required to provide heat rejection, the refrigerant returning from the
subcooler produces slightly less flash gas, amplifying the overall reduction. This
creates a greater power reduction perddwhed load in the LT case than the MT case.

A subtlety of the subcooler can also be noted. Considering the gas cooler and the
subcooler, the gas cooler operates with a fixed entering air temperature, while the

subcooler has roughly fixed power but teenperature of the subcooler fluid changes
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in response to the reduced refrigerant flow. Because of this, the condenser capacity
reduces more than the subcooler capacity in both shed cases.

Table13 Changes of Key Parameters BeforeldDuring a Shed of 1 kW of MT or

LT Load with Simulated 2:1 Load Ratio

Before Shed During LT Shed Change During MT Shed Pct. Change

MT Evap. Capacity w 8000 8001 0% 7051 -13%
LT Evap. Capacity W 4000 3044 -27% 4000 0%
MT Comp. Power w 6175 5153 -18% 5370 -14%
LT Comp. Power W 853 646 -28% 852 0%
Subcooler Comp. Power W 982 990 1% 987 1%
Condenser & SLHX Capacity W 12714 10753 -17% 11183 -13%
Subcooler Capacity W 6249 5887 -6% 5932 -5%
MT Evap. Flow kgls 0.033 0.033 0% 0.0291 -13%
LT Evap.Flow kagls 0.0151 0.0115 -27% 0.0151 0%
MT Comp. Flow kgls 0.0732 0.0606 -19% 0.0634 -14%
Bypass Flow kagls 0.0402 0.0276 -37% 0.0343 -16%
Quiality - Subcooler to Flash Tank - 0.3281 0.2704 -19% 0.2859 -14%
Quality - Combined to Flash Tank - 0.4553 0.3824 -17% 0.4371 -4%
Ref. Temp. Leaving Subcooler K 302.2 298.5 -1% 299.5 -1%

Simulations of different magnitudes of load shed were performed for each scenario
(LT or MT evaporator shed and 1:1 or 2:1 load ratio). The purpose of these simulations
is to quantify the benefit of a given capacity reduction in terms of power reduaton, f
for a load ratio similar to that tested in the laboratory, and then also for a situation in
which there are more MT loads than LT loads. A summary of the results is shown in

Tablel14.

123



Table14 Summary of Load Shed Simulation Results

Total Capacity Total Power
Before During (Delta) Before During (Delta)

Test Shed (W) Shed (W) (W) Shed (W)  Shed (W) (W) Ratio

Baseline, 2:1 LR 12000 12000 0 8010 8010 0
LT Shed0.5kW 12000 11574 426 8010 7485.2 524.8 1.23
LT Shed 1kwW 12000 11144 856 8010 6968 1042 1.22
LT Shed 1.5kW 12000 10710 1290 8010 6484 1526 1.18
LT Shed 2kwW 12000 10382 1618 8010 6158.7 1851.3 1.14
LT Shed 2.5 kW 12000 10282 1718 8010 6080.5 1929.5 1.12
LT Shed 3kW 12000 10196 1804 8010 6019 1991 1.10
MT Shed 0.5kW 12000 11642 358 8010 7713 297 0.83
MT Shed 1kwW 12000 11283 717 8010 7425 585 0.82
MT Shed 1.5kW 12000 10924 1076 8010 7145 865 0.80
MT Shed 2kW 12000 10563 1437 8010 6882 1128 0.78
MT Shed 2.5kW 12000 10201 1799 8010 6636 1374 0.76
MT Shed 3kwW 12000 9831 2169 8010 6393 1617 0.75

Total Capacity Total Power
Before During (Delta) Before During (Delta)

Test Shed (W) Shed (W) (W) Shed (W)  Shed (W) (W) Ratio

Baseline, 1:1 LR 12000 12000 0 8906 8906 0
LT Shed 1kwW 12000 11227 773 8906 7912 994 1.29
LT Shed 2kwW 12000 10412 1588 8906 6970 1936 1.22
LT Shed 3kW 12000 9555 2445 8906 6096 2810 1.15
LT Shed 4kwW 12000 9062 2938 8906 5624 3282 1.12
LT Shed 5kW 12000 8917 3083 8906 5520 3386 1.10
LT Shed 6kW 12000 8806 3194 8906 5452 3454 1.08
MT Shed 1kW 12000 11271 729 8906 8269 637 0.87
MT Shed 2kwW 12000 10519 1481 8906 7667 1239 0.84
MT Shed 3kW 12000 9743 2257 8906 7119 1787 0.79
MT Shed 4kw 12000 8839 3161 8906 6539 2367 0.75
MT Shed 5kW 12000 8294 3706 8906 6289 2617 0.71
MT Shed 6kW 12000 7898 4102 8906 6188 2718 0.66

Figure67 showsthe reduction in total power corresponding to the reduction of LT
load for a 1:1 load ratidach load reduction is shown with a different color; the load

reductions indicatedh the legendare the adjustment to the simulateeheat power,
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rather than the measured capacity (which is indicatédenmesultsof Table 14). The

power reduction in this case slightly exceeds the capacity reduction; this would be
expected, since the efficiency of the kb@mperature portion of the refrigeration load

is low. The power reduction is limited in this simulation case to the minimum speed

550 r pm. I n these casescoltdicddo,sianmud ad edl il glatd
seen before power increasgmin Figure68 shows the total power when shedding MT

load. In this case the magnitude of poweduation is smaller for a given load

reduction. Since the efficiency of MT refrigeration is relatively more efficient, this is

to be expected. The power reduction is similarly limited to the minimum compressor

speed.

Shed LT Load, 1:1 Load Ratio
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Figure 67 Total System Power with 3@inute LT Load Shed with 1:1 Load Ratio
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Shed MT Load, 1:1 Load Ratio
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Figure 68 Total System Power with 3@inute MT Load Shed with 1:1 Load Ratio
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Shed MT Load, 2:1 Load Ratio
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Figure 70 Total System Power with 3@inute MT Load Shed with 1:1 Load Ratio

Figure69 andFigure70showsimilar results for a 2:Johd ratio. Since the LT load
is smaller in this simulation, the capacity reduction step size was reduced. However,
again the reduction in total power is slightly larger than the reduction in capacity. With
the MT load shed, the power reduction is smafienagnitude.

Figure 71 showsthe average, 3thinute reduction of power plotted against the
average, 30ninute reduction in delivered capacity. The LT sheds are shown in blue
and the MT sheds in red. The results show a significantly higher power reduction for a
given capacity reductiowhen shedding LT load.

An important factor which is not captured in tbigpteiis the characterstics of the
thermal mass in the refrigerated goods. The results here show the general response
characteristics of a reduction of load on each suction ghutgloes not consider how
the reduction in load is achieved (e.g., shutting off a certain number of display cases),
nor the dynamic response of the load itself (rise in temperature of the prddhisis

examined in Chapter 7.
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Power and Capacity Reduction during Shed
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Figure 71 Average Power Reduction vs. Average Capacity Reduction during Sheds

Chapter Summary

This chapter introduces a Modelibased transient simulation of the £X@nscritical
booster cycle using dedicated mechanical subcooling. The model was developed and
compared with laboratory tests of simulated lshdd events. In the laboratory tests,

the full capacity of one evaporator stage was shut off for a durat@® minutes.

The model validation results showed good agreement with laboratory results,
particularly for the simpler MT shed where power and capacity agreed within 11% or
less for all conditions before, during and after the simulated shed events. In the LT

shed event the power and capacity agreed within 16% before, during and after the

simulated shed.

Using the model to simulate load sheds, the interaction between the two stages can be
observed. When shedding MT load, the LT stage is essentially undffébe MT

compressor must still provide heat rejection for the low temperature evaporator stage,
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as well as bypass flow to balance the flash tank. The power reduction per kW of load
shed was 0.75.83 for a 2:1 MT to LT load ratio. Shedding LT load impaoxith
compression stages, and the power reduction per kW of capacity shed was higher,
from 1.101.23 kW of power reduction per kW of shed load for the 2:1 load ratio. The
relative reduction was higher with smaller shed. Shedding LT loads offers a bigger
power reduction in return for a given load reduction. While this finding is intuitive,

the authors believe this effort to be a novel exploration for the booster cycle.
Subsequent research efforts should consider giving preference to the reduction of LT
loads first as a way to provide the best demand reduction for a given capacity

reduction.
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Chap%ermoad Modeling

This chapter describes the development and implementation of simulated display case
models for transient modeling. There are numerous apjgse documented in the
literature. For demand response modeling, it is important to capture both the
refrigerantside behavior, as well as the leside behavior such as product

temperature increase during a shed event. The objectives of this effort are t

91 Identify an approach that captures l&ide response with reasonable accuracy while
minimizing computational compléy to allow faster simulations

91 Develop appropriate component models to simulate realisticeadbads with
appropriate dynamiesponse to capture demand response behavior

1 Identify appropriate load profiles for Z#bur simulation of supermarket conditions

Modeling Refrigerated Loads

At a high level, the modeling of refrigerated loads ba accomplished several ways
ranging from blackbox models, to serempirical graybox approaches, to detailed
physical modelsThe simplest approach would be with a simple black

component with a usepecified heat load imposed on the refrigerahts &pproach
allows the user to impose any arbitrary load on the refrigerating system, and observe
how the system responds to changes in [6at may be useful for understanding

how the stages of the boostgcle interact (as discussed in ChapteRgzot et al.

(2016) use a model that could be described as black box, in that the heat flows are
input from prior knowledge such as manufacturer specificatidms researchers

were modeling thermal storage, but with the assumption that thesildadvas nb

interrupted, therefore load and capacity did not deviate at eadbashdothis
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approach was appropriatéowever,the simplified fixedload modebmits many of

the key details required to understdhd control, response and limitations of demand
regponse in detaif the loadside device is to be interruptddemand response
necessarily includes considerations of the response of the load and limitations of
critical parameters to allowable ranges. For instance in the case of a supermarket,
different food products have different thermodynamic properties, and sensitivity to
temperature deviations must be considefde. load itself dynamically changes as
temperatures deviate, atiee control of the hardware under demand response control
is itself of inteest. Therefore any models representing loads which are under demand

response control should be more detailed than the-blaxlapproach

More detailed approaches incorporate some consideration for the interactions
between refrigerant and air, air amdrigerated product, and the case itself and the
ambient spacegdd C o neat &.(2014) implemented a gradyox approachThis

approach uses a series of stochastic differential equations tuned with measurement
data; thecomplexity is adjusted by the numh#rstates (e.g., refrigerant inlet
temperature, outlet temperature, internal air temperature, food temperature) that are
included in the model. The researchers used store measurement data, which included
normal operation and defrost. Because of the reanging to tune the model with

measurement data, this approach was ruled out.

Another approach is taken by researcherb siscGlavaret al.(2016), Vintheret al.

(2013) and Shafiest al.(2013) adopt a simplified physical model of trerdware
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and heat flows. These models incorporate energy balances between each thermal
system, with parameters such as the heat capacity of the food as modelTinguts.
researchers apply different approaches to modeling the refrigedantomponents,
frost formaion, and disturbances, but derive their efforts from a similar form. The

overarching model approach is visualizedrigure72.
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Figure 72 Schematic of th&mplified PhysicalModel Approach taDisplay Case
Modeling (Glavaret al.2016).
The advantage of this simple physical model is thatdagly adopted to Modelica,
and existing heat exchangers models can be readily incorporated. Therefore, a version

of the simplified physical model approach was adopted for this work.

Display Case Model Development

The method applied here is derived frima approach takdoy Glavanet al.(2016),
Shafieiet al.(2013), and others. This model approach was selected for providing
sufficient detail to capture transient changes to model variables, while having low

computational burden to allow reasonable satah timesThe model was adapted
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to interact with the refrigerant control volume and heat exchanger architecture already

developed in Modelica lhe model is described here.

The display case is modeled as consisting of two primary masses: the niass of t
food products inside the case, and the mass of the case itself. Each is treated as a
lumpedtemperature mass with parameters which may be set and adjusted by the user.

The following equations describe the energy balances:

n v Z’Q"Y ol
0w — v
(@0)
. ZQ"Y . . - . .
(V) — U} V] V] V] V]
Qo

The value of &ageis an input used to simulate customer interaction loads, and is
described in a subsequent sectiome Value of @frostis an input from the user (as
defrost for the LT cases is electric resistance heat, and for the MT cases the defrost
power is zero atorcedoff-cycle defrost is used). The value of the case load is
calculated as:

0 Y6 z Y Y
And the value of the heat transfer between the food and the case is

~

0 "o z Yy Y
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A simplifying assumption applied here is to replace the terms for door openings, air
infiltration, and product removal and addition with a general usage Tém@term
Qusagein the above description is used to simulate case interaction that comes from
nomal store operatiom.he loads on cases vary in time, particularly as customers and
employees interact with them. In order to capture the-tiependent nature of
external loading on the cases, the measured, normalized loads observed by Heerup
and Fredslud (2016) were adopted here. Simulations of each case showed a baseline
ambient loss of 700 watts for each MT case and 760 watts for each LT case. This was
used as the baseline load, equal to the total load during overnight hours where it is
assumed theras ino external interaction with the case. The external load is then
calculated as additional load based on the relative loading measured by Heerup and

Fredslund; a modification is made by removing the defrost load from this calculation,
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since defrost is maaded separately. The loads as a fraction of nameplate load from

Heerup and Fredslund is showrFigure74.
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Figure 74: 24-Hour RefrigerationLoads, Rlative toNameplateCapacity,
Reproduced from Heerup and Fredslund (2016)

Normalized to the baseline loads of the modeled MT and LT cases, the auxiliary
loads are shown iRigure75, which shows the external load on the case in addition to
the baseline. From these values, two further adjustments were made. The defrost
effect in the LT load profile was removed (as defrestandled separately) and for
each refrigeration level, two cases were modeled, with 15% higher or lower external
loads. These higher and lower loads may represent more and less frequently used

cases, for example.
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The above changes lead to a new external load profile shawgure76.
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An additional external load is defrost. The defrost approach is different for each of

the refrigeration groups. Fthe LT cases, an electric resistance defrost is used; in this

case, the refrigerating capacity is shut off andk&\lelectric resistance element is

modeled (simulated as an external, 1,000 watt load). For the MT casescgal®ff

defrost is used; irhis case, the refrigerating capacity is shut off and the case allowed
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to naturally warm. Two cycles per day at thirty minute duration were selection for

each stage

Evaporator modeling uses the same approach to the heat exchanger components
described irChapter 4. Th&ingleNodéeat transfer componeimicorporates the
geometry and materials of the evaporator pipeFthgeVolumeFluidC\eomponent

is used for calculating refrigerant properties and flows as described in Chapter 4. The
other port of th&SingleNodeeomponent connects to thesplayCaseBody

component, which contains the display case energy balances described above.

The parameters for the display cases wiereved fromShafieiet al.(2013) and are
described inrable15.

Table15 Display Case Parametersdbived from Shafiei et al. (2013)

UA caseambient UAfood-case M*Cpcase M*Cprood T ambient
MT Cases 41.9 72.9| 1.9*¢10° 4.6*1(P 19.85
LT Cases 21 36 | 9.5*1¢ 2.3*1C¢° 19.85

An example of the case model operation is showkigare77, which shows the case
temperature and food temperature (left) and delivered refrigerating capacity (right). In
this example scenario, the case capacity is shed for a short period and then returned.
The case air temperature increases rapidly, with thetéougderature slowly

increasing after. The air temperature increases approximately 6.7°C during the 20

minutes that capacity is interrupted; in this time the food temperature increases by
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0.6°C. The food temperature continues to increase after capa@tyrised, until the

air temperature drops below the food temperature.
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Figure 77 Case Temgraturesand Capacity
Figure78 shaws the refrigerant pressure and refrigerant mass flow rate during this
period. The pressure drops quickly when capacity is interrupted, before increasing
(compressor speed adjusts to compensate). There is a second capacity shed on the
other display case @b shown) thirty minutes after the beginning of the case shown
here; this explains the second drop in pressure. The pressure drop is equivalent to
approximately 1.3°C saturated suction temperature difference, from a starting

saturated suction temperatufe-©.7°C.
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Figure 78 Suction Pressure and Riglerant Flow

This chapter describes the development ofsidd models of display cases, and an

external loading strategy used to simulate thstame interactions imposed upon

cases in normal operation. A simplified modeling approach is used where the food

and air a each treated as lumped parameter masses interacting with each other and,

through the case walls, the ambient environment. The approach selected is

computationally simple, avoiding significant simulation sidewn, while still

providing a representatiaf the condition of the air and food in the case to allow

further modeling developments to consider those parameters in control.
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Chap&€her mal Storage | mpl ement at

This chapter describes the modeling of phase change materials for thermal storage
integration into the refrigeration cyclehd& objectives of the PCM modeling effort are

to identify and develop a method that is versatile enough to incorporate a range of
PCMs quickly and simply, while reflecting the physical behaviors of true PCMs with
reasonable accuracy. Since the effort hinges upon integrating the PCM model into an
alreadycomplex and computationaliptensive model, computational simplicity is an
important criterionThe work described in this chapter is intended to:

9 Identify an approacto modeling PCM thermal storage systems that allows
integration to the larger supermarket refrigeration system model with adequate
accuracy and minimal computational complexity

1 Develop appropriate componanbdels and, using availablatd in the literature,
verify that the model provides reasonable replication of critical behavioral

characteristics

Approaches tdodeling PCMThermal $rage

Models of phase change thermal storage systems are abundant in the literature. The
primary difference in the modeling approaches is whether or how to incorporate both
the convective and conductive processes of phase change. The most detailed models
include convective and mass transfer phenomena. To reduce complexity, many
researchers simplify the callations by combining these into a single equivalent
conductive heat transfer value and using a lurgaedmeter approach. The accuracy

of these models is generally still sufficient, especially for fieykel integration

studies. Wangt al.(2007) desched the advantages of lumppdrameter models,
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but pointed out that some detail is missed in terms of subcooling and superheating of
the material. However, for the purposes of this effort, where different PCMs are
desired to be tested with the goal of ass&y system level impacts, this traaféis

acceptable.

Wanget al.describe various, similar approaches to PCM system modeling. An
interesting approachastaken bylL.eonhardt and Muller (201 7sing Modelicaln

this case an energy balance is perfedlmon a discretized volume of phase change
materials, and the thermal properties of the PCM are approximated into two equations
describing the enthalpemperature relationship and the heat capacity of the material.

An example calculation of these propestis shown ifrigure79.
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Figure 79: Example properties of PCM asafeulatedUsing theMethod Bescribed

in Leonhardt and Muller (2017).
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This approach is attractive in its simplicity, lautmore accurate description of the

properties can readily be adopted using a property table as described below.

A similar approach is that used by Dhumanal.(2017). In this approach, the
enthalpytemperature relationship tabulated and read intoddelica using the
CombiTablelBDcomponent. The other properties are input as parameters of the
model. The advantage of this approach is that any arbitrary PCM can be incorporated
into the model by simply changing the source table and property parametetise a

table may include any resolution of detail. This approach was used as a basis for the

model developed here.

Thermal Storage Model Development

To satisfy the objectives of flexibility and limited computational complexity, a
lumpedparameter approach was selected which significantly reduces complexity by
removing the need to model mass flow from conveciitive approach is similar to

that adopted by Dhumarm al.(2017) The PCM component is described as follows.
The systenis modeled as a cylindrical storage tank. The tank is broken into six nodes

in the vertical axis. At each node an energy balance is calculated:

Where:
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The relationship between temperature and enthalpy is calculated from material
properties from a variety of source&h@rma et al. 2009, Oro et al. 2D18ing the
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The PCMs investigated here are tabulatetlariThe materials were selected to
represent a range of phase change temperawingsh is expected to in turn provide
a range of subcooling capacity to the cycle when inTise average density of the
liquid and ®lid phase was usednd so volume change is neglected

Table16 Summary Properties of Phase Change Materials used in Simulations

Latent heat .
Material Density of phase Specific heat gﬁghnggepTh:;zeratur
(kg/m?) change (kJ/kg K) °C)
(kJ/kg)
Fatty acid with 839.1 157.8 2.44 (s) 10.2
pentadecane 50:50 2.89 (I)
(PCM5050)[1]
Single paraffin wax 760 230 1.68 (s) 6
CraH3z0[2] 2.18 ()
Single paraffin wax 756 154.5 1.68 (s) -5.3
CiaH2s[3] 2.18 ()
956.4 334 2.05 (s) 0
Water 4.22 ()
1: Lietal (2012)
2: Kouskou et al. (2010)
3: Lietal. (2013)
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An important simplifying assumption is that the heat transfer within the PCM can be
described by a combined heat transfer coefficient and the bekathor the PCM is
uniform. The heat transfer coefficient of the PCM was selecté8 W8m?-K, which

was calculated from results presented in Tay et al. (2012).

The heat exchanger geometry approximates aanemil or similar heat exchanger
system witha long length of pipe coiled within the tank, creating a relatively large
heat transfer surface. The heat exchanger is itself modeled as a linear approximation

of this with the length of heat exchanger per node of the storage tank calculated as

5
€

Like the display case models, this model approach allows integration with other
existing components in the CEEE Modelica library. BivegleNodeeomponent

describes the pipe geometry and heat transfer between the brine, the pipe wall and the
PCM. TheFiniteVolumeBrineControlVolumeomponent calculates the brine

properties and flows.
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Figure 80 Example scheatic of aPCM tank with PCMon-TubeHeatExchange

(Tayet al.2012)and a Typical lce SorageTank (Calmac)

The relatively low heat transfer rate between the PCM and the working fluid is one of
the main challenges for PCM systems. To overcome this barrier a large heat transfer
surface area is required. In typical teibgank approaches this is accomplished by
using a denselpacked tube array in the tank, such as picturédgare80. With a

long length of tube it ipossibleto use a lowecost, resilient raterial such as

polyethyleneThe material properties abpper were used in this effort.

The PCM storage tank model is implemented into the subetmstaain-cycle brine
circuit; the control allows the following operating scenarios:

1 The R134a subcoaléeat exchanger and @8ubcooler heat exchanger are engaged,

the PCM is disengaged. This is the baseline operating mode.
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1 The R134a subcooler heat exchanger and PCM are engaged,.teetCaoler heat
exchanger is disengaged; this is the Acharg
1 The R134a subcooler heat exchanger is disengaged, theuGc»oler heat
exchanger and PCM are engaged. This is the

T AI'l are disengaged. This is the fAoffodo mode.

Thermal Storage Mod&lerification

In order to verify that the thermatorage model provides a reasonable approximation
of real physical behavior, two scenarios were replicated from Tay et al. @d2n
additional scenario froh6pezNavarro et al. (2014)sing the PCM model

developed here.

In Tay et al. he researchsrprovided experimental results for a similar configuration

of PCM-containing tank, using 27°C phase change matefiedferred to as PCM

27) for melting evaluations, and watg@eferred to by the authors as PCM@)

freezing evaluations. The propert@she-27°C material were estimated based on
results of Tay et al. (2012) and Trp (2005), who performed prior analysis of a similar
system and PCM. Tay et al. also provides geometry for the tank and heat exchanger,
which were replicated as inputs to thedel of the PCM. For one experiment with

each phase change material, the results are shared with both the heat transfer fluid
inlet and outlet temperature as well as the temperature measured at nine points inside
of the tank, at three heights and an iesihiddle, and outside tank location. For the
PCM-27 evaluation, a run with a total of 5.46 m of tube is run with full results shown,

and for the PCMO test, a run with 23.83 m of tube is run with full results shown. The
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tank is 0.35 m tall and 0.29 m inagineter The tube used for heat transfer fluid is 0.01
m in diameterThe material is polyvinyl chloride. The system under test is shown in

Figure81.

Figure81: PCM Tank System from Tay et al. (2012)

Each of these geometric parameters were replicated using Modelica, as well as the
properties of the heat transfer fluid as described by the authors. The results are shown
in the figures below. Br the Modelica model, the node temperatures represent

lumped volumes with geometric centers which were at slightly different locations

than the measurement locations described in the laboratory evaluation; all six of the
modeled ndes areshown. The laboratory results are at locations approximately
between modeled nodes323-4, and 45. For each effort, the starting temperature of

the PCM and heat transfer fluid were estimated visually from the graphed results of
laboratory testing anahput to the model as starting conditiolmsthe case of the

PCM-27 material, the density was calculated based on measured data reported in the
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paper, to match the mass of PCM between the model and test results. The latent heat
of phase change was alsolregted from thesaluesreported; the specific heat and
conductivity were estimated based on other PCMs with similar phase change
temperatures from Li et al. (2013) and Or¢ et al. (20@Bxervation from the results
reported also suggested a melting terappge range of approximatel27°C to-

22°C.For water, 1.0°C to 0.0°C was used for phase changdl.threesimulations,

the simplified, constant heat transfer coefficiend®W/m?-K is used.
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Figure 82 PCM Melt with PCMO Material (Tay et al. 2012)
The laboratory test case using water as the PCM is shokigune82 with the
simulated result. The results of the laborgttest, on the left, show a freeze process
lasing approximately 80 minutes, which the authors indicate on the graph based on
the approximate time thfeést measured regioria the tank begin to rapidly decrease
below the phase change temperature. Theldgaertion solidifies first, followed by
the middle and upper nodes; there is some variation between the inside, center and
outside locations. The ending temperature after 200 minutes is between

approximately-18°C and-24°C. The model shows reasonabledwbral similarity,
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with the nodes crossing through the tpltase region and solidifying in sequence,
and an ending temperature in the range26fC to-30°C. In the simulated case, the
time to freeze was slightly longeand the temperature differenceveeen inlet and
outlet of the heat transfer fluid remained constant while the temperature difference
gradually decreased in the laboratory experiment. This likely reflects a difference
between a heat transfer coefficient which is treated as constantotie, and the

realworld decrease in heat transfer that occurs as ice forms around the coil.

The results of the validation effort are showrrigure83 for the PCM27 caseThe
results on the left show the laboratory result, which shows the upper portion of the
tank appearing to melt first at approximately 150 minutes, followed by lower nodes
melting beginning at approximately 250 minutes. €hding temperature after 450
minutes was approximately 5°C to 12°C. The model results, to the right, again show

similar behavior.

15 Jpmmm e e

-
o
-

Vil

Temperature (°C)
S
o

Temperature (°C)

20 ' = = = = Heat Transfer Fluid In
Heat Transfer Fluid Out
-25 = PCM Node 1
PCM Node 2
PCM Node 3
PCM Node 4
PCM Node 5
t t

-40 I |
0 50 100 150 200 250 300 350 400 450

00 500 100.0 150.0 2000 2500 3000 3500 400.0 4500 Time (min)
Time (min)

Figure 83: PCM Melt with PCM27 Material (Tay et al. 2012)
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The LopezNavarro et al(2014) test used stainless stedlody tank with copper caill,
which consists of eight sections each 13.3 m in length and 0.016 m outside diameter.
The volume of PCM is 0.2353rthe author states that 0.032 of the material is in a
center portion not in direct contagith the coils. A commercial PCM, Rubitherm 8,

is usedThe PCM temperaturenthalpy properties are documented with a polynomial
fitting curve for heating and cooling. The heating and cooling curves are quite
similar, and the cooling curve is used heree Thrve is described by:
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The system under test is showrFigure84.

Figure 84: Images of the PCM Tanko@figuration from LépeNavarro et al.
(2014)

The results of the simulation are showrrigure85. The laboratory test results start

at time = 50 minutes, and the cooling begins at approximately time = 70 minutes. In
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both scenarios, there is an approximateRn80ute periodf sensible cooling (with

rapid temperature decrease) followed by approximately 420 minutes of latent cooling
with ending PCM temperatures in the range of approximately 1.0°C to 2.25°C in the
laboratory case, and approximately 1.75°C to 2.75°C in thdaiiom caseOne

element captured in laboratory testing which is not reflected in the model is the
temperature of the PCM far away from the heat transfer tubes, which stays nearly
constant above 8°C after the initial cooling period; since the modeledsas@es

all of the mass together as lumpadn blocks, this area of warmer PCM is not
reflected. This also provides some explanation for the slightly slower cooling and

higher enekemperature of the modeled case.
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Figure 85 PCM Freezing with PCM8 (Lépddavarro et al. 2014)

The results of the model verification effort show that the simplified thermal storage
model applied here provides a reasonable approximation of behavior of a PCM
system, with the same model and simpiifyiassumptions applied two different

tank configurations, one with tweCMs (water and PCA7) and another with a

third separate PCM (Rubitherm 8jth widely different phase change temperatures

and properties. The laboratory testshe first two caseshow full transition from
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single phase, through transition, to single phase with a long period ofghrage

heating or cooling after the transition; in both simulations, the approximate time to
pass through phase change and the beginning and endulitjats are similar,

though the model shows much more orderly transitions and tighighed

temperatures within the PCM, and does not fully capture the change in heat transfer
as the makeip of twophase PCM changeBhe third case shows a different gyst

and the agreement is good between model and laboratory; the model does not capture
an area of the tank in the laboratory that was far removed from the heat transfer coill,
though this is an issue specific to the given configuration of the systerthd~

purposes of simulating behavior as part of a large system with a range of PCMs

studied, the results show adequate replication of real system behavior.

Material Cost

The cost of material should be considered for such a system in order to understand
whethe it sd i nst al lloperNaewamro et ab pregented dosistior thee .

system they evaluated, as presented in the below:
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Tank feature Value

Tube material Copper

Container material INOX AISI 316L

Horizontal pitch 41 mm

Vertical pitch 37 mm

Length of tubes 13,300 mm

Inner diameter of tubes 12mm

Outer diameter of tubes 16 mm

Total area (A) of heat transfer 5.75m?

Number of turns 6

Number of tubes 8

Total volume of PCM 2351

Volume of PCM around the tubes 1761

Volume of PCM in the center 321

Volume of PCM in the drainage system 271

External insulation Polyurethane 150 mm
Cost (€) % Of total cost

Wall of the tank, lid, drainage system 1700 36.5

Insulation 1500 32

Copper tubes 400 8.6

Collectors 240 5.1

PCM (165 kg) 814 17.5

Total 4654 100

Figure 86 Material Cost Pesented by Lopeavarro et al. (2014)
Two variables of particulanterest are the price of the tube and the price offathie
itself. For reféence on copper tube pricing, an online hardware sypjug list is
consulted: the price of soft copptube with 19mm OD is listed fro$%.17m to
$9.48/m. Larger tube with 22m OD is listed from $9.12/m to $12.80/&high-end
estimate for tube price assuming a 200m run of tube is approximately $23@0l
on internet search results, uninsulated fdghsity polyethylene tanks in the range of
250 gallons (0.95 Mito 275 gdbns (1.04 M) may be purchased for approximately
$300 to $500. Adhesive insulation sheets may be expected to cost approximately $80
$100 moreAs will be discussed in a later chapter, water is considered to be the most
viable for application in the neéerm, and therefore the cost may be negligible. If a
different phase change material is selected there is potentially considerable cost. The
prices of PCMs varies, and commergiaade PCMs are less expensive than the
highergrade substances for which pscare readily available. The PCM listed in

Navarro et al. has a cost of $4.93/kg. For a PCM with a latent heat of phase change of
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180,000 J/kg, storing0 kwh would require @0 kg of material and a cost af $70

at this price.

Chapter Summary

A thermal storage system using various PCMs was developed and modeled. The
PCM system consists of a tank with a long coil of copper tube, through which water
glycol heat transfer fluid is pumped to provide charging or discharging of the PCM.
The model apmach selected was intended to provide adequate accuracy and
replication of realworld behaviors while remaining computationally simple to reduce
simulation burden. Aix-node cylinder of PCM is modeled anteanperature

enthalpy table is used to calcul#ite properties at each location.

In order to verify the behavior of the modeled PCM system, laboratory efforts by
several researchers were consulted and their laboratory efforts were replicated in
simulations. The scenarios used in the verification wedely varied, with two

different tank configurations and three phase change materials with widely different
phase change temperatures. The results of the verification effort showed that the
approach selected here provides a reasonable approximatiorevidvedf the PCM
systemsThe modeled PCM system has more consistent heat transfer and more
orderly transition through the twghase region, with the nodes more tightly bunched
than was observed in the laboratory tests, particularly for a PCM with aptdse
change temperature band. Also, for one of the configurations a large portion of the
tank in the laboratory test was relatively removed from the heat exchanger surface;

the model, with constant properties per node, did not capture this nuance. However
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overall the agreement between model and laboratory was decided to be satisfactory

for the purposes of this modeling effort.
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Chapt®&ransient Modeling of Deman

This chapter describes simulations of demand response scenarios wititheroxd
thermal energy storage. The chapter includes description of the model used including
modifications from the system as evaluated in laboratory testnthtransient model
validation. Then, demand response scenarios and thermal storaghiftiad
scenarios are examined, followed by a combination of both approdtteesiork in
this chapter is intended to:
1 Provide a baseline model of energy consumption on a typical peak summer day for a
Afsmathl ed supermar ket
1 Model basic demand response leddd events by shedding display cases in an
otherwiseunmodified cycle
1 Model basic demand response load shifting events using a dedicated PCM subcooling
system to provide subcooling capacity during stltlec&mine strategies for meeting
shed obijectives (deptif reduction, duration)
1 Model combinedlemand response approach, using both load shifting with PCM
subcooling and display case sheds
1 Quantifythe peak demand, energy consumption, and operating costs of the above for

a variety of rate/incentive scenarios

Model Description

The model of the labotary system was adapted to simulate a sedtegn food retalil

application. The following describes the major modifications incorporated.
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Outdoor temperature is imposed upon the condenser/gas cooler and subcooler

condenser, with the temperature profile derived from the National Renewable Energy

Labor at or MetesrologigapYiear @MY) data (Wilcox and Marion 2008),
selected for summer days from Baltimore, Mibe CombiTable1D#Modelica

component is used toterpolate temperature readings in time.

In the laboratory test configuration, the LT compressor was operated at fixed speed

with onoff control. In supermarkets, it is typical to have multiple compressors per
stage and to have soraoperated linder Viariadgeedi n g o
control to approximately match loadke the MT compressor in the laboratory
testing, the LT compressor in modeling is controlled viacBntrol to maintain a
suction pressure level; the suction pressure of 1.535 MPaekaded corresponding
to a saturated suction temperature2if.8°C. the expansion devices for evaporators
on the LT stage are then controlled via ¢dntrol to maintain a desired superheat of

SK.

In laboratory testing, a single plate heat exchangeyazch stage provides load using

on-off electric resistance heaters for control. In the modeling effort, two display case

models are added per stage for simulated control and demand response; to provide

additional total load with minimal modeling complgxithe same plate heat
exchanger components are retained and used for additionalteadlycol storage
tank was also retained in the model to maintain thermal.rhiasgever, the otoff

control of simulated resistance heat is replaced withréinuoustime-varying heat
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load.As described in Chapter 5, the loads imposed upon each evaporator were read
from an input table derived from the measurements of Heerup and Fredslund (2016).
Figure87 shows the schematic of the modeled system including the loads, subcooler,

thermal storage media, and primary cycle.

158



Gondenser

Receiver

@mpresso()
Expansion

Device

SCEvaporator

! —

—K N

Pump %

Q0, Subcooler

MT ()
Compressor

X
o]

PCM Sorage Tank

QGondenser/ Gas Gooler
Pressure Regulating Valve

-
LT Gompressor

Figure 87 Schematic of Refrigeration Cycle as Modeled for Simulated Use

Scenarios

The load profile ishown inFigure88.
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In laboratory testing, the subcooler was in the laboratory space and the expansion
device was genelig ata fixed position; for modeling, the subcooler ambient air
condition is the same as the condenser gas/cooler, and is input from a table of
simulated weather conditions. The expansion device is controlled\garRrol to
provide fixed superheat. This@lis better efficiency, and also allows the subcooler

to operate flexibly regardless of the PCM selected in the simulation.

Another critical difference is in the control of the condenser/gas cooler pressure
regulating valve. The laboratory system had m@trab configuration that set pressure

as a function of ambient temperature, and the pressure was the same with or without
subcooling. However, the performance of the system can be improved by adjusting
this pressure, in particular when subcooling is novigied. The control of the

pressure regulating valve was modified to improve performance as will be shown in

the next section
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Demand response and defrost signals are also implemented in the model here. The
demand response and defrost signals are raad theCombiTablelD#odelica
component; the table provides a binary on/off signal for each. The expansion valves
are controlled using a variable input signal: in normal operation, they control to
measured superheat. In the event of a demand responakaigefrost signal, the
superheat signal is repkdt with a fixed constant valie2K below the target

superheat value; this allows the PI control to operate continuously and prevents the
valve component from responding too quickly and causing modabifigy. Because

the PI control never satisfies gatint, it smoothly transitions to close the valve.

Modification of HighSide Pressure Control

Through laboratory testing and model development it was observed that the system
capacity and efficiency @re generally limited by the heat rejection of the condenser
and gas cooleiThis problem is particularly visible in cases with no subcooling,

where the refrigerant returning to the flash tank may be more than 50% vapor as
operated in the laboratory. Fugthinvestigation shows that the pressoutdoor
temperature profile followed by the laboratory equipment agrees with that identified
in Gullo et al. (2006)However, as was seen in laboratory test results, the
performance of this system declined signffityin conditions where the pressure in
the gas cooler/condenser was close to and just below the critical point; therefore, an

alternate pressure conticdlculationwas developed

161



High-Side Pressure (MPa)
@ ~ co
n ~ n oo n ©

()]
[any
~

22 27 32

Outdoor Temperature (C)

Adjusted Strategy = —— Laboratory Strategy

Figure 89 Adjusted Condenser/Gas Cooler Control Strategy

The primary purpose of the adjusted strategy was to prevent the system from
dropping below the critical point too early and losing capadity.demonstrate the
effectiveness of the alternate strategy, twousations are shown iRigure90for a

short temperature profile with decreasing outdoor temperature and fixed loads. The
power is shown with solidiies and the total delivered capacity with dotted lines,
black for the new strategy and blue for the altered strategy. The laboratory control
strategy encounters lost capacity and a drastic increase in compressor power as
temperature approaches approximaf4°C; in the alternative approach, the power

decreases and capacity stabilizes as might be expected.
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Figure 90 Outdoor Temperature (left) an®ower andCapacity (right) for

PressureControl StrategiesDuring aPeriod ofDecreasingOutdoor Temperature

55

is plotted inFigure91. The hightenperature portion contains some effects of model

initialization, and the lowtemperature portion includes a change from decreasing to

increasing outdoor temperature leading to slight differences in COP.
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Figure 91 COP vs.Outdoor Temperature with BwPressureControl Srategy from

the Period Shownin Figure 90
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Baseline Simulation

A baseline simulation is used as the basis for comparing energy and demand. For this
simulation, the PCM is excluded, anddemand response events are triggered. The
subcooler is always on since this was found to be best for overall COP at all test
conditions. The model is simulated for full-Bdur cycle with an additional simulated
Ardamo ti me endi ng sateprésended forRdhoursTviite r esul t
5:00AM to 5:00 AM selected as the interval to allow capturing a full overnight re

charge in subsequent thermal storage simulatibrgure92 shows the outdoor

temperature profile that is used for the simulations. This temperature profile is

reflective of a hot summer day with stilarm evening temperatures, which could be

expecté to present a challenging operating environment for transcritical CO
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Figure 92: Outdoor Temperature Profile for Simulations
The baseline simulation results are shown in the following figures. The simulation is
shown with houfi246 i ndi c at iTherg arenthreemefrgsts tn the modeled

period: at approximately hoé:; hour 2Q and hour 28The defrosts are staggered,

with one MT and one LT case defrosting at a given time.

The total system power for the whole period is showkignire93 alongside the
componendby-component powefThe MT compressor power, in blue, is theyest
component; the LT compressor power and subcooler system power are similar in
magnitude. The defrost power for the LT cases is shown in green and light blue; the
MT defrost times overlap with the LT defrost tin{ésere is no heater power for the

MT defrost)
165



Total Power Power System Power

12000 = ~7\
A f ™
/ \ / \ 9000 MT Comp. Power
i \ \ !\ ’ LT Comp. Power
10000 / \ /Wy 1 8000 Subcooler Comp. Power
[ - \ Defrost LT Case 1 Power
|I y 7000 Defrost LT Case 2 Power
. 8000 | .
2 f |f £ 6000
g ~ | §
< 6000} 11 \ 4 <5000
5 ” f 5
z A1 —T 2 4000
o o
4000
3000
2000
0 0 i . . . . . . A . A i
5 7 ] 1" 13 15 17 19 21 23 25 21 29 5 7 9 1 13 15 17 19 21 23 25 21 2

Time (h) Time (h)
Figure 93 Total SystemPower (left) andSubsysteniPower (right),BaselineTest
The totaldeliveredrefrigerating capacity is shown Kigure94, with the total MT
capacity in blue and the total LT capacity in red. The drop and subsequent rebound in

refrigerationcapacity is clearly seen around each defrost period.
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Figure94 MT and LT $&ageCapacity,Baseline
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Figure95 shows the capacity, separatetb the individual load components; each
case has a drop to zero capacity during the defrost period, and a subsequent capacity
rebound indicated by a pronouncgake in capacity immediately after the defrost

ends.

Subsystem Capacity

|
MT Load Other
LT Load Other
— — — MT Case 1
MT Case 2
— — —LTCase 1
LT Case 2

10000 -

9000

8000

7000

6000 -

5000

4000 +

Capacity (Watts)

3000

2000 +

1000

Figure 95 Capacity of Eah Evaporator, Biseline

The temperature of the refrigerated air and food in the LT and MT cases is shown in
Figure96; this shows the effect of the defrost on temperature within the case. The LT
air temperature deviates by approximately 25°C in a typical defrost, to a level of
about 0°C; the load on the case includes the defrost heater in this case. For the MT
case theegmperature departures are smaller. Another observation may be made from
this and the previous graphs: the MT case temperature reaches an equilibrium under
daytime load of approximately 32€C. During the overnight hours where load is

low, the temperaturdecreases. The cause of this is that, as modeled, the capacity of
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the MT compressor at minimum speed is slightly larger than the load, and the
temperature is drawn down slightly. In a readrld system, the entire MT compressor
stage might cycle off, or thcompressor may have a mechanical unloader to produce
still-lower capacity.

LT Case Temperature MT Case Temperature

MT Case 1 Air Temp.
MT Case 2 Air Temp.
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Figure 96 LT and MTCaseTemperaturesBaseline

This is also reflected iRigure96 which shows the refrigerant pressure at the MT
compressor suction and discharge and the flash tank (left), anglatestwaporator
(right). The evaporator pressures deviate slightly at times. For the MT evapasator,
mentioned above, in the overnight hoursahpacity of the MT stage is slightly

higher than load, drawing pressure downwards. The pressure also deviates and
recovers during the disturbance caused by defrost. On the LT evaporator, the load
briefly exceels capacity at about 9:00 AMthe display cases are still recovering

from defrost, and the daytime load increases during this timeframe.
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Figure 97 RefrigerantPressuresBaseline
The refrigerant flow rates of each evaporator stage (plate heat exchangers and display

cases combined) and the MT compressor are showigume98.
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Figure 98 RefrigerantFlow Rates,Baseline
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The bypas flow percentage is shownkigure99. The bypass flownostly is in the
range of approximately 482%, except deviations relating to defrosting and

transitioning loads.
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Figure 99 Bypass fow, Baseline

Refrigerant charge distribution is also of interest. The system charge is shown in
Figure100 The total charge remains constant as expected, and the large majority of
the charge resides in the flash tank, followed by the condenser/gas cooler. The charge
variation during the day is largely driven by the mass of refrigerant in the gas cooler;

in particular as the leaving enthalpy increases, the density of refrigethst in

subcooler decreases, reducing the charge volume in the heat exchanger.
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Figurel00: System Refrigerant Charge for Primary Components, Baseline Simulation

Baseline System, Demand Response

The baseline system was simulated with load sheds on one or both of each of the LT
and MT evaporator case levels. The results of these sheds are examinEddiere.

MT case sheds are examined. Two scenarios are examined: one with one case shed,
and one wth both cases shed togethler each case, a simulated shed is executed at
hour 15 (3:00 PM). In the baseline case, hour 15 to hour 16 had relatively flat
capacity and power that is at a local minimum at hour 15, increasing to a peak close
to hour 16 befee dropping off. These sheds would be expected to reduce power and

capacity during the period of interest.
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Shed of One MT Case

A single case shed is triggered at hour 15 (3:00 PM) with a duration up to 30 minutes.

The capacity of MT Case 2 (light blue Brgure60) drops to zero quickly. However,

as MT Case 2 drops to zero, there is some corresponding increase in capacity in MT

Case 1 and the MT Load &teexchanger. The other loads on the MT stage respond

with short increases in capacity which taper downwards. This occurs because the

relatively sudden closing of the MT Case 2 expansion valve reduces flow through that

evaporator to zero more quickly théee MT compressor, or the other erpen

valves, respond. Immediately after the MT Case 2 valve closes, the MT compressor

speed remains close to the balance point for the full load, and so a sudden increase in

flow through the other valves is observed.
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Figure 101 RefrigeratingCapacity with MT Case 2hed atHour 15

The response of temperatures in the display cases is shéwgure102 MT case 2

has a rapid increase in air temperature and gradual increase in food temperature. The

food temperature fairly quickly reaches the 4°C threshold and the shed ends, though
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the caseiatemperature remains above the food temperature and the food temperature
increases to approximately 5°C. MT Case 1 is also affected: the air temperature
briefly deviates down due to the sudden change in capacity, quickly recovering. This
deviation is noenough to have a noticeable impact on food temperature in MT Case

1. The LT cases are not affected.
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Figure 102MT and LTCaseTemperatures with MT CaseSked atHour 15

The refrigerant pressures showrFigure103show the effect of the change: a sharp
downward shift in MT evaporator pressure as the event begins, which gradually
recovers, while the LT evaporator, flashkaand MT discharge are essentially

unaffected.
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Figure 103 RefrigerantPressures with MT CaseShed atHour 15
The total power and subsystem power are shoviigare104. From this the effect
of the shectan be seeat the system leveThe MT combined capacity immediately
prior to the shed was 13.3 kW, it reached a minimum of 11.6, a reduction of 1.7 kW
(12%reduction). The minimum was reached after approximately 14 minutes, near the
same time that the shed was cut short by the MT case temperature reaching the cut
off threshold. The total system power at the beginning of the shed was 11.6 kW, and
reduced to @.6 kW, a reduction of 1 kW or 9% of total power. The MT compressor
power was initially 9.4 kW, and reduced by the same amount. The minimum power

was reached approximately 100 seconds after the minimum capacity.
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Figure 104 Total Power andSubsysteniPower with MT Case 2hed atHour 15

The bypass flow is only slightly altered by the event, as showigurel105
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Figure 105Bypasd-low with MT Case &hed at ldur 15

Shed of Two MT Cases

A similar shed was run with both MT cases shedding at the same approximate time.

The total MTFstage capacity, shown kigure106, decreases from 13.3 kW to 10.3

kW at minimum, a reduction of 3.0 kW or 22.5% of the MT load. There is a similar

sudden spike in capacity on the load which is not part of the shed, ingbitheaMT

load evaporator. The magnitude is larger than with only one case shedding; with two
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of the three evaporators on the stage shutting, the MT compressor and the MT load

evaporator valve both must adjust in response.
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Figure 106 Capacity with MT Case 1 and MT Cas&teds atHour 15

The total power reduction is from 11.6 kW to 9.8 kW, a 1.8 kW or 15.5% reduction in

total power. The reduction is, like the above case, entirely from the MT compressor.
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Figure 107 Total Power andSubsystenPower with MT Case 2h&d atHour 15
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Shed of One LT Case

The shed of only LT Case 2 is examined next. The shed is again at hour 15 (3:00 PM)
for a duration of up to thirty minutes. The capacity results are shofigune 108

The capacity reduction on the LTage is met with a corresponding response on the
other evaporators: both small increases on the other LT evaporators, and also small
increases on the MT evaporators. The responses on the MT evaparators

significantly smaller in magnitude than those when a MT case wasHmedT

capacity reduction is from 5.7 kW to 4.4 kW, a reduction of 1.3 kW or 22.8% of the

LT load.
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Figure 108 RefrigeratingCapacity with LT Case 2hed atHour 15

The bypass flow is shown Figure109. At the time of the event there is a sharp
decrease in bypass flow, from approximately 50% to AsPich lasts for the
duration of the shed. This change is part of the interaction between the LT and MT

stages.
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Figure 109 Bypasg-low with LT Case &hed atHour 15

The case temperatures are showRigurel10 The LT Case 2 air temperature
increases by approximately 15°C during the shed, during which time the food
temperature increases by approximately 5°C. LT Casenlnimally affected. The
MT cases have small deviations in air temperature corresponding to the capacity

adjustments.

Figure 110MT and LTCaseTemperatures with LT CaseSked atHour 15
The change to power is shownRigurelll The total power reduces from 11.6 kW

to 10.5 kW, a 1.1 kW or 9.5% reduction. The LT compressor power at the beginning
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