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1 Introduction

In industry and business, it is always necessacpitdinue to search for
improvements in a product in order to maximize prafid customer satisfaction. In
refrigeration, most testing revolves around impngvefficiency and reducing harmful
effects on the environment with the use of improkefdgerants. In addition to this work,
however, it is also very important to understareltibsic relationship between each
component and how their interaction affects the-@Vperformance of the entire system.
Because refrigerators include compressors, it pomant to examine the type and
amount of lubricant and refrigerant used. Lubric#ygically a mineral or POE oil, is
necessary to keep the compressor operating propetlyat components do not create
excessive friction that could cause damage to thehanical components or motor.
Refrigerant in the system provides the means folireg and flows freely throughout the
system changing from gas to liquid and liquid ts,géepending on the stage of the cycle.
When in the compressor, however, the refrigeradtlabricant must co-exist and
consequently have important effects on one anothisroften possible for the refrigerant
to dissolve in the oil, reducing the volume of ptefigerant available to the system. It is
also possible for the oil to migrate throughout glgstem. This phenomenon is not well
understood as the likelihood for migration depegi@gsitly on the lubricant, refrigerant,
and the system itself. It is unknown if oil is ew&pped in certain components and if so,
what effects it may have on overall performance.

In addition to the compressor, the accumulatonigrgortant component for a

refrigeration system. While this component is notative feature in the refrigeration



process, it provides a service to the compressbaans to improve the safety of the
system. An accumulator is a small tank typicallstatied after the evaporator that
provides a small volume that can be filled withuidrefrigerant. As the compressor
operates, or more importantly, when the compressoran off-mode, it is possible that
some liquid refrigerant can escape from the evdporhiquid can cause significant
damage to the compressor and it is thus vitaldhbt vapor enter the compressor. The
accumulator is therefore installed upstream ofcthrapressor in order to act as a
collector for any liquid refrigerant that could patially leave the evaporator and enter
the compressor. The effectiveness of the accumuladavever, is generally not well
understood as the available volume is fixed andgefant flow through the system is
variable as the compressor turns on and off.dtgse unknown as to whether or not
compressor oil enters or remains in the accumuthtdng operation and whether or not
this action affects the available volume able totam liquid refrigerant.

Understanding the oil and refrigerant distributwithin the refrigeration system
is important in evaluating the effectiveness andrall performance of the system. In
particular, it is of interest to study the accunatand how well it traps liquid refrigerant

from entering the compressor.



2 Background

2.1 The Working Principle of Vapor Compression Cycles

In order to understand the oil/refrigerant disttibn and the effectiveness of the
accumulator, it is first necessary to understardatbrking principles of a traditional
vapor compression cycle. A traditional vapor comspien cycle is comprised of four
main elements: a compressor, condenser, expansidced and evaporator, as shown in

Figure 1.

Figure 1. Schematic of a Vapor Compressor System

For a refrigeration cycle, the evaporator workghie cold space of the refrigerator
and/or freezer and the condenser interacts withvirener ambient air. Starting at the
compressor, point 1, refrigerant enters as a gdssacompressed to a higher temperature.
In the ideal cycle, this compression is isentropgseen on the P-h diagram in Figure 2,
and involves a temperature increase. The refrigéeaves the compressor as a
superheated vapor at a temperature above the ancbiedition and then enters the

condenser. During this phase, the pressure remalats/ely constant, dropping only



slightly due to pressure drops through the conderws. While the pressure remains
constant, the temperature of the refrigerant deseeas the condenser interacts with the
ambient air. Heat carried from the refrigeranejgcted to the ambient, consequently
lowering the temperature of the working fluid. Tredrigerant leaves the condenser as a
saturated liquid and then moves through an expardgwice, either a valve or capillary
tube, where the pressure is lowered to the deswagorator operating pressure. During
this process, the temperature of the refrigeralivered to a temperature below the
desired temperature of the refrigerated spaceafgpical household refrigerator, this
value may be anywhere between -15 and -30°C. Thgemnt enters the evaporator as a
vapor-liquid mixture and exchanges heat with thiegerated space at a near-constant
pressure. Because the temperature of the workimng) i8 below that of the desired
temperature of the refrigerated space, the refiigetis able to accept heat from the
cabinet, allowing the refrigerant to warm up anel tfrigerated space to cool down. The
refrigerant leaves the evaporator as a saturateor\and returns to the compressor to

start the cycle once again.

Figure 2: Sample P-h Diagram for an Ideal Refrigeréion Cycle [1]
In order to ensure proper functioning of the vapampression cycle, several

other features are often included in the systerordier to ensure liquid is fed to the



expansion device and vapor is sent to the compressaiction-line heat exchanger
(SLHX) is often included in the system. This heatlenger allows a transfer of heat
from liquid coming from the condenser to vapor legwhe evaporator. A transfer
between these two stages allows the condensed ligue subcooled and the evaporator
vapor to be superheated. Adding the SLHX and subigpor superheating the
refrigerant provides some insurance that the expartevice will not see a two-phase
mixture at the inlet and that the compressor voli receive any liquid. In addition to the
SLHX, an accumulator is also often added afterethaporator, as previously discussed.
The accumulator acts as an added security thafrigerant liquid will enter and
damage the compressor. Finally, to remove any si¢hat may contaminate the
refrigerant and block the piping, a filter dryetypically installed in the system prior to
the expansion device. A sample system includingfathese features is shown in Figure

3.

-

Figure 3: Sample Schematic with SLHX, Accumulatorand Filter Dryer



2.2 Literature Review

Before beginning a new research project, it is irtgpd to understand prior work
related to the area of interest. The following isecexplores prior research relating to
refrigerant flow and migration, the relationshigveeen oil and refrigerant and how to
measure their concentration, and the effectiveokfise accumulator and its role in the

refrigeration cycle.

2.2.1 Effects and Characteristics of Oil and RefrigerantMigration and

Distribution

While the household refrigerator has been in uséhi®last 80 to 90 years [2], it
has not always been well understood how the reiigeand compressor oil move
throughout the system. A general understandingehtain components and their role in
the refrigeration cycle has been known for sometinowever, the exact movement of
the refrigerant fluid through the system and haanibvement changes during different
periods of the refrigeration cycle is a topic afdst for many researchers. A particular
area of study within this field is refrigerant magjon. When a refrigerator is first turned
on, it undergoes a pull-down period in which thenpoessor is constantly running,
working to bring the refrigerator and freezer cabitemperatures to the desired levels.
Once these temperatures have been reached, theessmpthen experiences a cycling
phase in which the compressor remains on for angpegiod of time and then turns off.
This is due to the fact that the compressor nodongeds to remain on in order to
maintain the desired cabinet temperatures. The cesapr is able to turn off for a period

of time in order to save power. Once the tempeeatugach a higher level deemed



unacceptable by the control system of the refrigershe compressor will then turn back
on and work with the rest of the system to restioeecabinet temperatures.

Refrigerant migration is a problem that occurs nigithe off-cycle of the
compressor. During this time, the refrigerant stibgsing as it normally would through
the system because it is no longer driven by timepcessor. As has been found by
several researchers, the off-cycle causes refngévamigrate from the condenser to the
evaporator as the system equalizes it's high andol@ssures. Warmer refrigerant at a
high pressure stored in the condenser prefers t@rwthe cooler and lower pressure
evaporator, and thus migrates to this space. Ingdeo, both the temperature and
pressure of the evaporator rise, consequently neduice performance of the refrigerator
when the compressor turns back on for the on-cycle.

As reported by Coulter and Bullard [3], researchiRubas, Bullard, and Krause
first explored this topic by examining a varietyfattors that reduce refrigerator
performance. Coulter and Bullard later in 1997 exjesl upon their prior work in order
to determine the detrimental effects of refrigemargration and what measures could be
taken in order to improve performance during theegele. Coulter and Bullard found
that the refrigerant migration to the evaporatgurees that the on-cycle “must first cool
the evaporator, so the thermal capacitance ofthpagator causes an on-cycle loss” [3].
Because the refrigerant migrates to the evaporaxtra work is required to redistribute
the refrigerant as necessary. Consequently, digbmning of the on-cycle period, a
decrease in evaporator capacity and an increagestam power is observed. Coulter and
Bullard suggested that the accumulator may alse hawegative impact in this situation

as it may trap needed liquid refrigerant from thap®rator. In total, in order to reduce



the negative effects of refrigerant migration, Geuand Bullard have suggested the use
of a solenoid valve after the condenser to prexenigerant migration altogether and the
relocation, or even removal, of the accumulator.

Other studies have taken a more general approambsgrving refrigerant, and in
some cases oil, distribution throughout a refrigeracycle during operation. It is of
interest to know how much refrigerant is in a gie@mponent at a given time in order to
determine the effectiveness of each componenttend\erall system as a whole. A
number of methods have been used to observe nefmgow and some studies, such as
those conducted by Manwell and Bergles [4] in 1988/e been set up specifically to
examine flow patterns involving oil and refrigeramixtures.

Asano et al. [5] examined refrigerant flows in argistic refrigerator in a study
completed in 1996. The experiment utilized neutaiography to observe the
refrigerant flow and allowed for real-time measuesnts and visualization using high
speed cameras. The experiment provided imageswfithin the compressor,
evaporator, condenser, and capillary tube. Flow tleacompressor and in the liquid
separator included in the experimental set-up sddveghy mixtures due to the presence
of oil in the refrigerant. For the condenser intjgaitar, it was found that the orientation
and inclination of the condenser tubes are veryomamt and change the flow behavior of
the refrigerant.

Inan et al. [6] examined refrigerant flows in a destic refrigeration system in
2003, but they utilized an x-ray method as oppdseateutron radiography. Images were
focused on the filter dryer, capillary tube, evagior, and accumulator. The condenser

and compressor were not examined. The x-ray systdized for experimentation



provided real-time visualization of the dynamic &aeior of the refrigeration system.
Video was recorded and reviewed to examine refaigetirends throughout the system
and temperatures were also closely monitored aratded to understand corresponding
trends. In total, Inan et al. were able to show tha x-ray method is an effective way to
monitor refrigerant distribution. General flow tdswere discovered, more of which are
discussed in section 2.2.3.

A number of other studies explore refrigerant fiith direct impact on the
compressor. As mentioned above, liquid refrigeeantéring the compressor can cause
significant damage, leading to ultimate failuretlté component. In reciprocating
compressors in particular, which are the topictoflg for Prasad [7], liquid in the
compressor volume leads to excessive pressure lnpiéds the piston cannot expel the
liquid through the discharge valve. Excessive preswithin the compressor puts a great
amount of strain on the moving parts and can ewdigtoause them to fail. Liquid
capture is thus the most important job of the aadator, as it can protect the compressor
from potential damage, but, as described by CoalidrBullard [3], this exact capability
can also create disadvantages in terms of ovestkis performance and refrigerant

migration.

2.2.2 Measurement of Oil and Refrigerant Mixture Concentrations

In addition to knowing how refrigerant moves thrbagt the refrigeration cycle
and within specific components, it is also extrgmelportant to know how the
compressor lubricant and system refrigerant intexad mix. The compressor lubricant is
vital for protecting the moving parts of the congmer and preventing long term wear

and tear that could threaten compressor efficiamzylifetime. Some oil will inevitably,
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however, move with the refrigerant from the compogdo other components within the
system. It is important to understand how the od eefrigerant will interact to ensure
that the presence of the oil will not significantlyange the working properties of the
refrigerant throughout the system. Several studie® been conducted to examine the
relationship between oil and refrigerant in refregeon cycles and researchers have
attempted to measure oil/refrigerant mixture cotregion. Other researchers have
attempted to develop methods to predict oil/refiagé mixtures and properties, though
this practice generally proves very difficult deethe transient nature of the refrigeration
cycle. In general, there are two approaches to awagoil and refrigerant mixtures.
Some researchers examine oil as a pollutant teefngerant that affects refrigerant
properties. Other scientists view the oil/refrigeraixture like a zeotropic mixture,
enabling them to review all oil-related effectsotinghout the entire refrigeration cycle [9].

Real-time measurements of oil/refrigerant conceéiotnavere attempted by
Lebreton et al. [8] in 2000 using an ultrasonicidevPOE oil and R410A were used for
the experiment, which was intended to not only mheiti@e the characteristics of the
oil/refrigerant mixture, but also to verify the rhetl of utilizing the variations of the
speed of sound in the mixture to determine conaéatr. This real-time measurement,
along with other real-time methods, is preferred gampling technique since samples
will remove needed amounts of oil and refrigeraotrf the system. Most research
conducted recently on this topic has focused orstiteess and utilization of real-time
measurements.

Like many other authors, Lebreton et al. believatthe quantity of oil present in

the vapor phase of an oil/refrigerant liquid mitis negligible” [8]. In many cases, the
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boiling point of the oil is much higher than thétloe refrigerant, so it is unlikely that the
oil will be included in the vapor phase of the igdrant. The most important mixture,
therefore, is that of liquid oil and liquid refrigmnt.

In their study, Lebreton et al. were able to susfigly use the ultrasonic method
to examine oil/refrigerant mixtures and the oittdisition throughout the refrigeration
cycle. Characteristics of oil/refrigerant mixtureswever, vary greatly depending on the
type of oil and refrigerant used. Therefore, theasbnic method is useful, but only with
careful and time-consuming calibration conducteecgjally for the unique
combination of fluids.

Fukuta et al. (2006) [9] also examined real-timeagsueement of oil/refrigerant
mixtures by using a refractive index measure withsar displacement sensor. Fukuta et
al. explain that the inclusion of oil within thefigerant “affects pressure drop and the
heat transfer characteristics of the heat exchah@@y; thus validating the importance of
oil/refrigerant concentration measurements. Theqggle of Fukuta et al.’s measurement
method uses the difference of refractive index betwthe refrigerant and oil to detect

the mixing ratio between them. The principle islioetin Figure 4.
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Figure 4: Measurement Principle for Fukuta et al. Experimentation [9]
Like Lebreton et al., Fukuta et al. agreed tharaing technique is generally

undesirable for determining the oil/refrigerant centration in a given mixture. In order
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to verify results and the refractive index measwetmethod, however, samples were
also taken during experimentation. A range of catregions and temperatures were
studied in order to obtain a comprehensive undedstg of the mixing relationship
between oil and refrigerant, which were PVE and B®Tespectively. Equations
relating the refractive index, temperature, pressomxture density, and concentration
were found specific to the experiment. The methmded successful and real-time
measurements were taken. No specific results mglétie concentrations of the mixtures
were provided.

Prior work by Fukuta et al. (2005) [10] exploreé telationship between R600a
and mineral oils when mixing and separating, afedrigerant combination of particular
interest to this project. Two experiments were giesdl and conducted to test first the
transient mixing of R600a with several mineral @ifgl second the separation of R600a
and mineral oil. Mixing was not conducted mechalycaut was rather induced using a
change in pressure simulating the off-period invéygor-compression cycle. Unlike other
more traditional oil/refrigerant mixtures, R600ddss dense than the compressor oil and
different mixing trends consequently result. Whetteer mixtures experience mixing by
convection due to the differences in density, R6@@& mineral oils do not experience
this phenomenon and instead mix by diffusion whebrjext to appropriate changes in
pressure. The mixing process, therefore, is vany.sEeparation experimentation also
only considered decreases in pressure as the rastioa changes in the R600a/mineral
oil mixtures. A vessel containing R600a and minerkalvas depressurized and trends in
the fluid behavior were observed. The most impdrtdnservation was bubble formation

shortly after the start of depressurization. Bubblere unstable and unpredictable and
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affected the rate at which the vessel completepyeksurized. Convection was observed
in this condition, unlike the mixing case, becaokthe density difference between the
bottom (high density) and top of the vessel (lowsiy) where the refrigerant escaped.
Fukuta et al. (2005) did not explore conditiongraking or separation where mechanical
stimulation occurred, as when the compressor whwuldon during start-up or cycling
periods, but a better understanding of transienabier for R600a/mineral oil solutions
during the off-periods was obtained.

While real-time measurements provide experimerdtd évaluating the
concentration of oil/refrigerant mixtures and thé&ird behavior, it is ultimately desired
to have a basic known relationship for oil/refrigger mixtures at given pressures and
temperatures. Using experimental results and stmoulaseveral researchers have
attempted to further understand the relationshipv&en oil and refrigerant and quantify
it by creating useful mixture equations. In 199a8sore et al. [11] proposed a method
for calculating the vapor-liquid equilibrium forlefrigerant mixtures. The method
builds upon the classical cubic equation of statteréquires the knowledge of all oil
properties and the chemical composition. The @hstiip developed is also specifically
for use between hydrofluorocarbons (HFCs) and PiBEso use of the method with
other refrigerants and mineral oils may not hold.

Zhelezny et al. [12] went further in determiningthematical relationships for
oil/refrigerant mixtures by using experimental wookbackup modeling simulations and
previous predictions in work conducted in 2007 .eLkukuta et al. (2005) [10], Zhelezny
et al. specifically explored R600a and compresd@otutions, solutions that are of

particular interest to this project. Experimentgaveonducted to examine the solubility,
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mixture density, and capillary constant for suclusons and results were combined with
models to develop appropriate relationships. Ireganit was found that it takes a
significant amount of time for an R600a/oil solutim reach equilibrium, as seen in
Figure 5. Thermodynamic properties of an oil/redrant solution are best measured
under steady conditions. Zhelezny et al. made teuestablish equilibrium before
measuring the desired properties, but the lengthma to reach this point, which was
generally several hours, shows through examplgthne difficulty in determining real-
time transient oil/refrigerant properties. Thisukeslso supports the findings of Fukuta et
al. (2005) for the mixing of R600a and mineraldhile to pure temperature and pressure
changes. Because of the low density of the R600geeant, the refrigerant and oil are

slow to mix as they do so through diffusion alone.
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Figure 5: Changing Vapor Pressure with Time for Diferent Temperature
Conditions [12]
The mathematical relationships found for the spetiR600a/oil mixture were

specific to the study conducted by Zhelezny eamdl included several empirical
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constants that will vary for other solutions. Whihe equations established were specific
to the tests conducted, results agreed well wetrettperimental data.

Zhelezny et al. were able to show basic R600a/ralrer mixture trends in
addition to developing mathematical relationshipssMeen the desired measurements. As
can be seen in Figure 6, the saturated pressuihe &8600a/mineral oil solution increases
both with increasing temperature and weight fragtar solubility, of R600a. As shown
in Figure 7, the mixture density decreases witlhaasing temperature and weight

fraction of R600a.
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Figure 6: Concentration Dependence on Vapor Pressarfor R600a/Mineral Oil

Solution [12]
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Figure 7: Concentration Dependence on Density for 800a/Oil Solution [12]

15



Finally, the American Society of Heating, Refrigrg, and Air-conditioning
Engineers (ASHRAE) has published a detailed refardar refrigerants and lubricants in
refrigerant systems [13]. Background informationeomumber of oils and their potential
interaction with various refrigerants is includedihe ASHRAE Refrigeration Handbook.
The reference provides several data charts foouamproperties of oil/refrigerant
mixtures including mixture viscosity, solubilitynd density. Only a handful of
refrigerants and oils are represented, howeverifga large gap in the understanding of
other oil/refrigerant solutions. General equatitorsdefining mixture density, for
example, are provided for solutions that are nptagented in the given data.

Research conducted on oil/refrigerant solutionspnagen two things. First, real-
time measurements of oil/refrigerant concentratamespossible, but it is important to
properly calibrate experiments appropriately fa $pecific oil/refrigerant solutions that
are used. Second, the measurement of thermodymaoperties of oil/refrigerant
mixtures is only possible under steady-state cardit which can take hours to obtain,
especially with systems using R600a. It must beststdod, therefore, that transient
measurement of oil/refrigerant solubility and migulensity is very difficult and subject

to inaccuracies.

2.2.3 Accumulator Studies

Because this study also examines the role of tbenaglator within the
refrigeration cycle, it is important to examinequrstudies relating to the accumulator.
Several studies outlined above explored the accatonuspecifically and their work is

further discussed here.
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As mentioned above, Coulter and Bullard [3] disedsthe accumulator briefly in
their study of cycling losses in domestic refrigera. While the accumulator is generally
included to collect liquid refrigerant and keefrdm entering and harming the
compressor, Coulter and Bullard explained thatélkect feature is also a drawback for
the refrigeration system. Liquid remaining in tlee@mulator “starves” the evaporator,
contributing to the decrease in evaporator capatitiie start of the on-cycle. Coulter
and Bullard predicted from their experimental wtrkt liquid refrigerant can remain in
the accumulator for as long as 15 minutes duriego#ginning of an on-cycle, as shown

in Figure 8.
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Figure 8: Accumulator and Saturated Temperatures Shwing Refrigerant Trapped
in the Accumulator after Start-up [3]

To help alleviate this problem, Coulter and Bullaae suggested that the
accumulator could either be removed, which couldm@mmise the compressor, or
moved “outside the cabinet, close to the compresdgoere heat conduction from the
compressor would quickly evaporate any trappeddigi3]. Ultimately, it is of interest
to determine if the accumulator is vital to theteys in order to determine the best

measures to enhance system performance.
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Bjork and Palm [14] did not explicitly study thecaenulator, but did note another
important characteristic of the device. Becauseatieimulator is able to hold a variable
amount of liquid, it is often able to act as a buffor refrigerant charge within a given
range of charges. With a charge that is too loe siystem can become further starved
and result in a large superheat. With a chargeishtab high, the evaporator can
overflow and create a cold suction line, whichaldor cooling capacity outside of the
refrigerator cabinet. The accumulator, howeverptaxs the rather flat energy minimum
in between these two extremes” by providing a buftidume that can trap a variable
amount of fluid.

Inan et al. [6] examined the accumulator more $padly and were able to
capture clear pictures of the accumulator ands$®eiated liquid levels using their X-ray
technique. They found that the maximum liquid lewmeihe accumulator is achieved
approximately one hour and twenty-five minutesrdfte system is started. Results also
indicated that the liquid level in the accumulasodirectly associated with the amount of
subcooling and the liquid level rises as the amofistibcooling decreases. Flow
behavior during the on and off periods also shoanges in the liquid level. The liquid
level is observed to decrease during the off-cgslsome liquid refrigerant drains back to
the evaporator. When the system is started agafmgerant is quickly pushed through
the evaporator shortly after start-up and the acdator fills with liquid, as shown in
Figure 9. The liquid level in the accumulator, catied by the dark shadow in the
pictures of Figure 9, is shown to decrease dutiegofff period in picture (a). As the

system is started, liquid levels are observeddceimse, as seen by the increase in shadow
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in picture (b). Shortly after start-up, howeveg tlguid level decreases slightly, as seen

in picture (d).

(c) after stant-up, closer view (d) 1 minute after start-up

Figure 9: Accumulator View during Compressor Start-up [6]

As was found in the experiment conducted by Couwalter Bullard, some
refrigerant can become trapped in the accumulaspecially during the off-cycle, but
the amount of refrigerant trapped will of cours@eied on the capacity and orientation of
the accumulator.

A study by Lee et al. [15] exclusively looked atamd refrigerant flow through
the accumulator for a rotary compressor. This wookducted in 2003, was one of the
first experiments to examine refrigerant flow thgbithe accumulator in real-time. A
transparent accumulator was built for the experinaad high speed cameras were used
to capture images of the flow. Lee et al. obse@dating motions of the oil and
refrigerant mixtures moving through the accumulatdrich were consistent with the
pulsing motions, or phase, of the rotary compredsaras also discovered that the flow
may be affected by the presence of oil within #feigerant and the entrance pipe of the

accumulator is thus critical in the success ofawerall design.
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3 Motivation and Objectives
The motivations and objectives of the study ardireed below.

3.1 Motivation

The purpose of studying oil and refrigerant migmatwithin the refrigeration
system and focusing on the accumulator is:
1. To improve refrigerator performance and efficiency
2. To possibly eliminate the accumulator, simplifyitg refrigerator’s design
Little research exists that explores the expligi¢ of the accumulator and how

oil/refrigerant migration is related to its effectness.

3.2 Objectives

The objectives of this study are:
1. To observe the distribution of refrigerant andimi& household refrigerator
during the pull-down, cyclic, and defrost stagespération

2. To determine the effectiveness and necessity chd¢samulator
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4 Experimentation with the Accumulator

In order to adequately assess the role of the adlaton within the refrigeration
system, it is important to evaluate its effectiv@nat different stages within the
refrigeration cycle. In addition to cycle charaigBcs such as temperature and pressure,
it is also useful to know the estimated volume@did enclosed in the accumulator and
how much of that liquid is either refrigerant of. dihe experiment described in section
4.1 was designed in order to evaluate the effectigs of the accumulator and to explore
other interests relating to oil/refrigerant disttiion. The final aim was to evaluate
whether or not the accumulator was vital to thepprdunctioning of the compressor. If
not, the removal of the accumulator could allowdost reduction and simplification in

the refrigerator design.
4.1 Experimental Set-up

4.1.1 Refrigerator/Freezer

A commercial frost free bottom freezer refrigerdi@ezer intended for an Asian
or European market, as shown in Figure 10, was fosdtis experiment. Specifications

are listed in Table 1 below:

Figure 10: Commercial Frost Free Bottom Freezer Refgerator-Freezer [16]
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Table 1: Refrigerator-Freezer Specifications [16]

Power 230V /50Hz / .71A

Approximate Price $740.00 (USD)

Refrigerant R600a

Insulation Cyclopentane

Freezing Capacity 14Kg / 24hrs

Net Volume Freezer: 104L Refrigerator: 246L
Defrosting Input 300W

Max. Input of Lamp 11W

Freezer Temperature Range -17°C to -25°C

Refrigerator Temperature Range  +1°C to +6°C

4.1.2 Compressor

The standard compressor used for the test reftmefi@ezer is a reciprocating
compressor made for use with R600A. Specificatamedisted in Table 2 and a picture
of the original unmodified compressor is shown iguiFe 11.

Table 2: Compressor Specifications [16]

Type Reciprocating

Refrigerant R600A

Voltage 220V / 50 Hz

ASHRAE cooling capacity 160 Kcal/Hr / 186 Watt /56Btu/Hr
ASHRAE COP / EER 55 W/W / 5.28 Btu/WHTr
CECOMAF cooling capacity| 118 Kcal/Hr / 138 Watt704Btu/Hr
CECOMAF COP / EER 1.16 W/W / 3.96 Btu/WHr

Figure 11: Unmodified Commercial Compressor
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Because it is of interest to study the relationsi@fween oil and refrigerant,
particularly within the compressor, the compressas specially adapted for the
experiment. A circular visualization port was addeds front and a visualization tube
was added to its side. The visualization port stgsplied and assembled by the
manufacturer. In order to create the visualizatidye, two holes were drilled into the
compressor, one in the top and one in the bottdra.hbles were then tapped and the
compressor was flushed with oil to remove any reigi metal shards. Teflon tape was
used to attach NPT fittings to both holes and iBaalization tube was attached using
standard Swagelok® tube fittings. The installatdithe visualization tube is shown in
Figure 12. After installing the visualization tultke compressor was calibrated for oil
volume. Table 3 shows the calibration levels ofdbmpressor that were used during

experimentation with the accumulator.

Figure 12: Compressor with Visualization Tube and ¥ Dye
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Table 3: Visualization Pipe Liquid Line Levels

Line Number | Total Volume (mL) | Line Measurement (mm)

1 25 3

2 45 5

3 75 8

4 115 11
5 160 15
6 240 19
7 320 24
8 400 29
9 480 35

The addition of the visualization tube to the coesgior changed its overall size.
Consequently, it no longer fit in the back of teé&igerator as originally designed. For

the purpose of experimentation, the compressompweagioned outside of the back of the

refrigerator and new supports and piping were canttd accordingly.

After all changes were made to the compressora#t eharged with 180mL of

Freol S-10 mineral oil, as specified by the manufieer. Oil properties are presented in

Table 4 below.

Table 4: Compressor Oil Specifications [17]

Oil Name

Jomo Freol S10

Density

0.868 g/c(15°C)

Specific Gravity

0.8700 g/ch{15°C)

Kinematic Viscosity

10.3 mni/sec (40°C)
2.62 mni/sec (100°C)

Flash Point

160.0°C

Melting Point (pour point)

-30.0°C

In addition to the oil, a UV dye produced by UVi¢i8] was added to the

modification is shown in Figure 12.

compressor to enhance the visibility of liquid flowring experimentation. This
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Properties of the UV dye are shown in Table 5. g&niormation from the
Material Data Safety Sheet for the UV dye and basetkst observations, it was
assumed that the dye did not change the behavibeddil or any other features of the
system.

Table 5: Properties of the UView Dye [18]

Product Name Universal A/C Dye
Description Fluorescent Dye
Company UView Ultraviolet Systems Inc.

COC Flash Point | >100°C
Water Solubility Insoluble

4.1.3 Evaporator and Accumulator

A fin-and-tube heat exchanger provided by the mactufer was used as the
evaporator for the system, as shown in Figure h8.8vaporator was installed in the
freezer, which was located in the bottom of the.unwo plastic panels separated the
evaporator from the main freezer cabinet and alsvigeed the evaporator fan and

humidity sensors.

Figure 13: System Evaporator with Installed Clear Accumulator
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Like the compressor, the accumulator was speai@rgned for the test. As can
be seen in Figure 14, the accumulator was madefalear plastic in order to allow for
liquid visualization during testing. Prior to ind&tion in the system, the accumulator was
calibrated for volume level, as indicated by times in Figure 14. The calibration is
shown in Table 6 and has an error of approximatel2mL. As can be seen in the table,
the accumulator is only capable of holding appratety 60mL before liquid will spill
over into the exiting pipe. The total volume of sexumulator based on pure

measurement and size is approximately 81mL.

Figure 14: Clear Accumulator Installed with Calibration Lines

Table 6: Liquid Level Lines with Corresponding Totd Volume for the Accumulator

Line Number | Total Volume (mL)
1 5
2 10
3 15
4 20
5 25
6 30
7 35
8 40
9 45

10 50
11 55
12 60
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4.1.4 System Sight Glasses

After some preliminary testing with the modifieccamulator and compressor, it
was determined that more points within the systesrevof interest for observation. Three
sight glasses were installed into the system, ttigeaaccumulator outlet, one at the
compressor inlet (suction), and one at the compresglet (discharge). It was of interest
to know whether or not oil could be observed legyas well as re-entering, the
compressor. The suction line sight glass is inditdty the solid circle and the discharge
line sight glass is indicated by the dotted ciml&igure 15.

At specific time intervals within the refrigeratiaycle, particularly when the
compressor was off due to cycling or defrost, iswéinterest to understand what was
occurring at the accumulator. While liquid motioaswobserved in the accumulator itself,
it was not clear as to whether or not liquid eedt the accumulator. Consequently, a
sight glass was installed at this point in theaysts well. The accumulator outlet sight

glass is circled in Figure 16.

Figure 15: Suction (solid circle) and Discharge (dted circle) Sight Glasses
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Figure 16: Accumulator Outlet Sight Glass

4.1.5 Refrigerant and Oil Flow Visualization

In order to observe oil/refrigerant flow patternshin the system, four video
cameras were installed. These cameras periodieabrded liquid activity of the oil and
refrigerant within the system at known time pericddameras recorded activity at the

compressor, accumulator, accumulator outlet, sndine, and discharge line.

4.1.5.1 Compressor Visualization

In order to view the visualization port and tubeidg experimentation, a camera
was installed in front of the compressor. Liquiddis within the compressor could then
be monitored while testing. Figure 17 shows a saropthe camera view during
experimentation. The angle changed slightly dutiregexperimentation period due to

periodic changes and repairs needed on the system.
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Figure 17: Camera View of Compressor

4.1.5.2 Accumulator Visualization

In order to view the accumulator during experimaatg adjustments had to be
made to the plastic panels that covered the evapatthe rear of the freezer cabinet. A
hole was cut in both panels, causing the removahaddditional heating agent normally
positioned near the side of the accumulator. Thggral configuration as well as the

adjustments made can be seen in Figure 18 throiggineF20.

Figure 18: Unmodified Evaporator Panels in front ofthe Accumulator within the

Freezer Compartment
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Figure 20: Modified Evaporator Panels for Accumulabr Visualization
In order to view the accumulator during experimaatg a camera was installed
in the freezer compartment. LED lights were insi@lio enable better visualization of the

accumulator and any liquid inside. Figure 21 shidvescamera view for experimentation.

Figure 21: Camera View of Accumulator with LED Lights
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4.1.5.3 Accumulator Outlet Visualization

In order to view the installed sight glass at theusnulator outlet during testing, a
camera was positioned at this location. The frepaaels were modified a second time to
include a hole for visualization of the sight glagda LED light was also used in this
location. A picture of the camera view of the acalator outlet can be seen in

Figure 22.

Figure 22: Camera View of the Accumulator Outlet wih LED Lights

4.1.5.4 Suction and Discharge Line Visualization

One camera was installed to view both the sucti@mhdischarge lines during
testing. A picture of the camera view for these sight glasses is shown in Figure 23.
The suction line is the lower sight glass, poseidmore vertically through the view and

the discharge line is the upper sight glass, st more horizontally.

Figure 23: Camera View of the Suction and Dischargkines
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4.1.6 Experimental Measurements

A number of parameters were measured during thergwpntal tests to allow for

proper analysis of the system.

4.1.6.1 Pressure Measurements

Four pressure transducers were installed in theesy® aid in determining
refrigerant properties at various locations thraugtthe system. Pressure transducers
were installed at the compressor inlet and outlettjon and discharge lines,
respectively), the condenser outlet, and at theaeor inlet, as shown in Figure 24.

Additional pressure transducers could not be ilestadue to space limitations.
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Figure 24: Pressure Transducer and Thermocouple P&&ment
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Setra pressure transducers, as shown in Figuneets,used for each pressure

measurement. Specifications of the pressure traesslare shown in Table 7.

Figure 25: Setra Pressure Transducer [19]

Table 7: Pressure Transducer Specifications [19]

Model 280E

Full Scale Pressure Output 5.03 VDG
Zero Pressure Output 0.03VvDC
Accuracy (RSS Method) +-0.11%
Pressure Type Absolute
Pressure Range 0 — 250 psia
Operating Ambient Temperature Range 0 — 65°C
Manufacturer Setra

T-junctions were used to install each of the pressansducers and all

transducers were installed in an appropriate upogkntation, as seen in Figure 26.

Figure 26: Pressure Transducers Outside of the Unit
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Unlike the three pressure transducer connectioasthe compressor at the rear
of the refrigerator, as shown above in Figure B6,dvaporator inlet pressure transducer
could not be directly connected to the evaporatemmentioned earlier, two panels cover
the evaporator, disabling the pressure transduaesr fitting in this space. The freezer
also reaches cold temperature conditions arountC;Mhich could affect the proper
functioning of the pressure transducer. To acconategch small hole was drilled into the
back of the refrigerator and a pipe was directedugh the hole to a location outside of
the freezer. The pipe was insulated on the outdidiee freezer to minimize temperature
and pressure effects from ambient air conditiofiss &rrangement can be seen in Figure

27.

Figure 27: Evaporator Inlet Pressure Transducer Comection
The pressure transducers were calibrated aftalli@son using a digital
calibrator. Appropriate calibration equations wengered into the program utilized by

the data acquisition system (DAS) to record angldisexperimental measurements.
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4.1.6.2 Temperature Measurements

A total of 33 temperatures were measured in o éully understand the functioning of
the refrigerator during operation. T-type thermqaes, as shown in Figure 28, were

used to measure temperature. Thermocouple speiafisaare given in Tabl8.

Y.

Figure 28: T-type Thermocouple [20]

Table 8: Thermocouple Specifications [20]

Model Number FF-T-24

Temperature Range -2to +350C
Tolerance (@ 0to -26Q) | 0.75%

Tolerance (@ 0 to 35Q) 1.50%

Manufacturer Omega Engineering Inc.

4.1.6.2.1Refrigeration Cycle Temperature Measurements

Eight temperature measurements were taken aroenefiigeration cycle, as
shown in Figure 24. Measurements included temperaiat the compressor inlet,
compressor oil inside the bottom of the compressumpressor outlet, condenser inlet,
filter dryer inlet (hot pipe/condenser outlet), pueator inlet, evaporator outlet, and
accumulator outlet.

Surface thermocouples were used to measure thegsedinlet, evaporator inlet,

evaporator outlet, accumulator outlet, and condemstet temperatures. Surface
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thermocouples as well as in-stream thermocouples used to measure all compressor

temperatures.

4.1.6.2.2Evaporator Air Side Temperature Measurements

Five air side temperatures are measured arounelvdeorator, as indicated by the

solid circles in Figure 29.

Figure 29: Air Side Evaporator Thermocouples

4.1.6.2.3Cabinet Air Temperature Measurements

Within the food compartment, seven thermocouplegewsed to measure air
temperatures at the vents and sensor controladasted by the dotted circles in Figure
30. Three copper cylinders were suspended in theebto measure the average cabinet
air temperature, as indicated by the solid cirgcleSigure 30. The total height of the food

cabinet, length L, is 97.8 cm (38.5 inches).
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Figure 30: Food Compartment Thermocouples
Within the freezer compartment, seven thermocoupkse used to measure air
temperatures at the vents and sensor controladasted by the dotted circles in Figure
31. Three copper cylinders were suspended in theesto measure the overall cabinet
air temperature, as indicated by the solid ciroieSigure 31. The total L is 64.8 cm (25.5

inches).

Figure 31: Freezer Compartment Thermocouples
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4.1.6.2.4Ambient Air Temperature Measurements

Two copper cylinders were hung in the environmediti@mber to measure and
record ambient temperature. The environmental cleatanperature was also monitored
by its own internal thermostat, but this measurdmeald not be captured by the DAS.
A picture of the copper cylinders used to measuorbiant temperature is shown in

Figure 32.

Figure 32: Environmental Chamber Temperature Measuements

4.1.6.3 Power Measurement

A watt meter, as shown in Figure 33, was conneitt¢lde system and recorded
power consumption of the entire unit during op@matiPower of individual components

was not measured. Specifications of the meterigsngn Table 9.
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Figure 33: Watt Meter

Table 9: Watt Meter Specifications [21]

Model Number | GW5 — 002X5-51
Volts AC 0 to 300 VAC
Input Amps AC 0to 5 amps
Frequency Range 58 to 62 Hz
Watts F.S. 1000 W
Output Response time 400 msec
Voltage DC 0to5VDC
Accuracy 0.2% Reading.
Manufacturer Ohio Semitronics

4.1.6.4 Humidity Measurement

In addition to ambient temperature, humidity lewstse specified for each test
condition. Relative humidity was controlled witttime environmental chamber using two
humidifiers, one dehumidifier, and a relative huityidensor. The sensor was connected
to the DAS and allowed the humidity to be monitoaad recorded. A program within
the DAS also allowed for control of the humiditydaturned the humidifiers on or off
depending on the relative humidity reading. Thec8ations for the relative humidity

sensor are listed in Table 10. A picture of the Hlityy sensor can be seen in Figure 34.
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Table 10: Specifications for the Relative HumiditySensor [22]

Model Humidity and Temperature Transmitter HMD 3B Y
Manufacturer Vaisala (Finland)

Serial Number 657135

Measurement Range| 0-100% Relative Humidity

Operation Range Between -20°C and 80°C

Accuracy +/- 2% Relative Humidity (at 20°C)

Figure 34: Vaisala Humidity Sensor

4.1.7 Environmental Chamber

The experimental set-up was built in an environmalecttamber in order to
control and monitor ambient conditions. The envin@mtal chamber is manufactured by
Kolpack and has the capability of maintaining terapres between 5°C and 45°C. The
chamber cannot monitor and control humidity itselfis requiring an additional set-up
for humidity conditioning within the chamber, assdebed above. A picture of the

chamber and its computer controls is shown in E@%.

Figure 35: Environmental Chamber and Computer Contols
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4.1.8 Data Acquisition System

All system measurements, including pressure, teatpey, and power, sent
signals to a DAS. A Hewlett Packard Data Acquisitignit (HP 3497A), as shown in
Figure 36, was used as the DAS and various cards uged for different measurements.
Two T-Couple Acquisition cards were used to tratesthermocouple inputs and one
Guarded Acquisition card was used for pressuresthacer and power measurements. A
Q-Basic program was used to translate all incordett@, which were displayed on the
computer screen during experimentation as actugbéeatures, pressures, and power.
Data was recorded every 5 seconds and downloadmtbtber computer for analysis

after the completion of a test run.

Figure 36: Hewlett Packard Data Acquisition Unit (HP 3497A)

4.1.9 Power Supply

Because the refrigerator used was made for an Asi&uropean market, the
power requirements were different from those thatstéandard in the United States. The
test refrigerator required 220V and 50 Hz. Avaikabbltages within the environmental
chamber only provided 120V and 208V and 60 Hz.rtieoto provide the correct power,
two voltage/frequency inverters were connectedh¢ostystem and adequately transferred

120V/60Hz into 220V/50Hz supply. The inverters uaeel shown in Figure 37.
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Figure 37: Voltage and Frequency Inverters (Manufatured by LeMarche)

4.1.10Cabinet Door Sealing

The condenser tubes were known to pass throughate of the refrigerator unit
and for safety and security of the system, a ha@s mot cut in the side walls of the
refrigerator to allow for the necessary thermodewygres. Instead, for both the food and
freezer compartments, thermocouple wires wereipasidl within the door frame,
ultimately resulting in poor door seals of the caté. To ensure proper door sealing and
better test conditions with the given arrangemeotches were cut in the doors to allow
space for the passing wires. Silicone was then tesbtbck the notches during testing.

An example of the sealant is shown in Figure 38.

Figure 38: Silicon Sealant for Refrigerator and Frezer Doors
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4.1.11Refrigerant

R600a was used as the refrigerant for all testducted. R600a is highly
compatible with the environment, but it is also dwstible [23]. R600a is a colorless,
odorless gas with a very slight solubility with watGas properties are listed in Table 11.

Table 11: R600a Refrigerant Properties [23]

Property Value
Boiling Point 10.9°F /-11.7°C
Melting Point -255.3°F / -159.6°C

Vapor Pressure (@ 70 °F 45 psia
Vapor Density (Air = 1) 2.06
Purity 99.0% [22]

A charge of 52.0g R600a was used as the base cbftige system. Exact charges varied
slightly for individual tests due to small errofsapproximately 1% in charging methods
used. Because the gas used is extremely flammeablgrocarbon detector was installed

within the environmental chamber for safety.

4.2 Experimental Method

4.2.1 Experimental Procedures

Three different ambient conditions were examineddsts with the accumulator.
A summary of the experimental conditions is giveithe experimental matrix, shown in
Table 12. The 43°C condition was not explored fqregiments without the accumulator

due to the lack of observed cycling trends, asreedlin sections 4.3.1 and 5.2.1.
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Table 12: Experimental Matrix

Accumulator | Temperature (°C) | Rel. Humidity (%)
5 65
With 32
75
43
. 5 65
Without 32 75

Pull-down, cycling and defrost periods of operaticere recorded and observed

for each test condition.

4.2.2 Experimental Analysis

After completing the experiments listed above, daléected by the DAS was
transferred to an Excel® file for review and analy3he same Excel® template was
used for each test to allow for easy data downlaadiscomparisons. A variety of graphs
and additional values were plotted and calculatezdhe data was successfully
transferred.

In addition to the data, any video files that wereorded during a test were
compressed and reviewed. Trends and observatiorsneéed for each video and

compared to any previous videos as well as to dnesponding data.

4.2.2.1 Calculation of the Cycle Properties

All calculations for the cycle properties were penied automatically using a
macro in the Excel® data file. Refprop 7.0 [25] wised to calculate any necessary
refrigerant properties using measured temperaamdgressures as known inputs.
Calculations using Refprop 7.0 included the enilealpt each state point in the cycle and
the liquid density of R600a for specific locations.
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As shown in Figure 24, both pressure and temperati@asurements were taken
at points 1, 2, 3, and 5 in the system, as lahel&iyure 39. Enthalpies for points 1, 2,
and 3 were directly calculated with Refprop 7.0hgghe measured pressure and
temperature values. Enthalpy at state point 5, keweould not be directly calculated
with pressure and temperature as the point is awag two-phase condition, as
indicated by the P-h diagram in Figure 40. Sevasalmptions were made to evaluate
the enthalpies for the remainder of the system.

First, assuming no pressure drop across the SUrXenthalpy for point 6 was
calculated using the direct temperature measureatehts point and the pressure
measurement for state point 1. Assuming the haasterred across the SLHX is equal
on both sides, the following equation was then usdihd the enthalpy for state point 4:

h,- h,=h - h; (@D
Assuming isenthalpic expansion, the enthalpy aé fiavas set equal to the enthalpy at
state 4.

The above analysis results in a P-h diagram sirtoléinat shown in Figure 40.
Exact pressures and temperatures depend on spmugfiating conditions and ambient

temperature.

45



2 Izobutan:

P [kPa]

v

Figure 39: System Schematic with State Points

Ell

7x10* Isobutane

10*t

10° 4
0 110 220 330 440 550 660 770 880 990 1100

h [kJ/kg]

Figure 40: State Points of the Refrigeration Cyclen a P-h Diagram
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4.2.2.1.1Superheat and Subcooling Calculations

Total degrees of superheat were calculated usmptiowing equation:

T

superheat — T1 - Tsat,F’l (2)
where T is the temperature at state point 1 apg d; which was calculated using
Refprop 7.0, is the saturated temperature at tbegspre for state point 1;.P

Degrees of subcooling were calculated using equa&tio

Tsubcooling = Tsat,P3 - T4 (3)
where a4t p3dS the saturated temperature using the pressstatatpoint 3, £ and T is

the temperature at state 4 calculated by Refpt@psing the known pressure at state

point 3, B, and the calculated enthalpy, h

4.2.2.1.2Specific Capacity Calculations

Because a compressor map was not provided by thafawurer, the mass flow
was not calculated for the system. Consequenttyuttits for capacity remain as those
for specific capacity, kJ/kg, as opposed to k#srtler to determine evaporator and

condenser specific capacity, the following equatiomre used:

qevap = h6 - h5 (4)

Ucona = h2 - h3 (5)

where @uapis the evaporator specific capacitysgis the condenser specific capacity,

and the h values correspond to the state poirgk@sn in Figure 39 and Figure 40.
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4.2.2.1.3Solubility Calculations

Solubility measurements were desired at both thepcessor and accumulator in
order to determine oil/refrigerant ratios at thpesitions in the system. Solubility was

calculated using a correlation provided by thenmnufacturer, as shown in Figure 41.

204C 30 4C 10 dC 60 dC B0 dC

T 17
T ]
O
;

a0

(TR,
/1 /

i

0.0 0.2 0.4 0.6 0.8 1.0
Absolute Pressure / MPa

Temperature — Pressure — Solubility Diagram
Freol S10 / R600a

Figure 41: Original Solubility Data for Freol S-10Mineral Oil and R600a (Provided
by the Manufacturer)
Data provided by the manufacturer was uploadedcalmdCurve® 3D [26], a

software program that is able to develop 3D cotiia based on input data. From the
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provided data, an extened correlation between teatyre [K], pressure [kPa], and

solubility [mass % R600a] was developed and useddtubility calculations:

487218
20228 (6
intT) (6)

In(z) = 26167+ 02* In(P)? - 0.1* P% +16* In(P) + 2759* In(T)? - 4665* In(T) -
where z is the solubility in percent of refrigeramass, P is the pressure in kPa, and T is
the temperature in K. Constants in the above eguatie simplified, but the full
expression was included in the Excel® macro progi@ofubility in percent of

refrigerant mass, z, is defined by the followingiatipn:

z =" 100 ™
m[g]

where mis the mass in grams of refrigerant andsihe total combined mass in grams
of oil and refrigerant. A graphical representatafrthe solubility correlation developed

by TableCurve® 3D is shown in Figure 42.
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Freol S10 / R600a Solubility Diagram
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Figure 42: Solubility Curve Developed in TableCurv® 3D

In order to produce understandable data, the @tivaelwas capped at 100% in
the Excel® macro program. Any value calculatedegteater than 100% solubility was
assumed to have a solubility of 100%.

As can be seen by the expression in equation @hengraph in Figure 42, an
input temperature and pressure are required toledécsolubility. Solubility in the
accumulator was calculated using the average ad¢hemulator inlet and outlet
temperatures and the suction pressure. Soluhilithe compressor was calculated using

the inside compressor oil temperature and the@ugtiessure.

4.2.2.1.4Mixture Density Calculations

Like solubility, data for the mixture density of and refrigerant was provided by

the oil manufacturer, given in Figure 43.
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Figure 43: Original Mixture Density Data Provided by the Manufacturer for Freol
S-10 Oil and R600a
A correlation for this property was also developsthg TableCurve® 3D and

implemented into the Excel® macro analysis. Figteshows the Chebyshev correlation
that was used to determine mixture density givenémperature [K] and solubility
[mass % R600a] at the compressor and accumulaisrinhiportant to note that the
original mixture density and the following corretat have higher error at high solubility
when the mixture is assumed to be all or mostlyR6@\t these solubilities, the
correlation does not always produce the liquid dgmmé R600a at the appropriate

temperature and often assumes the density to ber Idixture densities around this
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level were thus assumed to be the actual liquigitheof the refrigerant rather than the
correlation value.

Rank 15 Eqn 1404 Chebyshev X,Y Rational Order 4/5
r2=0.99979977 DF Adj r2=0.99976807 FitStdErr=0.0018405992 Fstat=33566
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Figure 44: Mixture Density Correlation Developed byTableCurve® 3D

Mixture density in the accumulator was calculateohg the previously calculated
accumulator solubility and the average of the aadator inlet and outlet temperatures.
Mixture density in the compressor was calculatadgughe previously calculated

compressor solubility and the inside compressoteoilperature.
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4.2.2.1.5ldeal Density and Correction Factor Calculations

ASHRAE, which publishes and develops a numberariddrds for testing and
analyzing refrigeration and HVAC equipment, stdtex the ideal mixture density for an
oil and refrigerant mixture is as follows:

r

[g=———— (8)

1+w(—"e )

r

r
where iq is the ideal density,, is the density of the pure oil at the solution pemature,

r Is the density of the pure liquid refrigerantta solution temperature, ands the
mass fraction of refrigerant in the solution [6]o# actual mixture densities are found
from ASHRAE using this equation and dividing it &@ygorrection factor. Because actual
mixture density data was available for these expents, both the actual density based on
the correlation and the ideal density based ontemu8 were calculated. A correction

factor was then calculated using equation 9:

where A is the correction factor ang is the actual mixture density found using the

correlation outlined above.

4.2.2.1.6Refrigerant and Oil Mass Calculations

It was ultimately desired to know the approximateant of oil and refrigerant in
the compressor and accumulator during each statle oéfrigeration cycle, including
the pull-down, cycling, and defrost periods. Inartb calculate the mass of refrigerant
and oil in each localized volume, information cgpgending to specified data points was

gathered from the video files. Using the video iemgn approximate volume of total
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liquid (V;) was estimated for both the compressor and acatoruKnowing the mixture
density from the above correlation, the total nassil and liquid refrigerant (ghcan be

determined from the following equation:

m

-m
=— 10
r v (10)

Because the solubility at a given temperature aedspire is also known using the given
correlation in equation 6, the refrigerant masg @an be calculated from equation (7).
The oil mass (i) is calculated by subtracting the refrigerant nfems the total mass

(my). These calculations are represented below:

) (11)

m, =m-m (12)

4.2.2.2 Uncertainty Analysis

Uncertainty analysis was completed for a 5°C arfiC3mbient condition test
with the accumulator. The 5°C test used had ancapate charge of 52.0g and the
32°C test had an approximate charge of 52.8g. Raradw systematic errors for
representative pressures, temperatures and powercaleulated. Specifically, the
suction pressure {R), discharge pressuref, instream discharge temperaturg{7)
and surface evaporator inlet temperaturg-4]) were used for error analysis. For
random error calculations, average values wereailzdtd during the compressor-on time
period for a series of 5 consecutive cycles, asvahio Figure 45 and Figure 46. Average
values for the compressor-on time period are shawiable 13 and Table 14 and the

error analyses are given in Table 15 and Table 16.
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Figure 45: Cycles Used for Random Error Calculatios from a 5°C Ambient Test
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Figure 46: Cycles Used for Random Error Calculatios from a 32°C Ambient Test

Table 13: Average Cycle Properties for 5°C Ambien€Condition

Time | Power | Psuc Pdis | Tdis,i | Tevap, s

Cycle | min] | w [kPa] | [kPa] | [°C] [°C]
1 6.7 99.6 52.0| 280.6 23.6 29.4
2 6.6 99.4 514 | 2783 228 730.2
3 6.6 99.7 50.8| 2774 223 -30.9
4 6.7 99.9 505| 2763 22( 31.0
5 6.7 99.8 50.1| 2754 212 30.9
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Table 14: Average Cycle Properties for 32°C Ambien€ondition

Cycle Time Power | Psuc Pdis | Tdis,i | Tevap, s
[min.] [W] [kPa] | [kPa] [°C] [°C]

1 40.1 110.3 46.0 584.9 64.7 -27.2

2 39.4 110.2 46.0 584.3 64.3 -27.2

3 39.2 110.2 45.9 584.7 64.( -27.2

4 39.3 110.3 45.9 583.6 64.( -27.2

5 39.2 110.1 45.8 583.3 63.9 -27.3

Table 15: Error Analysis for 5°C Ambient Condition

Time | Power | Psuc | Pdis | Tdis,i | Tevap, s
[min.] [W] [kPa] |[kPa] | [°C] [°C]
All Cycle Averages 6.6 99.7 51.0 277.6224 -30.4
Random Error
(Standard Deviation) 0.2 0.7 2.0 0.9 0.6
Systematic Error 0.2 0.1 0.3 0.3 0.5
% Random Error of Mean 0.2 1.4 0./ 4.0 2.1
% Systematic Error of Mean 0.2 0.1 0.1 1.5 1.5
% Total Error 0.4 1.6 0.8 5.5 3.6
Table 16: Error Analysis for 32°C Ambient Condition
Time | Power | Psuc | Pdis | Tdis,i | Tevap,s
[min.] [W] [kPa] |[kPa] | [°C] [°C]
All Cycle Averages 394 110.2 459 584.164.2 -27.2
Random Error
(Standard Deviation) 0.1 0.1 0.6 0.3 0.04
Systematic Error 0.2 0.1 0.6 1.0 0.4
% Random Error of Mean 0.1 0.2 0.1 0.5 0.1
% Systematic Error of Mean 0.2 0.1 0.1 1.5 1.5
% Total Error 0.3 0.3 0.2 2.0 1.6

As can be seen in Table 15 and Table 16, the fardne power and pressures are

relatively low, always less than 2% for the 5°C @&nbcondition and less than 0.5% for

the 32°C ambient condition. While the temperatusasurements have larger errors as
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high as 5.5% in the 5°C ambient condition, thesererare within reasonable limits and
are conservatively high. Systematic error for thespure and temperature is dependent
upon the actual reading value, as outlined insest#.1.6.1 and 4.1.6.2. Consequently,
the total error for the pressure and temperatutieeaB2°C test condition are slightly
lower than they are for the 5°C case. Note th#te@6°C ambient condition, the ambient
operating temperature is near the low end of tipeaiate operating range for the

pressure transducer, increasing the likelihood/sfesnatic error for those measurements.

4.2.2.3 Sample Collection

After some preliminary testing to ensure that tystesm was working properly, it
was suggested that the experimental set-up bedlterallow for the removal of an
oil/refrigerant mixture sample. This was desireaider to verify the correlations
developed in TableCurve® 3D for solubility and noivd density for R600a and mineral
oil. While sample collection is not ideal for vefitig mixture properties for reasons
suggested by Lebreton et al. [8] and other reseascheal-time measurement methods

were unavailable.

4.2.2.3.1Sample Collection Set-up

To allow for the removal of oil/refrigerant sampfesm the system, two sample
removal ports were fabricated; one at the compressd one at the accumulator.
Samples were taken from these two locations bedhessompressor and accumulator
were the main areas of interest and containecdatiges$t volumes of oil and refrigerant,
both of which were monitored with video camerase Tist collection vessel was

connected to the bottom portion of the visualizatibe at the bottom of the compressor
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using a thin copper pipe that was inserted intos/teealization tube without causing an
obstruction, as shown in Figure 47. The sampleecbtin vessel was thus able to take

oil/refrigerant mixture samples from the middletloé bottom of the compressor shell.

Figure 47: Sample Collection Pipe through the SightTube at the bottom of the
Compressor
In addition to the compressor sample collectiorepasample collection pipe was
added to the accumulator. A hole was cut into titead the accumulator and a small

copper pipe was inserted and brazed in place,asisd-igure 48 and Figure 49.

Figure 48: Sample Pipe in the Accumulator (front vew)
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Figure 49: Sample Pipe in Accumulator (rear view)

Because the accumulator resides in the freezesatimple pipe was routed
outside of the refrigerator through a small holgt thas drilled in the back of the unit.
The copper pipe was insulated to minimize tempegeathange and the evaporation of
any refrigerant taken in the sample.

After conducting a few test runs, it was determitieat several samples within
close time intervals were needed to improve themoy of sample collection. Three
collection vessels of similar size and shape waeit to replace the original collection
vessel. Each vessel held between 6.9 and 8.2niguwdl] depending on the specific
vessel; therefore no more than 8.2mL (approximatelg or 4.5% of the total oil charge)
of oil or 8.2mL ( approximately 4.7g or 9% of thwdl refrigerant charge) of liquid
refrigerant could be removed from the system with given sample. A picture of one of
the collection vessels is shown in Figure 50. Thoedkection vessels could be used to

take samples at either the compressor or accumyiatts.
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Figure 50: Oil/Refrigerant Collection Vessel
A series of valves were used to connect the catleatessels to the system,
though only one vessel could be connected at argngime. The valve system allowed
the vessel and the connecting tube to the systdra &vacuated prior to sample
collection to eliminate the possibility of air ente the system or sample. The valve
system used is shown in Figure 51 and was implezdeattboth the compressor and

accumulator locations.

— OO0

Figure 51: Valve System for Sample Collection

In addition to the oil/refrigerant sample collectiports, an oil charging port was
added to the system. Multiple removals of sampdsslted in a relatively large decrease
of the compressor lubricant. Consequently, a metiodcharging lost oil was needed.
To do so, a U-tube was inserted into the suctioa. [This method allowed for oil to be
added to the tube first, then evacuated to elireiaatwithin the oil and tubes, then
opened to the system so incoming refrigerant cpukh the added oil back into the
compressor. A picture of the added U-tube is shiomiigure 52. The U-tube was
installed in the suction line, as shown in FiguBe &nd, like the collection vessels,

contained a valve system to allow the additiorhefail, as shown in Figure 54.
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Figure 53: Oil Port U-tube Assembly in the SuctiorLine

-« m -«

Figure 54: Valve System for the Oil Port U-tube Assmbly
A method for recharging refrigerant was not incogped, as the samples taken
generally contained very little refrigerant. Anyrigerant that did need to be re-charged

could be done through the original charging pothefcompressor.
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The collection vessels and samples were weighed) ashigh accuracy scale in
order to capture small changes in weight. Measunésra weights up to four decimal

places were recorded. A picture of the scale isveha Figure 55 and specifications are

listed in Table 17.

Figure 55: Ohaus Explorer High Accuracy Scale

Table 17: Specifications for the Ohaus Explorer Hig Accuracy Scale [27]

Model Name, Number Explorer, E12140
Manufacturer Ohaus Corporation
Operating Temperature Range  10-50°C
Maximum Weight 2109

Accuracy 0.0001g

4.2.2.3.2Sample Collection Method

Several samples were taken at both the compresdaaumulator for several
tests, at both the 32°C and 5°C ambient conditibheee samples were collected at the
same location, either the compressor or accumuybhaititin a 15 minute time frame. The

following procedure was followed when collecting ttamples:
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1. Clean the collection vessel with acetone to elin@rany trace amounts of oil or
refrigerant.

2. Evacuate the collection vessel.

3. Weigh the collection vessel and record the regitach the vessel to the system.

4. The collection vessel is initially closed from thgstem using valve 1 in Figure 51.
Valves 2 and 3 are also closed as the vessel sheuldider vacuum.

5. Evacuate the collection vessel again and open \&ateesvacuate the connecting
pipe between the system and the collection veEsekuate for approximately 1
minute.

6. Once evacuated, close valve 3 to maintain vacuutieube and connecting line.

7. Open valve 1 to allow the sample into the collectuabe.

8. Close valves 1 and 2 after approximately 15 secddldse valve 1 first and then
valve 2.

9. Remove the collection vessel from the system. tiees 1mL of sample will be
lost in the connecting pipe.

10. Weigh the total oil/refrigerant mixture weight imet collection tube and record the
result.

11.Hold the collection vessel vertically and evacusgain, removing any refrigerant
from the vessel. The vessel can also be openedtiglite atmosphere to allow the
refrigerant to escape and let oil run back dowa the bulk of the collection
vessel. Evacuate again after opening the vessgirtosphere to maintain vacuum
and consistent weighing methods.

12.Weigh the collection vessel with just oil and retdre result.
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13.Purge the oil sample into a graduated cylinderorRkthe amount of oil retained.
If the amount of oil is small, clean the vessel aallect the waste. Heat the
mixture so that the waste solvent will evaporate ex@asure the pure oil
collected. Compare to previous weights and demsikyulations for liquid volume.

14.Repeat steps 1-13 for the remaining two collectiessels.

When significant amounts of oil were lost from sdengllection, the following

procedure was followed to add oil back to the syste

1. The “U”is initially closed from the system. Vallg as in Figure 54, is open and
valves 2, 3 and 4 are closed.

2. Calculate how much oil should be added based a@mn pample removal.

3. Charge oil through the top port, valve 4. Be soreitarge slowly to allow for air
bubbles to escape.

4. Add a vacuum connection to valve 4.

5. Evacuate the top portion of the “U” for at leashbutes to remove excess air
from the pipes and the oil.

6. Close valve 4.

7. Open first valve 2 and then valve 3.

8. Periodically close valve 1. Watch the suction kight glass for oil addition.
Open and close valve 1 several times until yowelelall of the oil has been

added.
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9. After several minutes of opening and closing vdly&eep valve 1 open and close
first valve 3 and then valve 2.
10.Check camera visualization for the compressor hadtction and discharge line

sight glasses to determine the success of oiliaddit

4.2.2.3.3Sample Collection Results

Unfortunately, the sample collection method did praive to be as useful as
originally hoped. There was a large amount of eassociated with the samples collected
and no conclusive results were gained from the sapglection method. Solubility data
could not be verified or refuted as sample colectneasurements varied greatly
between one another despite the precautions takedtice or eliminate this problem. Of
21 samples taken at the compressor, only 2 measuatershowed agreement within 10%
of the calculated solubility. While this may suggget the solubility correlation needs
adjustment, the average standard deviation bete@®pressor sample measurements
was 6.4%. Considering that the sample size wasvelasmall (at most a total of 8.2mL
of oil/refrigerant mixture), the error and standdeyiations for these samples do not
provide enough conclusive evidence to make a stteon the validity of the solubility
data.

Results for the accumulator were worse than thosthé compressor given that
the accumulator was often at temperatures neaC-200llecting samples while the
system was running proved to be quite difficultefsigerant would evaporate as soon as
it would enter the warmer collection vessel. Methotlcooling the collection vessel
prior to collecting the sample were attempted beteaultimately unsuccessful. Of 16

samples collected at the accumulator, only 4 measemts showed agreement within
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10% of the calculated solubility. 10 of the measweats had an error between 28 and
75% of the calculated value and 2 of the measuresrsttowed very poor agreement with
an error greater than 75%. The average standardtmevfor the accumulator sample
measurements was 28.8%, much higher than thabéazdmpressor sample
measurements. This is partially due to the diftioature of collecting accumulator
samples at low temperatures.

After collecting a number of samples and reviewnagk done by Zhelezny et al.
[12], which shows that sample collection must beyyeecise and that solubility data is
only relevant for steady-state operations, the siagmethod was abandoned. The given
solubility correlation was used for experimentahlgsis with the understanding that
results were not necessarily accurate and mayppdy appropriately for when the

system is running and continuously changing tentpegaand pressure.

4.3 Experimental Results

A total of six tests at the 5°C ambient conditittmee tests at the 32°C and two
tests at the 43°C were conducted with the accumulatsummary of the tests conducted
and their key characteristics and results are showiable 18. As can be seen from the
table, the defrost period was not often capturetiéen5°C case due to the length of time
required to reach this stage. Also, cycling did oatur during the length of the testing
periods for experiments at the 43°C ambient comwlitiecause of the high ambient

temperature.
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Table 18: Test Results Summary

Average Average | Approximate . Cycling Cycling Time
Lejt Ambient Relative Refrigerant PE:T dec)\t/t/)n Comp. Comp. before 1 st ng?:gs?f
) Temp. Humidity Charge On Time | Off Time Defrost

1 5C 70.3% 51.0 50 min. 7 min. | 23.4 min. N/A N/A
2 5C 64.0% 51.0 48.1 min. | 7.6 min. | 24.0 min. N/A N/A
3 5C 69.3% 51.0 48.8 min. | 8.0 min. | 24.0 min | 807.5 min. | 15.7 min.
4 5C 69.1% 51.0 N/A 7.6 min. | 24.5 min. N/A 19.4 min.
5 5C 69.4% 52.0 42.3 min 6.9 min. | 24.2 min. N/A N/A
6 5C 69.4% 52.0 48.2 min. | 7.4 min. | 24.7 min. N/A N/A
1 32C 71.9% 52.8 335.6 min. | 39.4 min. | 14.3 min. | 243.6 min. | 16.6 min.
2 32C 68.9% 52.8 333.5min. | 39.2 min. | 15.3 min. | 243.7 min. | 16.7 min.
3 32C 67.8% 49.9 337.7 min. | 41.2 min. | 15.2 min. | 243.8 min. | 17.0 min.
1 43 C 55.1% 52.0 N/A N/A N/A 229.8 min. | 14.5 min.
2 43C 65.6% 52.0 N/A N/A N/A 228.0 min. | 14.3 min.

4.3.1 Data Results and Trends

The following section outlines data collected fack of the three ambient

conditions. Key trends are also noted.

4.3.1.1 Pressure Results

System pressures, temperatures, and power levelsrigd depending on the
given ambient condition. As would be expected, ltsge pressures increased with
increasing ambient temperature. As the ambient ¢éeatpre increases, the compressor
must work harder to achieve the desired refrigeraal freezer cabinet temperatures and
the consequent increased power input increasatisblearge pressure. Changes in the
low-side pressure, however, were not as pronouandd/aried as little as 2%. The small
change in low side pressure between ambient condittan be seen in Figure 56. The

suction pressure for the 5°C ambient conditiom@sdated by the solid line with many
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cycling periods, the suction pressure for the 32fithient condition is indicated by the
longer dashed line with longer cycles followingoad pull-down period, and the 43°C
ambient condition is indicated by the short dotted with no cycling periods. In general,
when the compressor was on, the suction pressisdetaveen 40 and 45 kPa. When the
compressor was off, the suction pressure wouldtoi§&-80 kPa during cycling periods

and above 225 kPa during a defrost period.
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Figure 56: Suction Pressure for Each Ambient Condibn for Testing with the
Accumulator
The change in operating pressure due to the chiargabient temperature is best
shown with the discharge pressure, as can be sdégure 57. Discharge pressures were
generally around 270kPa at the 5°C ambient condaimd 600kPa at the 32°C ambient

condition when the compressor was on during cyclidigcharge pressure at the 43°C
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ambient condition was as high as 1175kPa and as$orb0kPa during pull-down. The
same indicators as were used in the above gragution pressure for each ambient

condition are used in Figure 57.
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Figure 57: Discharge Pressure for Each Ambient Conton for Testing with the
Accumulator
The changes in pressure can also be observed dndaadgram for each of the
ambient conditions. This is shown in Figure 58, ehhilustrates the P-h diagram for
each ambient condition while the compressor isumng a cycling period. The labeled
state points correspond to those outlined in Fi@%and Figure 40. As mentioned before,
the high side pressure increases with increasirtgearhtemperature. This is illustrated

not only through Figure 58, but also through thespure ratio, defined as the discharge
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pressure divided by the suction pressure. Averaggspre ratios for the system during

cycling when the compressor is on for each amlaentlition are given in Table 19.
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Figure 58: P-h Diagram for Each Ambient Condition & Averaged Values for

Compressor-On Time Periods for Testing with the Acamulator

Table 19: Pressure Ratios for Each Ambient Conditin with the Accumulator

Ambient Condition | Pressure Ratio
5°C 5.6
32°C 12.6
43°C 17.5

4.3.1.2 Temperature Results
System cycle temperatures also increased withasarg ambient temperature,

though the degree of change varied depending olothgéion of the temperature

measurement. The temperature inside the comprsksthincreased from as low as 15°C
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at the 5°C ambient condition to as high as 90°@&43°C tests, as shown in Figure 59.
Like pressure, increases in compressor temperatardue to the increased compressor

work associated with increasing ambient temperature
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Figure 59: Inside Oil Temperature at the Base of ta Compressor for Each Ambient
Condition for Testing with the Accumulator
Accumulator temperatures during periods when tmepressor was on were
approximately the same, around -20°C, and variég lmnabout 2K between ambient
conditions, as shown in Figure 60. Results showroaly given for the 5°C and 32°C
tests for the sake of graphing. Results for theC4&3se were very close to those values

for the 32°C tests.
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Average Accumulator Temperahwe vs_ Time
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Figure 60: Average Accumulator Temperature for the5°C and 32°C Conditions for
Testing with the Accumulator

When looking specifically at the accumulator irdetd outlet temperatures, there
is a 0-2K difference between the two measuremeetsending on the point of operation.
As shown for the 5°C case in Figure 61, the accatoulbutlet temperature, indicated by
the lighter line, was always slightly higher by appmately 2K than the inlet
temperature, indicated by the darker line. Onlylioef periods shortly after the
compressor was turned back on was the inlet teryeralightly higher than the outlet
temperature. Similar trends were also found ahtgker ambient conditions and, in
general, accumulator temperatures increased sgnify during defrost periods. Notice
that the difference in accumulator inlet and out@tperatures does not compare

favorably with those presented by Coulter and Bdl[&] outlined in section 2.2.3.
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Accumuiaior Temperahees for 5°C Ambient Condition
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Figure 61: Accumulator Inlet and Outlet Temperatures for the 5°C Ambient
Condition for Testing with the Accumulator
Evaporator inlet and outlet temperatures increfsed around -33°C for 5°C
tests to -27°C for 32°C tests. While the compressoff, the inlet and outlet
temperatures approach the same value. While th@ressor is on, there is
approximately a 5K difference between the inlet antet temperature, with the inlet
temperature being the colder temperature of the The difference between the
evaporator inlet and outlet temperatures for th@ &hbient condition is shown in Figure
62. Similar trends are observed for the other antlenditions and, like the accumulator
temperatures, the evaporator temperatures inceggsficantly during defrost periods as

heating was applied to the freezer cabinet.
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Evaporainr Temperahees at 5°C Ambient Condition
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Figure 62: Evaporator Inlet and Outlet Temperaturesfor the 5°C Ambient

Condition for Testing with the Accumulator

4.3.1.3 Power Results

Like pressure and temperature, power also increagbhdncreasing ambient
temperature. Increased ambient temperature demandexiof the compressor thus
requiring more overall power to the system. The gowmcrease with respect to ambient
temperature is shown in Figure 63 with the sameatobns for each ambient as used for

compressor pressures and temperature.
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Figure 63: System Power for Each Ambient Conditiorfor Testing with the
Accumulator

As can be seen in Figure 63, each ambient conditperienced a difference in
the timing of the refrigeration cycles. Pull-dovaycling, and defrost time periods all
varied depending on the ambient condition. Theat@mm between these times is noted in
Table 18 and relates to the increased demand arothpressor associated with
increasing ambient temperature. An example of éawh period for the 32°C condition
is shown in Figure 64. Note that for the 5°C c#ise pull-down does not include a
defrost period. As mentioned above, there is ndiroyan the 43°C condition for the
length of time during which data was collectediresystem does not complete a full

pull-down period as defined in the other cases.
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Figure 64: Pull-down, Cycling, and Defrost Periodgor the 32°C Condition for

Testing with the Accumulator

4.3.1.4 Specific Capacity Results

Evaporator and condenser specific capacity refuitthe 5°C and 32°C ambient
conditions are shown in Figure 65 and Figure 6§peetively. As can be seen in the
figures, evaporator capacity decreases and condeasacity increases slightly with
increasing ambient temperature. The decreaseaipogator capacity is best seen with
the P-h diagram shown in Figure 40. This diagraowshthe shift in state point 5, the
evaporator inlet, as the ambient temperature iseeaVith lower ambient conditions,
especially for the 5°C case, low evaporator tentpega are easier to obtain as the
temperature difference between the ambient andedkesvaporator temperature is low.

As the ambient temperature increases, howevemeas tthis difference, causing more
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work for the compressor and a decrease in the eatgpaapacity. As mentioned in
section 2.2, a decrease in evaporator capacitypisated at the beginning of a cycle as
the compressor is turned back on. This decreatgeiso the fact that the system has to
work harder to bring the evaporator back down &appropriate temperature quickly as
the compressor is turned back on. Once the congarbas been running again for a few
minutes, the system no longer has to work as leedtablish the low temperature, and
the evaporator capacity increases. This trend eaebn by the small dips in capacity for
both the 5°C and 32°C ambient conditions shownguife 65.

Condenser capacity also varies with increasing eamtiemperature though the
trend is somewhat reverse. As the ambient temperatareases and the compressor
works harder to operate the system, more heatidadle to exchange with the
environment. Because the condenser temperatusmes@ly close to the ambient
temperature, however, changes between condensarittep for each ambient condition
are less than 1%, as shown in Figure 66. Resulth&43°C ambient condition are not
shown as there is too much noise in the data,rents were observed to be the same.
Noise in the 43°C data was due to a grounding isstiethe DAS that was resolved for

following tests.
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Figure 65: Evaporator Specific Capacity vs. Time fo5°C and 32°C Conditions for

Testing with the Accumulator
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Figure 66: Condenser Specific Capacity vs. Time fd°C and 32°C Conditions for

Testing with the Accumulator
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4.3.1.5 Total Superheat Results

The total degrees of superheat increased witha&sang ambient temperature, as
expected. Even at the 5°C condition, there is Acserit amount of superheat to ensure
that any escaping liquid refrigerant from the acualator could be evaporated prior to
entering the compressor. This can be seen in Fisfir®egrees of superheat ranged
between 0 and 40K for the 5°C condition, betweam® 65K for the 32°C condition, and
between 25 and 80K for the 43°C condition, as seégure 67. Periods of lower
degrees of superheat occurred when the compressoofiveither due to cycling or a
defrost period. The only time when there was a t#ckuperheat was during the defrost
period at the 5°C ambient condition. During thmdj the superheat was calculated to be
negative, as seen in the figure. Lower superhdattiser verified by the appearance of
more liquid in the suction line sight glass, paraly as the system is started after the
defrost period at the 5°C ambient condition. Thifurther discussed in section 4.3.2.4
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Figure 67: Degrees of Superheat for Each Ambient Gulition for Testing with the

Accumulator
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4.3.1.6 Solubility Results

Solubility decreased with increasing ambient terapee, as shown in Figure 68
and Figure 69, as would be expected given the msystdubility correlations which show
a decrease in solubility with increasing tempemturdecreasing pressure. The solubility
in the compressor experiences a more significaagl from near 0% solubility at
higher ambient temperatures to 2-3% solubilityhatlow ambient condition. This
difference is primarily due to the increase indescompressor temperature, which
increased with increasing ambient temperature dsmed above. For a given ambient
condition, the compressor solubility increasedrgligduring the off periods, from 0.1%
to 0.5% for the 32°C ambient condition and fromP2.® 10.0% for the 5°C ambient
condition, as suction pressure increased due tersysqualization.

For the accumulator, while pressures and temp&sinere similar regardless of
the ambient condition, solubility decreased wittr@asing ambient temperature as even
small changes in the accumulator region would céarger changes in overall
accumulator solubility. Solubility in the accumwaincreased when the compressor was
off, from 67% to 100% during 5°C tests and from 587400% during 32°C tests, due to
the corresponding increase in pressure from systgmalization. From the correlation
found using TableCurve® 3D, the solubility durin@ periods in the accumulator is
estimated to be 100% R600a, suggesting all mass\adabswithin the accumulator is
liquid R600a. Given the transient nature of theesys however, it is questionable as to
whether or not the accumulator was full with oréjrigerant and no oil at these times.

This issue is further discussed in section 4.3.3.4.
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Solubility values for each ambient condition in twnpressor are shown in
Figure 68 and solubility values for each ambiemtditoon in the accumulator are shown
in Figure 69. Note that the solubility also incressvhen the compressor is off during

defrost periods at both locations.
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Figure 68: Compressor Solubility for Each Ambient ndition for Testing with the

Accumulator
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Figure 69: Accumulator Solubility for Each Ambient Condition for Testing with the

Accumulator

4.3.1.7 Mixture Density and Correction Factor Results

In the compressor, the mixture density does noeeepce much fluctuation. The
solubility is always less than 15% mass R600a&cthmpressor, less than 2% if the
compressor is on, regardless of the ambient terperand consequently, the mixture
density tends to remain around the oil densitylleMee 5°C ambient condition results
experience greater fluctuation in the mixture dgrisian in either of the other two cases
due to the increased time in cycling, the incredsaedth in off-cycle, and the larger
fluctuation in solubility. During the off-cycle, ¢hsolubility increases, causing a
consequent decrease in the mixture density. Simidareases are observed in the 32°C

and 43°C conditions during the defrost periods wihencompressor is turned off.
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Mixture density in the accumulator, however, insezhwith ambient temperature. With
small changes in suction pressure, increasing arnteeperature lowers the solubility,
which in turn increases the mixture density. Witlbwaer solubility, less refrigerant and
more oil is assumed to be present, thus the deisditigher as the density of pure oil is
greater than the pure liquid density of R600a. Nlo&¢ mixture density for the
compressor and accumulator solutions is assumied kmmogeneous despite the
transient nature of the system. Further commerdeeading this assumption can be
found in sections 2.2.2 and 4.3.3.4. Compressoturadensity trends are given in
Figure 70 and accumulator mixture density trendsgaren in Figure 71. Again, large
fluctuations observed for the accumulator mixtueagity at the 43°C ambient condition

are due to grounding issues with the DAS that weselved for subsequent tests.
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Figure 70: Compressor Mixture Density for Each Ambent Condition
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Figure 71: Accumulator Mixture Density for Each Ambient Condition

As outlined in section 4.2.2.1.5, ideal densitylaBned by ASHRAE was
calculated in addition to the mixture density. & ®e seen by the example in Figure 72,
the calculated ideal and actual mixture densiteey by a constant value. This constant,
or correction factor, is known for a variety of aihd refrigerant mixtures, but no known
data has been published for the correction factoR600a and Freol S-10 mineral oil.
The correction factor relationship between R60GARm@ol S-10 mineral oil is shown in

Figure 73.
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Figure 72: Ideal and Actual Mixture Density for the 5°C Condition for Testing with

the Accumulator
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4.3.2 Visualization Results and Trends with the Accumulabr

Visualization trends for each ambient conditiorghegideo location, and each

time period, including pull-down, cycling, and dadt, are outlined below.

4.3.2.1 Compressor Visualization Results

4.3.2.1.1Start-up and Pull-down

Liquid levels in the compressor are approximatbl/same during the start-up
and pull-down periods for each of the ambient coons. The liquid level starts around
160mL and is sometimes as high as 180mL. In theasfiGient condition test, bubbles
are observed when the system is started and thpressor turns on. The bubbles form
and pop quickly, but there is no foaming of thelideb as the refrigerant escapes from
the oil. A liquid film is observed on the top panti of the compressor visualization port,
which dispenses fluid into the liquid volume on twtom portion of the sight glass. As
the bubbling in the liquid level subsides withid@-minutes after start-up, the liquid
level is observed to decrease. Fluctuations ofigjued surface level continue during the
pull-down period around 90-115mL. Start-up trenaistfie 32°C and 43°C conditions are
similar, but the warmer ambient conditions experg&more foaming of the refrigerant
bubbles when the compressor is first turned on.f@aming action causes the liquid
level to drop significantly at first, but as theafoing and bubbling subsides, the liquid
level increases again, though not back to its waigievel of 160-180mL. Instead, the
liquid level stays primarily around 115mL while tbempressor continues to operate.
The difference in start-up trends between the diffeambient conditions is shown in

Figure 74.
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Figure 74: Start-up Trends in the Compressor for ap°C, b) 32°C and c) 43°C

Ambient Conditions for Testing with the Accumulator

4.3.2.1.2Cycling

When the compressor is on, small waves or fluataatin the liquid surface level
in the compressor visualization port are obsert/ed the 32°C ambient condition, these
fluctuations vary around the 115mL mark. Tests°&@ &xperience fluctuations at slightly
lower levels, around 100mL. When the compressarstoff, the liquid motion stops, the
liquid film from the top portion of the visualizat port drains to the top of the liquid
surface and consequently, the overall liquid leigas. Increases in the liquid level also
occur as refrigerant is able to absorb into theloiling the off period. During this time,
the solubility increases, as discussed above, atut agitation from the compressor
motor, refrigerant within the compressor is ablalsorb into the lubricant. In the 5°C
ambient condition, the liquid level rises from 100to approximately 115mL. In the
32°C, the liquid level rises from 115mL to 130mLs #an be seen in Figure 75, these
changes in liquid level are very small and coargergthe large volume of the
compressor. This trend was not observed for th€ £8ndition as cycling did not occur

at that ambient temperature.
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Figure 75: Cycling Trends for the Compressor at the82°C Condition while a)

Compressor is on and b) Compressor is off for Testg with the Accumulator

4.3.2.1.3Defrost

No liquid movement or fluctuations within the coragsor visualization port are
observed during the defrost period. For the 5°C32f€C ambient conditions, the liquid
level rises; the liquid level rises from 100mL t0t130mL for the 5°C condition and
from 115mL to 140mL for the 32°C condition. Theuid level remains around the
115mL mark during tests at the 43°C condition. Sdamebling is observed when the
compressor is turned back on, but no foaming ieesl for any ambient condition as in
the system start-up. Fluctuations in the surfaspadi level continue, first at a higher level
close to that during defrost, then gradually desirepback to the normal fluctuation level
experienced during cycling.

A summary of the observed liquid levels in the coesgor during each period at
each ambient condition is given in Table 20. Ferdiicling condition, (on) represents
the time when the compressor is on and (off) repressthe time when the compressor is

off.
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Table 20: Compressor Liquid Level Results for EaclAmbient Condition for Testing

with the Accumulator

Ambient Maximum Level

Condition Start-up/Pull-down Cycling during Defrost
S'C_ | a0-115mL (pulrdown) | 116mL (o | 120-130m
| Lot (pucoun) | 1s0mL (o) | 140"
9'C | Lol (puirdown) | 115ML (0 | 115mL

4.3.2.2 Accumulator Visualization Results

4.3.2.2.1Start-up and Pull-down

Trends in the accumulator during the start-up peviary depending on the
individual test and not necessarily on ambient erature. In initial tests where the
system was newly charged with both oil and refagérfluid motion within the
accumulator is not observed at the beginning otfeke Little to no liquid is observed in
the accumulator at the start of these tests aslahd most of the refrigerant begins in
the compressor. As the test continues, howevendilgegins to enter the accumulator
and the liquid level slowly rises. Small fluctuatsoin the liquid surface level are then
observable. At the 5°C condition, the liquid lexeches 40-50mL by the end of the pull-
down period, which was typically around 50 minutes: tests at the 32°C condition, the
liquid level approaches 50mL prior to the defrostipd and remains at this level
whenever the compressor is on. Trends for the 22iGient condition within the
accumulator are shown in Figure 76. At the 43°Cdaoon, a liquid level between 40-
50mL is also achieved. In subsequent tests afte@hathe system has been operated and

oil and refrigerant have been distributed throughbe system, liquid remains trapped in
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the accumulator at the end of a test. With appraxaty 20-30mL of liquid initially
present in the accumulator, some bubbling withenltfpuid is observed when the system
is first started. As in the compressor, this ititiabbling observed is due to the boiling of
refrigerant from the oil as the solubility in thecamulator initially decreases. As in the
other tests, the liquid level slowly rises durihg pull-down period as more fluid enters

the accumulator, ultimately reaching a level aroG@aL.

@ ‘ ()
Figure 76: Accumulator Start-up Trends at the 32°CCondition at a) initial start-up

and b) just prior to defrost

4.3.2.2.2Cycling

No motion is observed in the liquid in the accunmrdavhile the compressor is off
during cycling periods for the 5°C and 32°C ambisoriditions. Liquid droplets are
occasionally observed falling down the sides ofdbeumulator walls, particularly just
after the compressor turns off and the liquid begmsettle. For the 32°C condition,
there is no change in the liquid level, so it remaround 50mL. For the 5°C condition,
however, the liquid level initially drops to aroud@mL as the compressor is turned off.
During the off period, there is a possible slow&ase in liquid level back up to 50mL.
There are two possible causes for this increaiguid volume. The first is similar to the

rise observed in the compressor. When the compressdf, the solubility rises,
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allowing refrigerant to absorb within the oil. Alsloiring this time, liquid flow-back from
the accumulator outlet piping into the accumul&qgyossible, adding liquid volume to
the vessel. While this trend is expected basedion fne results of prior research, this
trend was not observed first-hand.

When the compressor is turned on, bubbling is eeskin the liquid within the
accumulator for both ambient conditions. Observetiat the 5°C condition show a more
violent motion with a sudden surge in liquid leupl to 55mL as the compressor is turned
on. Liquid that was trapped within the bottom tubéthe evaporator may be suddenly
sucked into the accumulator as the compressor tur@sd the suction pressure quickly
drops. This liquid motion gradually subsides arelltquid level drops back down to
around 50mL after several minutes. In both ambgenditions, the liquid motion is
observed to be around 50mL while the compresson.idiquid motion is also observed
around 50mL for the 43°C condition, though theststelid not experience a compressor-

off time period other than during defrost, as iated previously.

4.3.2.2.3Defrost

Similar to trends during the cycling off-periodethquid level in the accumulator
initially drops to around 40mL for tests at the S@bient condition during the defrost
period. Droplets are seen raining down the sideeeficcumulator walls and shortly
thereafter sudden increases and decreases imtie level of the fluid occur as large
bubbles form and pop within the liquid and/or migeid enters the accumulator. The
sudden changes in liquid level bring the totaliligevel volume to 50 and 55mL, and
sometimes as high as 60mL, the maximum capacitiyeohccumulator for its installed

orientation. The surges in liquid level continué the camera visualization grows poor
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due to the frost accumulated on the freezer pahelag this time. Results for the 32°C
case are similar to the 5°C condition, but theitidavel rises completely to 60mL during
the defrost period. Similar surges in the liquideleare observed in the 32°C condition as
well. A defrost heater is used in the freezer cartmp@nt on the evaporator during the
defrost period, quickly raising the temperaturehmtthe accumulator. The increase in
temperature may cause some R600a to boil, causenguidden pops and surges observed
in the accumulator. At the same time, however pitessure, and consequently the
solubility, increase, suggesting that the liquielerise is due to R600a absorbing within
any oil captured within the accumulator.

When the compressor is turned back on at the etttkafefrost period, bubbling
and large fluctuations are observed, but the lidgnvel drops back to its usual 50mL
mark within several minutes. The same trend is vfeskfor the 43°C condition.

Bubbling is again due to the evaporation of refiage from the oil and fluctuations
resume with the movement of oil and refrigeranbtigh the system.

A summary of the observed liquid levels in the acalator during each period at
each ambient condition is given in Table 21.

Table 21: Accumulator Liquid Level Results for EachAmbient Condition for

Testing with the Accumulator

Maximum Level
during Defrost

Up to 55-60mL

Ambient Start-up/Pull-
Condition down
5°C Start at 20-40mL | 50-55mL (on)
Rises to 40-50mL 40-50mL (off)
32°C Stiggsattold?o?génnli. 50mL (on/off) | Up to 60mL
Start at 20-25mL

43°C Rises to 40-50mil 50mL (on) Up to 60mL

Cycling
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4.3.2.3 Accumulator Outlet Visualization Results

4.3.2.3.1Start-up and Pull-down

For each of the ambient conditions, there is alspaall of liquid observed in the
accumulator outlet sight glass prior to the sththe system. This liquid is assumed to be
trapped oil and/or liquid R600a due to the oridgotabf the sight glass. In general, little
motion is observed when the system is turned oagh@ome liquid fluctuation and
bubbling is occasionally visible. For some of t€ ®ondition tests, however, more
violent motion within the sight glass and lots abbling are observed at the system start-
up. This variation depends on when the system veggped in previous tests. Depending
on the amount of oil and refrigerant availableha sight glass, more or less bubbling is
observed as refrigerant boils out of the oil. Dgrihe pull-down period, liquid motion
and fluctuation continues to be observed, but diqyenerally only fills 1/4-1/3 of the
sight glass, which is positioned in a vertical otagion. As with other locations within
the system, bubbling observed at start-up is cterdisvith a decrease in solubility and

the boiling of refrigerant from the oil.

4.3.2.3.2Cycling

As is observed towards the middle and end of thledouvn period, fluctuations
of liquid are observed in the accumulator outlghsiglass while the compressor is on.
Liquid fills approximately 1/4-1/3 of the sight gleand bounces as oil and/or refrigerant
passes through. In the 5°C condition, a lot of oroind bubbling are initially observed
when the compressor is first turned on after arpefiod. For the 5°C and 32°C

conditions when the compressor is off, liquid motioitially stops. After a few minutes,
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however, bubbling and “popping” of the liquid iss&oved in the accumulator outlet sight
glass. Bubble formation is slow at first and grdbjuacreases in size and frequency as
the compressor off-period comes to an end. Whilgbddy is suggested to increase with
increasing temperature and pressure within theraatator, the increase in temperature
at the evaporator and accumulator outlet may asse boiling of any liquid refrigerant
left in the accumulator outlet sight glass or pgpiBecause the accumulator has a large
mass of fluid of both oil and refrigerant, boilin§any refrigerant within the accumulator
is not observed as the temperature at this locao@s not change as rapidly. With little
liquid to retain temperature, however, refrigeraist outside of the accumulator may boill
out through the sight glass during off periods. Buig motion stops just briefly before
lots of liquid and bubbles are observed throughstbbt glass as the compressor is turned

back on.

4.3.2.3.3Defrost

Visualization is generally poor during the defrpstiod as noted with the
accumulator. For the 32°C and 43°C conditions,idiqnotion within the sight glass
initially stops when the defrost period begins. &al/minutes later, lots of bubbling and
liquid popping begins and continues until liquidtma can no longer be observed due to
poor visualization. Similar behavior is observedha 5°C test, though there is a lot of
motion at the start of the defrost and foamy bubkilethe sight glass similar to when the
compressor is turned on after an off-period. Agauhbles during the defrost period
when the compressor is off are assumed to be dilne tiooiling of refrigerant from a

large increase in temperature due to the defradehe
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4.3.2.4 Suction and Discharge Line Visualization Results

4.3.2.4.1Start-up and Pull-down

For all ambient conditions, liquid motion, assun@de mostly compressor oil, is
observed in both the suction and discharge linbeabeginning of a test. Liquid in the
discharge line is only observed for a brief peaod then is assumed to subside along the
very bottom of the sight glass. Liquid motion ismmeasily observed in the suction line,
though it is assumed that some oil continues teelé¢he compressor through the

discharge line throughout the test.

4.3.2.4.2Cycling

For the 5°C and 32°C conditions, no motion is obseiin either the suction or
discharge line when the compressor is off duringiog. When the compressor turns
back on, liquid is observed in the suction lingslassumed that some liquid oil flows
through the discharge line as well, but liquid rantis not as prominent in the discharge
line for either ambient condition. As the compressmnains on in the 43°C test, liquid
flow through the suction line is not as pronounasdt is during the start of the test.

Little to no motion is observed in the dischargelias in the other ambient conditions.

4.3.2.4.3Defrost

For all ambient conditions, liquid motion stopsimth lines as the defrost period
begins. Occasional bubbles and surges of liquisbbserved through the suction line for
all conditions. Lots of liquid motion is observedthe suction line when the compressor
is turned back on, especially for the 5°C ambiemidition, and some of the liquid has a

green tint, suggesting that it may be the mineitakith the UV dye. It is unknown,
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however, whether or not refrigerant may also b&uted in this liquid returning to the
compressor. Superheat results suggest that ligo@d&flow back to the compressor
through the suction line is only a concern duringd after defrost for the 5°C ambient

condition.

4.3.3 Refrigerant and Oil Mass Analysis Results

Using the method outlined in section 4.2.2.1.6,approximate mass of oil and
refrigerant were calculated for the compressoraalimulator volumes during pull-
down, cycling, and defrost periods. Snapshots t dere taken at pre-determined time
intervals and matched with corresponding videoltesUsing the data for those points
and the liquid level in the compressor and accutouk those times, the mass of the oil
and refrigerant were calculated. Different tren@sewoted for each ambient condition

during each period of interest. These results atined in the following section.

4.3.3.1 Mass Balance Trends during Pull-down

As mentioned above, data were noted at specifie tntervals throughout the
pull-down period. Data was used in conjunction veittubility, mixture density, and
volume level information to determine the massibaod refrigerant in the compressor
and accumulator. A sample of data collected forstt@ condition is provided in

Table 22 and Table 23 and corresponds to the greigure 77.
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Table 22: Compressor Data Points for Mass Balanceif Pull-down at the 5°C

Ambient Condition for Testing with the Accumulator

Measurement Point1 | Point2 | Point3 | Point 4 Point 5 Point 6

Point Description System | 10 min | 20 min | 30 min 40 min | 48 min after
start up after after after after start (comp.

start start start start off)

Suction Pressure [kPa] 138.1 51.2 56.2 57.9 52.1 53.6

Inside Compressor Temperature [ C] 9.0 75 17.5 19.6 30.0 30.5

Compressor Solubility [mass %] 43.9 6.4 3.7 3.4 1.4 1.4

Liquid Level inside Compressor [mL] 180 115 115 115 115 115

mix at Compressor [g/mL] 0.64 0.78 0.80 0.80 0.83 0.82

ApProx. m peq,., at Compressor [g] 50.6 5.7 3.4 3.1 1.3 1.3

Approx. m ; at Compressor [g] 64.6 84.0 88.6 88.9 94.1 93.0

Total Mass in the Compressor [g] 115.2 89.7 92.0 92.0 95.4 94.3

Table 23: Accumulator Data Points for Mass Balancéor Pull-down at the 5°C

Ambient Condition for Testing with the Accumulator

Measurement Point1 | Point2 | Point3 | Paoint4 | Point5 Point 6
Point Description System | 10 min | 20min | 30 min | 40 min | 48 min after
start up after after after after start (comp.
start start start start off)

Suction Pressure [kPa] 138.1 51.2 56.2 57.9 52.1 53.6
Ave. Accumulator Temperature [ C] 5.2 -2.6 -11.2 -17.2 -25.4 -30.1
Accumulator Solubility [mass %] 58.2 13.6 32.0 54.8 84.1 100
Liquid Level inside Accumulator [mL] 20 20 20 25 35 38

mix at Accumulator [g/mL] 0.59 0.75 0.70 0.62 0.53 0.48
Approx. m e, at Accumulator [g] 6.7 2.0 45 8.5 15.6 18.2
Approx. m ; at Accumulator [g] 4.9 13.0 9.5 7.0 2.9 0.0
Total Mass in the Accumulator [g] 11.6 15.0 14.0 15.5 18.5 18.2
Total Mass in both Acc. And Comp. [g] 126.8 104.7 106.0 107.5 1139 112.5

97




Figure 77: Mass Balance for the Pull-down Period fothe 5°C Ambient Condition
for Testing with the Accumulator
As can be seen in the above tables and graphptleamount of mass

accountable in the compressor and accumulatosstestind 125-130g and decreases as
the system is started. The largest decrease owdtlis the first 10 minutes that the
system is running, most likely as refrigerant andue quickly distributed throughout the
system and any liquid refrigerant dissolved indidoils out. Following the initial start
and decrease, the total mass in the compressacaudhulator increases throughout the
pull-down period. This increase is due primarilythie increase of liquid in the
accumulator. After the initial start-up, the amoahoil and refrigerant within the
compressor remains fairly constant as a majorithefiquid mass is oil and remains

within the compressor for lubrication. Liquid volenm the accumulator, as noted in the
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section above, however, increases during the mvilrdperiod, contributing to the overall
increase in total combined mass of the two compisndimis increase is primarily
expected to be due to an increase in liquid refaigeleaving the evaporator and entering
the accumulator, though some oil may contributeels The solubility within the
accumulator also increases as the pull-down pe&omtinues, contributing to the notion
that more liquid refrigerant becomes trapped insiag existing oil within the
accumulator. Note that, at the beginning of thg tee total overall refrigerant mass in
the 5°C condition is calculated to exceed the nabcharged amount of refrigerant to the
system by 10%. This is due to error in the correfest and method of calculation.

Results for the mass analysis for the pull-dowthen32°C ambient condition are
shown in Figure 78. As seen in the case of the l@amgient, the total mass starts high,
this time closer to 140g, and decreases shortty #ie initial start of the system.
Compressor oil and refrigerant mass then remairly taonstant while again the
accumulator mass begins to increase. Mass in tim@m@ssor increases during the defrost
stage that occurs during the pull-down period 25%@ubes after the initial start-up in the
32°C ambient condition as solubility levels risel aefrigerant dissolves back in the oill,
raising the liquid level and consequent amount assncalculated. Accumulator liquid
levels increase slightly during the defrost perioak, settle back to previous levels
afterwards, thus not showing much of a differemceii or refrigerant mass as the pull-
down period continues. More comments about theodefitage in particular are
described in section 4.3.3.3. Data charts outlimagh of the assessed points for this and

all other cases are shown in Appendix 7.1.
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Figure 78: Mass Balance for the Pull-down Period fothe 32°C Ambient Condition
for Testing with the Accumulator
Pull-down for the warmest, 43°C, ambient conditreas only considered until the
first defrost period. As mentioned above, cyclingswmever achieved in this condition
and thus pull-down was never completed as defioethe other ambient conditions. As
seen for the cooler ambient conditions, total nd eefrigerant mass starts around 130g
and decreases when the system turns on. Agaihctotgressor mass remains fairly
constant and is mostly oil as the solubility is lamd most refrigerant is vapor within the
compressor vessel, as is desired. Accumulator otagsiues to increase as time
progresses as the solubility increases with dercrgasmperature. Originally, more oil

than refrigerant is calculated to be present withemaccumulator. As the system
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approaches the first defrost, however, this treverses and more liquid refrigerant than

oil is expected to be present within the accumulatbese trends are shown in Figure 79.

Figure 79: Mass Balance for the Pull-down Period fothe 43°C Ambient Condition

for Testing with the Accumulator

4.3.3.2 Mass Balance Trends during Cycling

In addition to pull-down, cycling mass balance ttemere noted. Only the 5°C
and 32°C cases were examined as cycling did natr@tdhe 43°C ambient condition.
Cycling included time when the compressor was anind which the amount of
refrigerant liquid decreased in the compressorfmmtuated slightly in the accumulator;
and time when the compressor was off, during whiehamount of refrigerant increased
in comparison to the on period because of increiassslubility and possible liquid flow-

back through the system.
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In the 5°C ambient condition for cycling, depiciad=igure 80, the compressor
and accumulator mass remained relatively constanmgl the off-period, which consists
of data points between 7 and 32 minutes. In th€32hdition, however, shown in
Figure 81, the compressor and accumulator massmetheelatively constant during the
on-period, depicted by points between 0 and 45 tegid his is most likely due to the
amount of time spent in each condition for eachiantlzase. Cycling on-time for the
5°C condition was considerably shorter than thattie 32°C condition and just the
opposite was true for the off-time. As the off-perwas longer for the 5°C condition, the
system was able to stabilize during that time, shgwittle changes in mass trends. The
similar is true for the 32°C condition during om#. For both conditions, mass within
the compressor was always mostly oil at all tinassexpected, and mass within the
accumulator was calculated to be mostly refrigedaming the off-periods and a

combination of oil and refrigerant during the omipés.
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Figure 80: Mass Balance for the Cycling Period atite 5°C Ambient Condition for

Testing with the Accumulator

Figure 81: Mass Balance for the Cycling Period athte 32°C Ambient Condition for

Testing with the Accumulator
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4.3.3.3 Mass Balance Trends during Defrost

Finally, mass balance was also examined duringléfi@st period. Due to poor
visualization that often occurred during this tirtles liquid level in the accumulator was
estimated based on observed trends before andladteeriod of poor visualization.
These points occurred most often towards the erldeofiefrost period.

Results for the 5°C ambient condition are giveRigure 82. During the initial
stage of the defrost period, depicted through gdietween 0 and 12 minutes, the
compressor is turned off, power is high due toethgagement of a heater, pressure
increases at the suction side, and inside compresmsperature decreases as the
compressor is no longer running. During this tisw@ubility increases and refrigerant
mass in the compressor is consequently calculatetttease with the observed rise in
liquid level. During the second half of the defrpstiod, depicted through points
between 12 and 20 minutes, the power level is tbezcompressor remains off, and
pressure and temperature fluctuate slightly. Sotylmonsequently fluctuates as well,
producing the fluctuation in refrigerant and makseyved in the later portion of Figure
82. Combined mass within the compressor and ac@torybdespite observed increases

in liquid levels, remains relatively constant dgyithhe defrost period.
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Figure 82: Mass Balance for the Defrost Period atie 5°C Ambient Condition for
Testing with the Accumulator
Defrost results for the 32°C and 43°C ambient comal, shown in Figure 83 and

Figure 84 respectively, are relatively similar. iugrthe defrost period, the system
experiences the highest solubility levels withia tompressor other than when the
system is first turned on. This occurs becausé®fricrease in pressure and the decrease
in temperature that occurs more drastically thamndwcycling off-periods. On the
accumulator side, an increase in pressure andcagaise in temperature increase the
solubility to 100%. Liquid levels are also obsertedncrease dramatically in the
accumulator during the defrost period and while ttikely not all of the liquid is
actually liquid refrigerant, a larger portion okthquid volume is liquid refrigerant than

is experienced during the cycling period. For beidure 83 and Figure 84, the first three
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points correspond to high power and the last faursspond to low power during the

defrost period.

Figure 83: Mass Balance for the Defrost Period atie 32°C Ambient Condition for

Testing with the Accumulator

Figure 84: Mass Balance for the Defrost Period fothe 43°C Ambient Condition for

Testing with the Accumulator
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4.3.3.4 Issues with mass balance calculations

Because of the unknown errors associated withdghdogity and mixture density,
as well as the errors in determining liquid levelnfi video observation, the accuracy of
mass balance calculations is a large concern. Wheleorrelation often suggested that
the solubility in the accumulator was 100%, it &g safe to assume that all liquid present
in the accumulator is consequently liquid refrigerat these times. Between tests, when
the system was off, oil was observed to be trappdide bottom of the accumulator.
Whether this oil remained trapped in the accumulatavas able to re-circulate
throughout the system when it was turned back emksnown, though it is likely that
much of it remained within the accumulator. Theirmmtal orientation of the
accumulator most likely prohibited large amount®ibfrom leaving the accumulator
during operation. Thus, a solubility of 100% shontd assume a total volume of pure
liquid refrigerant. Unfortunately, the method ofdysis does not allow for such
considerations and assumptions about the avaiabtaint of oil or liquid refrigerant in
the accumulator or compressor would only contritatarger analysis error.
Consequently, the above calculations and analfisisld be reviewed with caution and
absolute numbers should not be taken as exact nesasnts.

In addition to the correlation challenge, it iscaisiportant to note the variability
and sensitivity of the liquid level measurementsiM/certain levels may have been
observed in the compressor and accumulator dunAgeoiods, more liquid could have
been present in these components on the walleofdksels, particularly in the
compressor. Noted liquid level rise during the péfHods, particularly within the

compressor, may have just accounted for the lithatihad previously been coating the
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walls of the vessel and not necessarily repressw” liquid coming from other
components of the system. This is not true in teai@ulator during the defrost period,
however, as liquid was observed actually entetregatccumulator at that time. Also note
that oil and refrigerant mass calculated was oaohfifuid volume and did not consider
the amount of refrigerant vapor mass that couleeleso been residing in the compressor

or accumulator.

4.4 Summary of Oil and Refrigerant Flow with the Accumuator

Despite the challenges in the analysis methodallose results allow for basic
statements and conclusions about oil and refrigehatribution throughout a household
refrigeration system. The following section sumrpesithe observations that were noted
during the pull-down, cyclic, and defrost periods éil and refrigerant flow.

Prior to the very first start-up, all of the oildahquid refrigerant are located in the
compressor, as both liquids are originally changetthis location. Some R600a dissolves
into the compressor oil and the system equalizespiessure lower than the saturation
pressure of R600a at the given ambient temperatithe 5°C ambient condition, for
example, the starting pressure for the systemoigrat 140kPa whereas the saturation
pressure for R600a at 5°C is 187kPa. Similarly stlagting pressure at the 32°C
condition is around 245kPa while the saturatiorspuee is 427kPa. Such a decrease in
starting pressure due to the dissolved refrigaraatl greatly reduces the amount of
torque and power required for the start of the casgor.

As the system is started, bubbling occurs in threpressor as the solubility
decreases and refrigerant boils out of the oil.tRervery first test, bubbling only occurs

at the compressor as this is the only location @lbeth oil and refrigerant are present. In
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subsequent start-up periods, after the systemif@gated both oil and refrigerant,
bubbling occurs at other locations, including thewanulator. Warmer ambient
conditions experience more foaming action as mowveep is required at start-up,
resulting in increased agitation of the fluid. Swliy at higher ambient temperatures also
drops to lower levels than that at lower ambientgeratures, resulting in more
refrigerant boiling out of the oil.

During the pull-down period, a small amount ofledves the compressor and
circulates throughout the system. Some of theesbimes trapped in the accumulator and
other locations where orientation and gravity megvpnt it from returning to the
compressor. Total liquid volume in the compressmrdases as refrigerant boils out of
the oil and small amounts of oil leave to circuld®ugh the system. In total, as
described by the above results, it is suggestadl&@0% of the original oil charge
leaves the compressor and circulates through stersyonce it is started. Some of this
oil continuously moves throughout the system, blgeast 10% of the original oil charge
may become trapped within the accumulator. Flugdnatin liquid volumes occur when
the compressor is on as oil and refrigerant costiounove throughout the system.

As in pull-down, liquid fluctuations continue dugrhe cycling period whenever
the compressor is on. When the compressor isiqéfid motion stops and any fluid that
previously traversed on pipe or vessel walls settbehe lowest point of the occupied
space. Solubility rise causes stationary liquidinags to slowly increase as refrigerant is
able to absorb with any available oil. When the pogssor turns back on, bubbling
occurs within the accumulator and compressor agjezéint boils back out of the oil and

returns to movement throughout the system. Wherteeecompressor is turned back on,
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sudden surges of fluid move quickly through theuawglator and suction line during the
first few seconds after turning on as the chandewinside pressure draws this liquid
quickly to the compressor. For experiments withabeumulator, enough superheat is
available to ensure that any liquid drawn backh®dompressor is purely oil and not
liquid refrigerant.

The defrost period causes the compressor to tdiystopping active motion of
the oil and refrigerant throughout the system. Binigbat the accumulator and
accumulator outlet occurs, however, as large teatpes increases from the defrost
heater cause some liquid refrigerant to evapofeavith the off-period during cycling,
liquid volumes in the compressor and accumulatoreiase due to an increase in
solubility and the opportunity for refrigerant tosrb within the oil. Solubility increases
during the defrost period are generally greaten tharing the cycling period, so bubbling
that follows when the compressor turns back onasemwiolent and pronounced than that
which occurs during cycling periods. Any bubblimgt does occur in the compressor or

accumulator settles after several minutes as thieisyliquid distribution stabilizes.

4.5 Conclusions

Information about a household refrigerator compreasd accumulator was
gained through a series of tests at three diffeaaeriiient conditions. Temperature,
pressure, and power data were collected togethtbrvigualization results to analyze
system solubility and oil and refrigerant mass withoth the compressor and
accumulator. Liquid levels and liquid flow pattemusre observed through clear
visualization ports with video camera imaging. Sangpmethods were attempted to

verify mixture density and solubility data, but warltimately unsuccessful due to the
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small size and number of samples taken. Corre&ictors for R600a and Freol S-10
mineral oil were established based on experimelatdl and calculated densities.

Variations in pull-down and cycling times were otysel with shorter pull-down
and on-time associated with colder ambient tempezat Low side pressure remained
relatively the same for all ambient conditions, bigh side pressure increased with
increasing ambient temperature. While power alscegsed with ambient temperature,
so did superheat, ensuring that any liquid thatwégcape the accumulator would
evaporate prior to entering the compressor. Thg timle when superheat was observed
to be inadequate was at the 5°C ambient conditimimg and shortly after the defrost
period.

Visualization results showed variable amounts ditihmg and/or foaming within
the compressor depending on the ambient temperamgréme of cycle. Liquid levels in
the accumulator varied and the greatest amoumgufl, reaching the full accumulator
capacity of 60mL, was observed during defrost pridiquid motion was usually
observed in both the suction and discharge linggyesting the movement of oil
continuously throughout the system while the corsgoe was on.

In total, the accumulator does an adequate jokapptng liquid refrigerant and
ensuring enough superheat to protect the compréssoriquid slugging. Oil is
observed circulating throughout the system and atsy become trapped in the
accumulator, decreasing the overall effective vawhthe accumulator for excess

refrigerant liquid from the evaporator.
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5 Experimentation without the Accumulator

After completing baseline experimentation with #seumulator, the accumulator
was removed from the test refrigerator and a néwfdests was conducted. Changes to
the experimental set-up and methods are descriéledvpfollowed by the experimental

analysis and results.

5.1 Experimental Set-up

While the same type of refrigerator was used fdah Bxperimental set-ups, the
refrigeration unit was replaced following testshwithe accumulator due to a system
blockage and failure. Tests with the accumulatarewepeated with the new unit to
ensure repeatability and adequate results for taeparison. Besides the refrigeration

unit as a whole, specific changes were made todhgressor and evaporator.

5.1.1 Compressor

The compressor used for experimentation with tleeimcilator experienced
failure in an early test without the accumulatdieTcompressor was replaced with a
back-up compressor of the same type and with thnee sésualization port. The sight tube,
however, was removed due to problems obtaininggrrap seals around the plastic
tubing. The compressor visualization port was iibcatled so liquid measurements from
both sets of experiments could be compared. A matfithe new compressor and new

scale is shown in Figure 85 and the calibrateddidgvel scale is given in Table 24.
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Figure 85: New Compressor with Modified Sight Glass.iquid Level Scale

Table 24: Liquid Level Scale for New Compressor

Line Number | Total Volume (mL)
1 25
2 45
3 65
4 85
5 105
6 130
7 150
8 170
9 200

10 235
11 270
12 300

5.1.2 Evaporator

The accumulator was removed from the system eveparatlet and replaced by
a straight copper pipe, as indicated by the ov&igure 86. Slight changes were also

made to the piping for the sight glass at the exatpo outlet.
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Figure 86: Accumulator Removal and Pipe Replacement

5.1.3 System Sight Glasses

Other than small piping changes, no alterationseweasde to the position or
placement of the suction, discharge, or evaporaitet (previously called the
accumulator outlet) sight glasses. A diagram ofrinve set-up without the accumulator

depicting the appropriate changes is shown in Ei@r.
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Figure 87: System Schematic for Testing without thé&ccumulator
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5.1.4 Refrigerant and Oil Flow Visualization

Video cameras were again used at the compressalizigtion port, suction and
discharge sight glasses, and evaporator outlet gigks for visualization during
experimentation. The fourth camera for accumulaigualization was removed as it was

no longer necessary.

5.1.5 Experimental Measurements

The same experimental measurements as descrilsedtion 4.1.6 were taken for
experiments without the accumulator. Temperaturasmements that were previously
taken around the accumulator were replaced by teahpe measurements on the copper
pipe that replaced the accumulator in the new petfhe same DAS and environmental

chamber for ambient control were also used for exmnts without the accumulator.

5.2 Experimental Methods

5.2.1 Experimental Procedures

Because the 43°C ambient condition did not allomcieling of the compressor,
this condition was skipped for tests without thewsoulator. Only the 5°C and 32°C
ambient conditions were explored, as indicatedhieyeixperimental matrix in Table 12.
Pull-down, cycling, and defrost periods were agatorded and observed for each test
condition. In addition, different refrigerant chasgwere explored at each ambient
condition in order to better understand the effetthe charge on the system without the
accumulator. The charges tested are outlined imeT2h Note that the original charge to

the system with the accumulator was 52.0g of R600a.
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Table 25: Extended Experimental Matrix

Accumulator | Temperature [°C] | Refrigerant Charge [g]
44
48
50
52
44
48
50
52

Without

32

5.2.2 Experimental Analysis

The same analysis method as outlined in sectia2 &as used for
experimentation without the accumulator. Sampléfieation without the accumulator,
however, was not attempted based on challengesierped in testing with the

accumulator.

5.3 Experimental Results

A complete list of tests conducted both with anthawut the accumulator is
shown in

Table26 and Table 27 for the 5°C and 32°C ambient constioespectively.
Results from tests conducted with the accumulatrevincluded for means of
comparison. Tests are listed in the order in wilhay were conducted. As can be seen in
the tables, the initial investigation of chargetheut the accumulator did not produce
results similar to those that were found with theuamulator. Consequently, a lower
charge of 44.0g was explored. This system refriggerharge proved to provide better
results that matched previous results obtainedpe@mentation with the accumulator

within 2-6%, depending on the ambient condition.
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As can be seen in both tables, the timing of palkd and cycling periods varied
depending on the refrigerant charge as well akhemdividual test. Tests were
conducted for variable amounts of time and theesysias never turned off at the same
point, leading to differences in the oil and redrgnt distribution within the system for
the start of each test. This difference consequéwt an effect on the time for the

system to obtain pull-down and continue to distienefrigerant in subsequent tests.

Table 26: Comparison of Test Results for Tests congted with and without the

Accumulator at the 5°C Ambient Condition

Test | e | Retaive | Relrgerant | Pul | Comm | Comp | Timebefore | Lengtn of
' Humidity Charge down On Time | Off Time

1 With 70.3% 51.0¢g 50.0 min. 7.0 min. | 23.4 min. N/A N/A
2 With 64.0% 51.09 48.1 min. 7.6 min. 24.0 min. N/A N/A
3 With 69.3% 5109 48.8 min. | 8.0 min. 24.0 min 807.5 min. 15.7 min.
4 With 69.1% 51.09 N/A 7.6 min. 24.5 min. N/A 19.4 min.
5 With 69.4% 52.0¢9 42.3 min 6.9 min. | 24.2 min. N/A N/A
6 With 69.4% 52.0¢9 48.2 min. 7.4 min. | 24.7 min. N/A N/A
1 Without 78.2% 48.0¢ 52.2min. | 5.1 min. | 23.2 min. N/A N/A
2 Without 76.5% 48.0 g 53.2min. | 52 min. | 23.6 min. | 1099.1 min. | 16.3 min.
3 Without 76.1% 50.2 ¢ 89.3 min. 7.1 min. | 23.7 min. 751.6 min. 19.6 min.
4 Without 76.3% 50.2 ¢ 89.3 min. 7.2 min. | 22.9 min. 719.0 min. 18.8 min.
5 Without 75.0% 52.0¢9 91.8 min. 7.2 min. | 22.3 min. 728.7 min. 16.9 min.
6 Without 75.3% 52.0¢9 90.2 min. 7.1 min. | 21.9 min. 721.2 min. 17.3 min.
7 Without 75.8% 44049 495 min. | 5.4 min. | 22.6 min. N/A N/A
8 Without 77.0% 4409 50.5min. | 5.4 min. | 22.7 min. N/A N/A
9 Without 76.5% 4409 49.2 min. | 5.3 min. | 22.7 min. Manual Manual
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Table 27: Comparison of Test Results for Tests congted with and without the

Accumulator at the 32°C Ambient Condition

Test [, | e | Apmomate | e | G [ Qg | e enginol
’ Humidity Charge On Time | Off Time Defrost
1 With 71.9% 52.8¢9 335.6 min. | 39.4 min. | 14.3 min. | 243.6 min. | 16.6 min.
2 With 68.9% 52.8¢ 333.5min. | 39.2 min. | 15.3 min. | 243.7 min. | 16.7 min.
3 With 67.8% 499¢g 337.7 min. | 41.2 min. | 15.2 min. | 243.8 min. | 17.0 min.
1 Without 74.8% 48.0¢9 360.1 min. | 42.2 min. | 13.9 min. | 243.8 min. | 15.7 min.
2 Without 75.8% 48.0¢9 330.8 min. | 33.5min. | 14.2 min. | 243.8 min. | 17.0 min.
3 Without 73.7% 50.2 g 377.3min. | 47.7 min. | 14.3 min. | 243.7 min. | 16.8 min.
4 Without 74.4% 50.2 9 375.5min. | 40.6 min. | 14.2 min. | 243.8 min. | 16.9 min.
5 Without 75.5% 50.2 g 369.8 min. | 37.2min. | 14.0 min. | 243.8 min. | 16.2 min.
6 Without 74.3% 5209 382.8 min. | 51.7 min. | 14.1 min. | 243.7 min. | 18.2 min.
7 Without 74.2% 5209 384.1 min. | 49.3 min. | 14.1 min. | 243.7 min. | 17.3 min.
8 Without 73.8% 4409 342.3 min. | 34.9 min. | 14.1 min. | 243.8 min. | 16.4 min.
9 Without 75.2% 4409 377.4 min. | 30.7 min. | 13.7 min. | 243.7 min. | 24.2 min.

Averages of tests completed with the same refrigerharge are shown in Table
28 and Table 29, providing for an easier mean®ofparison between conditions with

and without the accumulator.

Table 28: Average Comparison of Test Results for Bts completed with and

without the Accumulator at 5°C

pes. | “Retigeran | Tele | comp.6n | comp o | Tebelore | Lo o
Charge Time Time

With 51.0¢9 49.0 min. 7.6 min. 24.0 min. 807.5 min. 17.6

With 52.0¢g 45.3 min. 7.2 min. 24.5 min. N/A N/A
Without 4409 49.7 min. 5.3 min. 22.7 min. N/A N/A
Without 48.09g 52.7 min. 5.2 min. 23.4 min. 1099.1 min. 16.3 min.
Without 50.2 ¢ 89.3 min. 7.2 min. 23.3 min. 735.3 min. 19.2 min.
Without 52.0¢g 91.0 min. 7.2 min. 22.1 min. 725.0 min. 17.1 min.
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Table 29: Average Comparison of Test Results for Bts completed with and

without the Accumulator at 32°C

pee. | ‘Regaan | mete | comp 6n | comp o | Tepeiere | Lol
Charge Time Time
With 52.8¢ 334.6 min. 39.3 min. 14.8 min. 243.7 min. 16.7 min.
With 499¢g 337.7 min. 41.2 min. 15.2 min. 243.8 min. 17.0 min.
Without 4409 359.9 min. 32.8 min. 13.9 min. 243.8 min. 20.3 min.
Without 48.09g 345.5 min. 37.9 min. 14.1 min. 243.8 min. 16.5 min.
Without 50.2 g 374.2 min. 41.8 min. 14.2 min. 243.8 min. 16.6 min.
Without 52.0¢g 383.5 min. 50.5 min. 14.1 min. 243.7 min. 17.8 min.

5.3.1 Data Results and Trends

The following sections contain data for a test wvtiith accumulator, a test without
the accumulator with a 44.0g system refrigerantgdngand a test without the
accumulator with a 48.0g system refrigerant chaRgsults with the accumulator are
included to provide a basis for comparison. Redaltsests conducted with larger
refrigerant charges, including 50.2g and 52.0gheuit the accumulator were not
included to allow for better readability of the ghs. In general, these refrigerant charges
produced results that followed trends similar tosd shown between the results for the

44.0g and 48.0g experiments.

5.3.1.1 Pressure Results

Suction and discharge pressure results for theg®ilient condition are given in
Figure 88. As can be seen in the graph, resultsowitthe accumulator at a 44.0g
refrigerant charge provided the greatest similaittyh results from experiments with the
accumulator. Suction pressure for the 449 testapasoximately 5.4% higher than the
suction pressure for tests with the accumulatoedas values when the compressor was
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on during a cycling period. Suction pressure fer48g test was 10% higher than that
with the accumulator. Higher charges without theuatulator also produced higher
discharge pressure by as much as 7% for the 48dtesse trends also occurred at the
32°C condition, but to a greater extent, as showFigure 89. Here the increase in
suction pressure was as much as 20% and the iedredsscharge pressure was as much
as 18% during compressor on-time for the 489 tesipared to baseline tests with the

accumulator.

Figure 88: Suction and Discharge Pressures for Testvith and without the

Accumulator at Various Charges at the 5°C Ambient @ndition
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Figure 89: Suction and Discharge Pressures for Testvith and without the

Accumulator at Various Charges at the 32°C AmbientCondition

Table 30: Pressure Ratios for Conditions without te Accumulator

Ambient Condition Charge Pressure Ratio
44 g 5.2
5°C 48 g 6.4
529 7.3
44 g 12.6
32°C 48 g 12.3
52 ¢ 12.5

The corresponding pressure ratios for both amlwenditions without the
accumulator are given in Table 30. Note that th@g4harge at the 5°C ambient
condition produced a pressure ratio of 5.2, conptord.6 with the accumulator. The

44.0g charge also produced the best results &2H@ ambient condition with a
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matching 12.6 pressure ratio with and without tbeuanulator. Pressure ratios for
different refrigerant charges at the 32°C condittaned slightly as discharge pressure
saw large increases and suction pressure saw ladatounts of increase with
increasing charge.

Similarities between results with and without tleewanulator at various charges
are also depicted in Figure 90 and Figure 91. Thgaees show a sample vapor
compression cycle on a P-h diagram for each test foa when the system is on and the
compressor is running. Average values during oretivere used to estimate point
temperatures, pressures, and enthalpies and ae igivable 31 and Table 32 for the
5°C and 32°C ambient condition, respectively. Nbtg at the 5°C ambient condition,
the ambient temperature is at the low range foattwairacy of the pressure transducers.
Averages for the high and low side pressures, Bpaity for the 48g and 529 tests, were

used were appropriate to better represent the £wrid provide a means for comparison.

-@-With, 52.8g

-[l}- Without, 44.0g
-4+ Without, 48.0g
-p¢-Without, 50.2g
..y_.Without, 52.0g

Figure 90: P-h Diagram for Tests with and without he Accumulator at Various
Charges at the 5°C Ambient Condition
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-&-With, 52.8g

-} Without, 44.0g
-A+Without, 48.0g
-p¢-Without, 50.2g
.y Without, 52.0g

Figure 91: P-h Diagram for Tests with and without he Accumulator at Various

Charges at the 32°C Ambient Condition

Table 31: Data Comparison with and without Accumuldor for Compressor On-

Time during Cycling at the 5°C Ambient Condition

With Without Acc., Without Acc., Without Without
Acc., 44.0g, Test 9 48.0g, Test 2 Acc., Acc.,
51.0g, 50.2g, 52.0g,
Test 1 Test 3 Test 6
Suction Pressure [kPa] 49.7 52.4 (+5.4%) 54.7 (+10%) 48.7 49.2
Discharge Pressure [kPa] 279.9 270.3 (-3.4%) 285.6 (+2%) 339.7 357.6
Condenser Outlet Pressure [kPa] 259.3 244.2 (-5.8%) 261.1 (+.7%) 328.3 346.7
Evaporator Inlet Pressure [kPa] 44.9 46.1 (+2.7%) 48.3 (+7.6%) 41.4 41.9
Suction Temperature [ C] 1.7 -3.5 -6.9 -4.3 -4.8
Inside Compressor Temperature[ C] | 20.4 9.3 8.9 10.0 10.0
Discharge Temperature[ C] 23.4 19.1 21.2 24.2 255
Condenser Outlet Temperature [ C] 8.1 10.1 6.5 5.5 5.4
Evaporator Inlet Temperature[ C] -30.9 29.1 -29.0 -32.9 -33.3
Evaporator Outlet Temperature [ C] - 26.5 25.8 -26.6 -23.9 -23.7
Compressor Solubility [mass %] 25 6.0 6.8 5.4 5.3
Degrees of Superheat [K] 30.3 24.0 19.8 25.2 245
Time of Negative Superheat [sec.] 0 31 49 48 49
Power Consumption [W] 98.5 99.0 (+.5%) 102.9 (+4.4%) 97.1 101.2
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Table 32: Data Comparison with and without Accumuldor for Compressor On-

Time during Cycling at the 32°C Ambient Condition

With Without Acc., Without Acc., Without Without
Acc., 44.0g, Test 8 48.0g, Test 2 Acc., Acc.,
52.89, 50.2g, 52.0qg,
Test1 Test 4 Test 6
Suction Pressure [kPa] 46.1 47.0 (+2.0%) 55.7 (+20.8%) 57.5 58.9
Discharge Pressure [kPa] 581.3 591.9 (+1.8%) | 684.7 (+17.8%) 715.9 737.0
Condenser Outlet Pressure [kPa] 556.3 564.7 (+1.5%) | 655.2 (+17.8%) 684.7 704.8
Evaporator Inlet Pressure [kPa] 57.8 57.5 (-0.5%) 65.1 (+12.6%) 66.7 68.0
Suction Temperature [ C] 32.9 32.1 11.9 6.1 4.6
Inside Compressor Temperature [  C] 65.3 45.8 47.2 47.1 47.9
Discharge Temperature [ C] 63.9 66.0 68.8 71.2 73.4
Condenser Outlet Temperature [ C] 39.0 41.3 375 37.3 37.8
Evaporator Inlet Temperature [ C] -27.2 -26.3 -28.9 -29.2 -28.9
Evaporator Outlet Temperature [ C] -23.4 -25.3 -23.9 -23.4 -23.1
Compressor Solubility [mass %] 0.2 0.5 0.6 0.6 0.6
Degrees of Superheat [K] 63.1 61.9 37.9 314 29.3
Time of Negative Superheat [sec.] 0 0 8 20 29
Power Consumption [W] 109.6 109.8 (+0.2%) | 122.5 (+11.8%) 125.3 127.1

5.3.1.2 Temperature Results

Suction and inside compressor temperatures fostBeambient condition are
shown in Figure 92. Compared to cases with theraatator, inside compressor
temperature without the accumulator was lower, 1€5@pared to 15-25°C, and
experienced less fluctuation throughout the cychegod. The decrease in temperature
may be due to colder liquid and vapor returningctlly from the evaporator where
before, cold liquid was captured in the accumulatadt warmer vapor returned to the
compressor. Suction temperatures during compresgstime did not experience a
significant change between charges or between tonsliwith or without the
accumulator. A difference in this temperature iseyled as the compressor is turned on,

however, with a large decrease in suction tempegdtu cases without the accumulator.
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As will be seen in later sections, less supertseavailable to the system for cases
without the accumulator and as the compressormetuback on, cold liquid (and vapor)
is flashed to the compressor, producing this sHagoease in temperature.

Similar results are observed for the 32°C ambientddion, as shown in Figure
93. Again there are differences in the suction terature with a more pronounced
change for higher charges. Higher charges witheeiatcumulator produced lower

suction temperatures during on- and off-times duaycling.

Figure 92: Suction and Inside Compressor Temperatuwes for Tests with and without

the Accumulator at Various Charges at the 5°C Ambigat Condition
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Figure 93: Suction and Inside Compressor Temperatuwes for Tests with and without

the Accumulator at Various Charges at the 32°C Amlant Condition

Evaporator inlet and outlet temperatures for the &Ad 32°C ambient conditions
are given in Figure 94 and Figure 95, respectivialyle difference is observed between
all tests. Evaporator inlet temperatures for al @mbient tests were between -29°C and
-33°C; outlet temperatures ranged between -23°G2arC. The difference between the
inlet and outlet temperatures was generally betwwerand four degrees, though tests
with a higher refrigerant charge saw differencasvben evaporator inlet and outlet
temperatures by as much as ten degrees. Evapongtioiemperatures for the 32°C
condition ranged between -27°C and -29°C and epooutlet temperatures ranged

between -23°C and -25°C. The difference betweesetbemperatures were often low,
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but were as high as six degrees for tests withmatcumulator and more refrigerant
charge. What is interesting to note is that for3h@ ambient condition, the evaporator
outlet temperature matches the suction temperathes the compressor is first turned
on. This observation suggests that as the compriestoned on during a cycling period,
refrigerant and oil at cold temperatures are fldsloethe compressor. Such trends help to
support superheat and suction line visualizatisulte outlined in sections 5.3.1.5 and

5.3.2.3, respectively.

Figure 94: Evaporator Temperatures for Tests with ad without the Accumulator at

Various Charges at the 5°C Ambient condition

127



Figure 95: Evaporator Temperatures for Tests with ad without the Accumulator at

Various Charges at the 32°C Ambient condition

5.3.1.3 Power Results

In general, the total power measured for the systeneased with increasing
refrigerant charge for tests without the accumulats seen for both the 5°C and 32°C
ambient conditions in Figure 96 and Figure 97, eetipely. Testing without the
accumulator at a charge of 44.0g produced a poutkinvd.5% of the power achieved
with the accumulator for both ambient conditionse™ifference in pull-down and
cycling times can also be seen in these graphiddicharge without the accumulator
produced longer pull-down times and varying cycliimges. With more charge in the
system, more refrigerant was available in the i/@ame and did not absorb with the oill
prior to start-up, increasing the starting pressun@ consequent power required from the

motor. Similar trends in absorption patterns aue for the cycling period as well.
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Figure 96: Power Results for Tests with and withouthe Accumulator at Various

Charges at the 5°C Ambient Condition

Figure 97: Power Results for Tests with and withouthe Accumulator at Various

Charges at the 32°C Ambient Condition
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5.3.1.4 Specific Capacity Results

Evaporator specific capacity for the 5°C ambiemtdition, shown in Figure 98,

did not show a considerable difference betweemngefant charges or between cases with
and without the accumulator. This is due to litt@nges in high and low side pressures
for this ambient condition. Evaporator capacitytfue 32°C ambient condition, however,
shown in Figure 99, shows a decrease in capaadaityifer refrigerant charges without
the accumulator. As shown above, higher refrigechatges increase the high and low
side pressure by as much as 20% for the 489 tegating the capacity available at that
condition.

Like the evaporator results, condenser specifiacigypat the 5°C ambient
condition did not show much difference between sagéh or without the accumulator,
as seen in Figure 100. Slight increases in condeagacity are noticeable for higher
refrigerant charges without the accumulator. Agthase differences are due to the small
changes in discharge pressure at the lower ambogatition.

Condenser capacity results for the 32°C ambiendition are shown in Figure
101. Again, little difference is observed betweareas, though there is a slight increase

for higher charges without the accumulator dudé&increase in high side pressure.
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Figure 98: Evaporator Capacity for Tests with and without the Accumulator at

Various Charges at the 5°C Ambient Condition

Figure 99: Evaporator Capacity for Tests with and wthout the Accumulator at

Various Charges at the 32°C Ambient Condition
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Figure 100: Condenser Capacity for Tests with and ithout Accumulator at Various

Charges at the 5°C Ambient Condition

Figure 101: Condenser Capacity for Tests with and ithout Accumulator at Various
Charges at the 32°C Ambient Condition
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5.3.1.5 Total Superheat Results

The most important difference between results wait without the accumulator
is the amount of superheat available in each cmmdiAs can be seen in Figure 102 and
Figure 103, less superheat in general is avail@bleases without the accumulator,
especially for conditions with a larger charge. Wisuperheat is sometimes comparable
during compressor on-periods, the most drastiewfice is noticed during cycling when
the compressor is first turned on. In both ambaemiditions, a sharp decrease in
superheat is experienced at this time, allowingpfugsible liquid refrigerant to return to
the compressor. Periods of low or negative supédeaot last more than 30 seconds or
1 minute. The duration of this lack in superhedbisger and more critical at the 5°C
ambient condition as less excess heat is avaiilile lower ambient temperature. When
the compressor is on during cycling, there are @8fiBuperheat available without the
accumulator with a 44g charge compared to 30K pésieat available with the
accumulator at the 5°C ambient condition. At theGambient condition, 62K of
superheat are available without the accumulatdr eid4g charge compared to 63K of
superheat with the accumulator. Higher chargedtreslower amounts of superheat in
both ambient conditions. With a 48g charge, theeeg of superheat drop to 20Kat the

5°C condition and 40Kat the 32°C condition.
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Figure 102: Superheat Results for Tests with and wiout the Accumulator for

Various Charges at the 5°C Ambient Condition

Figure 103: Superheat Results for Tests with and wiout the Accumulator for

Various Charges at the 32°C Ambient Condition
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5.3.1.6 Solubility Results

Regardless of charge, solubility in the compreésiotests without the
accumulator is always higher than that for casdis thie accumulator. While pressures
are similar in both experimental set-ups, insid@pressor temperatures are generally
lower without the accumulator, increasing the sibiyb Differences are most drastic at
the 5°C ambient condition as solubility without #iecumulator is twice as high as it was
for cases with the accumulator; compare 2% solyhwith the accumulator when the
compressor is on versus 4 - 4.5% solubility withitnagt accumulator as seen in Figure 104.
Compressor solubility does not see as significargeawithout the accumulator when the

compressor is on for the 32°C ambient conditiorshasvn in Figure 105.

Figure 104: Compressor Solubility for Tests with ad without the Accumulator for

Various Charges at the 5°C Ambient Condition
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Figure 105: Compressor Solubility for Tests with ad without the Accumulator for

Various Charges at the 32°C Ambient Condition

5.3.2 Visualization Results and Trends without the Accumlator

As with the first set of experiments with the accuator, video results for testing
without the accumulator were recorded for appraenmints within the system including
the compressor shell, the evaporator outlet, aadtiction and discharge lines. Observed

results are noted in the following sections.

5.3.2.1 Compressor Visualization Results

5.3.2.1.1Start-up and Pull-down

Trends in the compressor were similar to thosemwksgewith the accumulator.

Some bubbling and liquid fluctuation was observetha 5°C ambient condition and a

136



larger amount of bubbling and foaming was obseatdtie 32°C ambient condition
when the system was started. Starting liquid lefgl®oth ambient conditions without
the accumulator were higher (6-11% for 5°C and 826r 32°C) than starting levels for
tests with the accumulator. This increase in liqgothme is expected as oil and liquid
refrigerant can no longer be trapped in the accatouburing off-times. More liquid thus

remains within the compressor.

5.3.2.1.2Cycling

As observed during the start-up and pull-down pksidiquid levels in the
compressor for tests without the accumulator wegkdr than previous tests with the
accumulator during the cycling periods. When thegeessor was on, liquid levels
fluctuated between 105-120mL at the 5°C conditiompared to the previous 100mL
observed before, a 5 - 15% increase from casestietaccumulator. When the
compressor was off, liquid levels remained calnmeen 120-130mL, depending on the
test, for the 5°C ambient condition. In tests with accumulator, this rest level was
generally around 115mL, making the total increasleguid volume in the compressor
without the accumulator 4 — 13% higher than theina previously observed with the
accumulator.

The 32°C condition showed slightly different trend@ike liquid surface level
during on-time was observed to be lower than se@ases with the accumulator; 95-
105mL as compared to previous 115-120mL. More besjiliowever, were observed on
top of the liquid surface level, bringing the toel up to the 120-130mL calibration
mark. This increase in bubbling may be accountethyahe increase in solubility

observed in the compressor without the accumulslfah a higher solubility, more
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refrigerant would be able to dissolve in the oitidg off periods. When the compressor
is turned back on, more bubbles are observed as rafsigerant is released from the
lubricant oil. Similar bubbling, though not as seas observed during the initial start-
up for the same reason. Liquid levels in the cosgwewith and without the accumulator

for the 32°C ambient condition during off periodere comparable around 130mL.

5.3.2.1.3Defrost

Again, liquid levels in the compressor for testshwut the accumulator at the 5°C
ambient condition were higher than those casestweltaccumulator. During defrost
stages, liquid levels rose from 120-130mL to 136+h4, depending on the specific test
and/or refrigerant charge. Previous cases wittateemulator only experienced level rise
to 120-130mL. At the end of the defrost period, lilirg was observed similar to the
bubbling that occurs during the initial start oé thystem.

For the 32°C condition, liquid level for tests watht the accumulator is
comparable to results with the accumulator andeén e little lower during the defrost
period. Again, lots of bubbling and foaming areerved when the compressor is started
after defrost.

A summary of the observed liquid levels in the coasgor during each period at
the 5°C and 32°C ambient condition for tests witltbe accumulator is given in Table

33.
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Table 33: Compressor Liquid Level Results for EaclAmbient Condition for Testing

without the Accumulator

Ambient Maximum Level

Condition | Start-up/Pull-down Cycling during Defrost
o 170-200mL (start) 105-120mL (on) i
5°C | 105mL (pull-down) 120-130mL (off) 130-145mL
170-200mL (start) 95-105 with bubble
0 85-105mL with bubbles | layer up to 120-
32°C up to the 130-150mL 130mL mark (on) 130mL
mark (pull-down) 120-130mL (off)

5.3.2.2 Evaporator Outlet Visualization Results

Evaporator outlet results for tests without theuacglator are comparable to
accumulator outlet results from previous tests withaccumulator. The position of this
sight glass was maintained during both sets of.t€xly the name of the position was

changed as the second set of testing no longardadlthe accumulator.

5.3.2.2.1Start-up and Pull-down

The same start-up and pull-down trends were obddoreests with and without
the accumulator at both ambient conditions. At3h@ ambient condition, a small
amount of liquid is observed sitting in the bottofrthe sight glass and some bubbling
and liquid motion is observed in the sight glasthassystem is started. No motion was
noted in the 32°C condition at start-up. More motmd bubbling was observed in the
glass for both ambient conditions as the pull-d@sriod progressed. The amount of
bubbling and motion observed towards the beginoirtge pull-down is expected to

depend on the starting position of the oil andigefiant distributed throughout the
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system. As tests were not always stopped at eguitvimes, oil and refrigerant

distribution at start-up varied among tests, affiecinitial video observations.

5.3.2.2.2Cycling

Again, cycling trends were very similar for testshaand without the accumulator
for both ambient conditions. When the compressonidluctuations and fluid movement
are observable in the evaporator outlet sight glasts of liquid and bubbles are
observed when the compressor is first turned ar aft off-period as refrigerant boils
out of any available oil, and following, the liquaotion settles into the usual
fluctuations. Liquid bubbling and popping is peiizally observed during the off-period
for both ambient conditions with and without thew@nulator as refrigerant evaporates

with warming temperatures in the evaporator.

5.3.2.2.3Defrost

Poor visualization generally plagued the defrostgakg though some trends were
able to be observed. At the 5°C ambient conditiats, of liquid motion and violent
liquid surging were observed through the evaporatidlet as the defrost period began.
Visualization then prevented observation of anyhferr trends until cycling had resumed.
Similar liquid motion and surging was observedtfer 32°C condition and lots of liquid
was also observed after the defrost as the conpress turned back on. These results

are consistent with observations from tests withabcumulator.
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5.3.2.3 Suction and Discharge Line Visualization Results

5.3.2.3.1Start-up and Pull-down

For cases with and without the accumulator at batbient conditions, liquid is
observed through both the suction and discharde glgsses as the system is turned on.
In some cases, such as tests without the accumalad@°C, a surge of liquid is
observed in both lines which then settles intoveelolevel of liquid motion along the
bottom of the sight glass. In all cases, liquid imotvithin both the suction and discharge
lines is minimal and appears to be mostly oil adeavwced by the observation of the dye

color in the compressor oil.

5.3.2.3.2Cycling

Observations at the suction and discharge sigssgtaduring cycling show one
of the most noticeable changes from prior testiity the accumulator. Without the
accumulator, surges of liquid are observed for s\s=conds through both lines as the
compressor is started after an off-period. Someugnnof liquid through both lines
continues afterwards, as also observed in casbshé@taccumulator. No motion in either
line is observed in the off-period, but condensafmms on the suction line sight glass at
the 5°C ambient condition. Condensation on thei@udine occurs because without the
accumulator to trap cold oil and refrigerant, colffieid and vapor enters the suction line.
Results show that temperatures are colder thaarttment air, allowing for the
condensation of water vapor. The suction and digghines are also the only locations
that show a difference in trends between differefrigerant charges for cases without

the accumulator. Larger charges, including 48.02&, and 52.0g, show more liquid
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through the suction line as the compressor is thomeduring cycling and for a longer
period of time than is observed for the 44.0g féBis trend is most prominent at the 5°C
condition and relates directly to the lack of singett available when the compressor is
first turned on.

Not as much liquid is observed through either Ahéhe 32°C condition when the
compressor starts during cycling as more superbeatailable with the higher ambient
temperature. As seen with the above mentioned teatye, pressure, and superheat
results without the accumulator, the warmer ambtentdition does not present as much

of a risk for liquid flow back to the compressor.

5.3.2.3.3Defrost

Like the case for cycling, the liquid motion thréutpe suction and discharge
lines is also different in tests without the acclatar than was observed in tests with the
accumulator. Changes are primarily notable forstt@ ambient condition and not as
much for the 32°C case for above mentioned reasdatng to superheat. For the 5°C
condition, previous observations showed no motwaugh the discharge line during
defrost and only some occasional surging of lighrdugh the suction line. For tests
without the accumulator, surging of liquid is ohst through both the suction and
discharge lines, but more so in the suction linewdth cycling, motion is more
pronounced with larger refrigerant charges, butctme with only 44.0g of R600a sees
less motion through both glasses initially and ragion through much of the defrost
period. For the 32°C, trends are very similar twsthobserved for tests with the
accumulator. Motion initially stops in both linescasome bubbling of liquid is observed

in the sight glasses throughout the defrost pefibére are not as many noticeable
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changes between refrigerant charges for casesuwtithe accumulator at this ambient

condition.

5.3.3 Refrigerant and Oil Mass Analysis Results

Using solubility, mixture density, and visualizaticesults, the mass of oil and
refrigerant was calculated for the compressor veldion experiments without the
accumulator. Accumulator masses were no longeudsd as the accumulator was
removed from the system. Results for cases witthgactharge without the accumulator

are outlined below. Sample results for other chagge included in Appendix 7.2.

5.3.3.1 Mass Balance Trends during Pull-down

An example of values and calculated masses famallrefrigerant within the
compressor during pull-down without the accumulatth a 44g system charge are
listed in Table 34 and correspond to the pointSigure 106. As seen in tests with the
accumulator, total compressor mass starts highag@ amount of oil with absorbed
refrigerant initially starts within the compressAs the system is started, refrigerant boils
from the lubricant and both oil and refrigerantedhe compressor to move throughout
the system. Following the initial start-up, the syagoil and refrigerant within the
compressor remains relatively constant. Becausggbkr solubility in the compressor
for tests without the accumulator, the amount &igerant left within the compressor is
calculated to be greater than that for cases Wwetatcumulator. In tests with the
accumulator, refrigerant mass within the compressaches levels less than 2g, whereas
in tests without the accumulator, the lowest amadimefrigerant calculated during pull-

down is 3.5g, a 75% increase over the previousitond
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Table 34: Compressor Data Points for Mass Balanceff Pull-down at 5°C, 449

Charge, for Testing without the Accumulator

Measurement Point1 | Point2 Point 3 Point 4 Point5 | Point 6

Point Description System | 10 min. | 20 min. 30 min. | 40 min. | End of
Start-up after after after after Pull-

start start start start down

Suction Pressure [kPa] 124.6 59.1 61.5 58.3 52.3 51.1
Inside Compressor Temperature [ C] 5.7 5.4 8.1 10.2 12.4 13.2
Compressor Solubility [mass %] 45.2 9.9 8.8 6.8 4.8 4.2
Liquid Level inside Compressor [mL] 170 105 105 105 1051 1051
mix at Compressor [g/mL] 0.64 0.76 0.76 0.77 0.79 0.80
ApProx. m g0, at Compressor [g] 49.2 7.9 7.0 5.5 4.0 35
Approx. m ; at Compressor [g] 59.6 71.9 72.8 75.4 79.0 80.5
Total Mass in the Compressor [g] 108.8 79.8 79.8 80.9 83.0 84.0

Figure 106: Mass Balance for Pull-down Period for 8 Ambient Condition, 44g

Charge, for Testing without the Accumulator
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Pull-down mass balance results for the compressbea32°C ambient condition
with a 44g charge without the accumulator are shiowFigure 107. Defrost during pull-
down occurs approximately 245 minutes after theaihstart of the system. As in the 5°C
ambient condition, total compressor mass starts With a large amount of refrigerant
assumed to be absorbed in the oil. As the systartsstefrigerant boils out and little
mass is left within the compressor. Solubility lsvese during the defrost period,
accounting for the increase in refrigerant massduaind after this time. Once the
system starts again, the refrigerant boils baclobthe oil and moves to other parts of

the system. Data for Figure 107 are included inexmjox 7.2.1.

Figure 107: Mass Balance for Pull-down Period for 2°C Ambient Condition, 44g

Charge, for Testing without the Accumulator
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5.3.3.2 Mass Balance Trends during Cycling

As mentioned above with the visualization reswygling trends were similar for
cases with and without the accumulator, thoughetiaare increases in the total liquid
volume level and changes in flow patterns shofftigrahe compressor was turned on. To
capture what was happening during the first mirfitesompressor operation, data was
observed just 30 seconds after the compressorumasc on. As can be seen for the 5°C
ambient condition with a 44g charge without theumeulator in Figure 108, shortly after
the compressor turns on at time zero, liquid volisrfeashed from the compressor,
possibly accounting for the surge of liquid obsdrtterough the discharge line. In
addition, more liquid refrigerant mass is calculiaé this point, suggesting liquid flow
from the suction line brings more liquid refrigeramo the compressor. Following the
initial start of cycling, the liquid level and amatwof oil and refrigerant mass in the
compressor gradually decrease as the system disbnbslowly equalizes. Little change
is observed during the off period, indicated bynt®between 5 and 30 minutes in Figure
108, though more refrigerant mass is calculateliattime as it is able to absorb within
the compressor oil.

Mass balance results for the compressor at the 8&%@ent condition with a 44g
charge without the accumulator are shown in Fig@ At this condition, cycling off
time was shorter and is indicated by points betwerl4 minutes. Again, data was
examined just 30 seconds following the beginninthefon-period, but as can be seen by
the sharp overlay of points in the figure, littleanige is noted at this condition. As

mentioned above, the warmer ambient was still ebfgovide sufficient superheat
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without the accumulator and did not experienceiBaant differences in oil and

refrigerant flow trends from previous results witie accumulator.

Figure 108: Mass Balance for Cycling Period at 5°@mbient Condition, 44g

Charge, for Testing without the Accumulator

Figure 109: Mass Balance for Cycling Period at 32°@mbient Condition, 449

Charge, for Testing without the Accumulator
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5.3.3.3 Mass Balance Trends during Defrost

Results for the 5°C ambient condition during th&ak period suggested that
solubility within the compressor reached levelfigh as 100%, as seen in tables
presented in Appendix 7.2.3. Using the given metbfoahalysis, this would suggest that
all oil leaves the compressor and any observeddigupurely liquid refrigerant, which is
virtually impossible. This analysis problem wasoadsperienced in the accumulator in
prior tests during the defrost stage; low tempeestand moderate pressures produced
high solubility levels, suggesting only pure liquefrigerant in the accumulator.
Individual observations at other points of opematiocluding times when the system was
not operating, suggested that a small amount afad trapped in the accumulator at all
times. Such observations and measurements of Btpfubearly illustrate the challenges
in the current method of analysis.

The problem of high solubility in the compressoridg defrost did not, however,
occur during the higher 32°C ambient condition.sT¢ase allowed for a more
appropriate assessment of the mass balance whithicoimpressor during the defrost
stage. Results are shown for a 44g charge wittheua¢ccumulator in Figure 110. Periods
of high power are represented by points betwee@ fvhbutes and periods of low power
are represented by points between 10-17 minutesithghe off-period in cycling,
solubility increases while the compressor is officly defrost and refrigerant is able to
absorb within the compressor oil. Whether the arhofioil and total mass actually

decrease during the defrost period, however, istoqpreable.

148



Figure 110: Mass Balance for Defrost Period at 32°@mbient Condition, 449

Charge, for Testing without the Accumulator

5.4 Summary of Oil and Refrigerant Flow without the Acaumulator

While inaccuracies in correlations and calculatimethods discourage the use of
exact numerical results, the above findings donaflor general statements and
observations about oil and refrigerant flow throogiha household refrigerator without
an accumulator. The following section summarizesahove results, noting the major
differences between systems with and without anractator.

General trends with and without the accumulatorgaiige similar in terms of oil
and refrigerant flow through the system. Withow #tcumulator, however, oil and
refrigerant cannot accumulate within this volumen€equently, more liquid starts in the

compressor and remains here as well during opera®inor to start-up, higher volumes
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of liquid rest within the compressor compared ® slgstem with the accumulator. As the
system is started, bubbling occurs within the caspor as refrigerant boils from the
lubricant, as observed in cases with the accumulawthe liquid volume decreases and
fluctuates in the compressor during pull-down tkierall volume continues to remain
higher that what is observed for conditions wite #tcumulator. This is due both to the
lack of accumulator volume for oil and refrigeractumulation as well as to an
increased solubility from a decrease in compretsuperature. Without the accumulator,
colder liquid and vapor traverses the suction éind enters the compressor, increasing
the solubility within the volume.

During cycling, again higher liquid volume levelscar in the compressor than do
in cases with the accumulator. A more importarfedénce, however, occurs during this
period of operation. In cold ambient conditiongquld enters the compressor just after the
compressor is turned on after an off-period. Withtbhe accumulator at low ambient
temperatures, sufficient superheat is not availdbleng the initial start of the
compressor during cycling. For periods of 30 sesdondlL minute, liquid flows through
the suction line and enters the compressor, madylcontaining liquid refrigerant as
well as oil. Following this time, the suction lireeable to warm as the system re-
approaches operating conditions, and superhesatikhble to ensure that only vapor
returns to the compressor. This phenomenon is prenalent with larger refrigerant
charges to the system and is not observed at tledtigher ambient conditions.

Liquid levels during the defrost period rise in twnpressor as solubility
increases and refrigerant is able to absorb witlencompressor oil. At low ambient

temperatures, as in during cycling periods, anffisent amount of superheat is
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available to ensure that only refrigerant vapounret to the compressor. Liquid
periodically surges and bubbles in the suction dinthis time and larger amounts of
liquid flow through both the suction and dischalige when the compressor is re-started
following the defrost stage. This problem was abeerved for cases with the
accumulator, but not to the degree it was seetegkis without the accumulator. Again,
the warmer ambient temperatures provide sufficseipierheat and the threat of

refrigerant liquid flow to the compressor is le§a@oncern.

5.5 Advantages and Disadvantages of Removing the Accutator

As indicated by the above results, the removahefaccumulator, while there are
periods of insufficient superheat, does not appeaause significant damage to the
compressor for short time periods. The followingtss outlines some of the advantages
and disadvantages of removing the accumulatoristieg and future household
refrigerator models.

Advantages of removing the accumulator come in nfanys. For one, removing
any portion of a system safely helps to eliminatgenal cost, manufacturing challenges,
and labor time. Removing the accumulator also aléw more space within the freezer
cabinet for evaporator piping and installation.stiggested by several researchers,
removing the accumulator also allows for any ligrettigerant in or near the evaporator
to flow back to the evaporator during off-periodsgking it easier and quicker to bring
the evaporator back to appropriate temperatures Wieecompressor is re-started.
Accumulator removal also ensures that the maximonouat of oil will remain within
the compressor as a separate volume is no longdable to trap needed lubricant for

the compressor. Finally, as seen through the chiagge conducted without the
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accumulator, less refrigerant for a system witreuaccumulator is needed to obtain
similar results for a system with an accumulat@sd.refrigerant allows for lower system
cost as well as the conservation of refrigerantidls.

While removing the accumulator may provide sevbkedlefits, there are also
several disadvantages, some with potentially hazerdonsequences. To begin, while
removing the accumulator allows for a lower refrage charge, it also makes the entire
system much more sensitive to any change in reargecharge. More extensive testing
would be necessary to determine the appropriatgyeeént charge and the system would
also become much more sensitive and reactive tersyleaks. Removing the
accumulator also causes major concern for the atafwsuperheat available to the
system. Especially at lower temperatures, liquidhiserved to flow back to the
compressor as it turns on during cycling. While tiquid flow may not always contain
significant amounts of liquid refrigerant and whil@nly lasts for a matter of seconds,
the long term effects of continued periodic liglmv back to the compressor are

unknown and potentially damaging.

5.6 Conclusions

Experimentation without the accumulator was sudaigsonducted at the 5°C
and 32°C ambient conditions. Testing at the 43°®Gian condition without the
accumulator was not conducted as cycling was ne¢mvied at this ambient temperature
in prior tests with the accumulator. Data and Viga#ion results were collected and
compared to results obtained in evperiments wighattcumulator. In order to find results
that were similar to those for tests with the acalator, various refrigerant charges were

explored in the system without the accumulatorharge of 44g in the system without
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the accumulator was found to have the best agreem#mresults from tests with the
accumulator for both the 5°C and 32°C conditiorigiDal charge to the system with the
accumulator was 52g R600a.

Variations in data temperatures and pressures nageel, primarily lower
temperatures in the suction line and compressdr aheolder liquid and vapor was
returned to the compressor in tests without themactator. Major differences included
the lack of superheat available at the lower antlendition during the cycling period
when the compressor was turned back on. Duringotini®d of operation, liquid was
observed flowing back to the compressor and dajgesied a lack of superheat for
several seconds. This trend was not observed atalhmer ambient condition and it is
believed that the removal of the accumulator ah&rgambient temperatures has little
negative effect on the system. Variations in polvd and cycling times were again
observed and depended on ambient temperature basaa the individual test.

In total, the accumulator was successfully remdvesh the system and did not
cause compressor damage or system failure. Ligaglokserved to flow back to the
compressor during cycling at the lower ambient @oord but this liquid flow only lasted
a short time and did not appear to cause stres®toompressor. Effects of this liquid

flow over a longer life of the system, however, anknown.
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6 Recommendations and Future Work

In order to better understand the role of the aedatar and the effect of its
removal on the compressor and other componenthofisehold refrigeration system
and the relationship between Freol S-10 minerahi R600a, more research and
experimentation are recommended. Due to the lirariatin this study, accurate real-time
measurements of oil and refrigerant solubility amgture density were not achieved and
instead, analysis methods depended on set coomdabiased on equilibrium
measurements, ultimately leading to inaccuracigsamsient mass balance calculations.
To provide more accurate results and a better septation of the amount of oil and
refrigerant in the compressor and accumulator dusjmeration, future work should
include the real-time measurement of oil and refiagt liquid volume, solubility, and
mixture density.

While results show that the removal of the accumouldoes not pose a threat to
the life of the compressor at higher ambient terafpees, there is a lack of superheat
available to the system and liquid flow back to ¢henpressor is observed during cycling
and defrost periods at cold ambient conditionsufeuexperimentation should evaluate
the long term effects this periodic flow back te tompressor may cause. If damage to
the compressor is minimal and does not cause preentilure of the system, the
removal of the accumulator may be a viable optigheout much consequence. If,
however, periodic pulses of liquid refrigeranthe@ tompressor cause the system to fail
sooner than experienced in normal operation, ithvlnecessary to keep the accumulator

or some other storage device in the system.
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In addition to a better understanding of accumulegmoval, future work should
contain the investigation of alternative componéhé could replace or relocate the
accumulator. As suggested by Coulter and Bullajdt¢3ting should be performed with
the accumulator outside of the freezer cabinetetltsthe compressor, allowing for the
ambient temperature to aid in the boiling of redrant from any trapped oil. Larger
piping in the suction line should also be explof@ahviding longer and larger diameter
piping in a system without an accumulator may patewil and liquid refrigerant flowing
back to the compressor more time to warm up torerthiat any liquid refrigerant
evaporates prior to entering the compressor. Ustiregght piping as opposed to an
accumulator volume outside of the freezer cabitset laelps to solve the problem of
trapping needed lubricant from the compressor. #altal large piping for the suction
line outside of the unit could also be enhancethbtalling it close to or winding it
around the compressor. Orientating the suctionihirteis way would provide additional
heat from the compressor to aid in the evaporaifany liquid refrigerant coming back
through the suction line. Finally, other investigas should include the use of solenoid
valves in the system to discourage refrigerant atign. While this method may not
directly aid in providing sufficient superheat intical areas, solenoid valves would
prevent refrigerant migration back to the evapardtoing off-periods, making it easier
to re-start the compressor and possibly preverdirgg liquid surges from the evaporator
to the compressor during this time.

In total, more information is necessary to suggdstther or not the accumulator

can be safely removed from the household refriger&elationships between the oil and
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refrigerant are still not perfectly understood #maly-term effects of accumulator

removal are unknown. These issues should be expioreiture work.
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7 Appendices

7.1 Mass Balance Data for Results with the Accumulator

The superscript “1” noted for some liquid level m@@ments indicates that the

liquid level was not actually observed at that tipeeiod. Estimates were used based on

system trends and results from similar tests.

7.1.1 Pull-down Data

Table 35: Compressor Mass Balance Data for Pull-dowfor 32°C, |

Measurement Point 1 Point 2 Point 3 Point 4 Point 5
Point Description System | Peak Power 2 hours 3 hours Start of
Start-up Point after Start | after Start Defrost
Suction Pressure [kPa] 190.9 94.8 55.2 48.8 49.0
Inside Compressor Temperature [ C] 32.1 59.3 76.2 76.0 75.4
Compressor Solubility [mass %] 17.9 0.9 0.2 0.1 0.1
Liquid Level inside Compressor [mL] 1601 115 115t 115 1151

mix at Compressor [g/mL] 0.71 0.82 0.83 0.83 0.83
ApProx. M p4o0, at Compressor [g] 20.3 0.8 0.2 0.1 0.1
Approx. m , at Compressor [g] 93.3 93.5 95.3 95.4 95.4
Total Mass in the Compressor [g] 113.6 94.3 95.5 95.5 95.5

Table 36: Compressor Mass Balance Data for Pull-dowfor 32°C, I
Measurement Point 6 Point 7 Point 8 Point 9
Point Description End of 25 min after 50 min after Compressor

Defrost Defrost end Defrost end turns off
Suction Pressure [kPa] 169.3 51.3 46.8 455
Inside Compressor Temperature [ C] 58.0 71.6 73.7 74.6
Compressor Solubility [mass %] 3.4 0.2 0.1 0.1
Liquid Level inside Compressor [mL] 135! 115! 115! 115!

mix at Compressor [g/mL] 0.77 0.83 0.83 0.83
ApProx. M rgq0, at Compressor [g] 3.5 0.2 0.1 0.1
Approx. m ; at Compressor [g] 100.4 95.3 95.4 95.4
Total Mass in the Compressor [g] 104.0 95.5 95.5 95.5

157




Table 37: Accumulator Mass Balance Data for Pull-davn for 32°C, |

Measurement Point 1 Point 2 Point 3 Point 4 Point 5
Point Description System | Peak Power 2 hours 3 hours Start of
Start-up Point after Start | after Start Defrost
Suction Pressure [kPa] 190.9 94.8 55.2 48.8 49.0
Ave. Accumulator Temperature[ C] 324 -0.5 -17.7 -21.1 -23.2
Accumulator Solubility [mass %) 17.7 40.7 51.7 52.8 62.9
Liguid Level inside Accumulator [mL] 30 35 40 45 50

mix &t Accumulator [g/mL] 0.71 0.66 0.63 0.63 0.59
Approx. m pq..., at Accumulator [g] 3.8 9.4 13.0 15.0 18.6
Approx. m _; at Accumulator [g] 175 13.7 12.2 13.4 10.9
Total Mass in the Accumulator [g] 21.3 23.1 25.2 28.4 295
Total Mass in both Acc. And Comp. [g] 134.9 117.4 120.7 123.8 125.0

Table 38: Accumulator Mass Balance Data for Pull-dan for 32°C, Il
Measurement Point 6 Point 7 Point 8 Point 9
Point Description End of 25 min after 50 min after Compressor

Defrost Defrost end Defrost end turns off
Suction Pressure [kPa] 169.3 51.3 46.8 45.5
Ave. Accumulator Temperature[ C] 11.0 -20.4 -22.6 -26.5
Accumulator Solubility [mass %] 58.2 55.2 54.6 70.5
Liquid Level inside Accumulator [mL] 501 50 50! 50!

mix at Accumulator [g/mL] 0.59 0.62 0.62 0.57
Approx. m ..., at Accumulator [g] 17.2 17.1 16.9 20.1
Approx. m ; at Accumulator [g] 12.3 13.9 141 8.4
Total Mass in the Accumulator [g] 295 31.0 31.0 28.5
Total Mass in both Acc. And Comp. [g] 133.5 126.5 126.5 124.0
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Table 39: Compressor Mass Balance Data for Pull-domwfor 43°C, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description System 15 min after | Peak Power | 69 min after
turned on system on Point system on
Suction Pressure [kPa] 273.6 90.9 1125 76.9
Inside Compressor Temperature [ C] 43.0 61.4 77.2 91.1
Compressor Solubility [mass %] 20.1 0.8 0.7 0.2
Liquid Level inside Compressor [mL] 160 115 115 115!
mix &t Compressor [g/mL] 0.70 0.82 0.81 0.82
APProx. M peq0, at Compressor [g] 225 0.8 0.7 0.2
Approx. m , at Compressor [g] 89.5 93.5 92.5 94.1
Total Mass in the Compressor [g] 112.0 94.3 93.2 94.3
Table 40: Compressor Mass Balance Data for Pull-domfor 43°C, 1l
Measurement Point 5 Point 6 Point 7 Point 8
Point Description 109 min after | 149 min after | 189 min after Defrost
system on system on system on period starts
Suction Pressure [kPa] 64.5 57.6 54.0 59.5
Inside Compressor Temperature [ C] 92.0 93.1 89.6 90.7
Compressor Solubility [mass %] 0.1 0.1 0.1 0.1
Liquid Level inside Compressor [mL] 1152 1152 115 1152
mix at Compressor [g/mL] 0.82 0.82 0.82 0.82
ApProx. M pqq0, @t Compressor [g] 0.1 0.1 0.1 0.1
Approx. m ; at Compressor [g] 94.2 94.2 94.2 94.2
Total Mass in the Compressor [g] 94.3 94.3 94.3 94.3

Table 41: Accumulator Mass Balance Data for Pull-dern for 43°C, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description System 15 min after Peak Power 69 min after
turned on system on Point system on
Suction Pressure [kPa] 273.6 90.9 1125 76.9
Ave. Accumulator Temperature[ C] 44.4 25.0 9.5 -4.3
Accumulator Solubility [mass %] 185 6.0 27.6 35.5
Liquid Level inside Accumulator [mL] 20 30 35 401
mix at Accumulator [g/mL] 0.70 0.77 0.70 0.68
ApProx. M geq0, at Accumulator [g] 2.6 1.4 6.8 9.7
Approx. m _; at Accumulator [g] 114 217 17.7 175
Total Mass in the Accumulator [g] 14.0 23.1 245 27.2
Total Mass in both Acc. And Comp. [g] 126.0 117.4 117.7 121.5
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Table 42: Accumulator Mass Balance Data for Pull-daevn for 43°C, Il

Measurement Point 5 Point 6 Point 7 Point 8
Point Description 109 min after | 149 min after | 189 min after Defrost
system on system on system on period starts

Suction Pressure [kPa] 64.5 57.6 54.0 59.5
Ave. Accumulator Temperature[ C] -8.8 -14.6 -15.6 -18.1
Accumulator Solubility [mass %) 35.1 44.1 41.8 62.1
Liquid Level inside Accumulator [mL] 40 401 50 50

mix &t Accumulator [g/mL] 0.68 0.66 0.67 0.59
Approx. m g, at Accumulator [g] 9.5 116 14.0 18.3
Approx. m _; at Accumulator [g] 17.7 14.8 19.5 11.2
Total Mass in the Accumulator [g] 27.2 26.4 33.5 295
Total Mass in both Acc. And Comp. [g] 121.5 120.7 127.8 123.8

7.1.2 Cycling Data
Table 43: Compressor Mass Balance Data for Cyclinfpr 5°C, |
Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor 2 min after | 4 min after Compressor
turns on comp. on comp. on turns off

Suction Pressure [kPa] 71.6 43.0 439 50.1
Inside Compressor Temperature [ C] 16.1 12.8 17.9 25.6
Compressor Solubility [mass %) 6.8 3.1 2.2 17
Liquid Level inside Compressor [mL] 102 102 102 115

mix &t Compressor [g/mL] 0.77 0.81 0.82 0.82
ApProx. m geq0, at Compressor [g] 53 2.6 18 1.6
Approx. m ; at Compressor [g] 73.2 80.1 81.8 92.7
Total mass in Compressor [g] 78.5 82.7 83.6 94.3
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Table 44: Compressor Mass Balance Data for Cyclinfpr 5°C, II

Measurement Point 5 Point 6 Point 7 Point 8
Point Description 6 min after 12 min after | 18 min after Compressor
comp. off comp. off comp. off turns back on

Suction Pressure [kPa] 75.3 79.9 815 72.4
Inside Compressor Temperature [ C] 13.7 16.7 18.3 15.2
Compressor Solubility [mass %] 8.8 8.1 7.5 7.3
Liquid Level inside Compressor [mL] 115 115 115 102

mix &t Compressor [g/mL] 0.76 0.76 0.76 0.77
ApProx. M ggq0, at Compressor [g] 7.7 7.1 6.6 5.7
Approx. m ; at Compressor [g] 79.7 80.3 80.8 72.8
Total mass in Compressor [g] 87.4 87.4 87.4 78.5

Table 45: Accumulator Mass Balance Data for Cyclindor 5°C, |
Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor 2 min after 4 min after Compressor
turns on comp. on comp. on turns off

Suction Pressure [kPa] 71.6 43.0 43.9 50.1
Ave. Accumulator Temperature [ C] -19.0 -25.8 -29.4 -29.4
Accumulator Solubility [mass %] 97.1 59.4 81.8 100
Liguid Level inside Accumulator [mL] 50 40 40 40

mix at Accumulator [g/mL] 0.48 0.61 0.54 0.48
ApProx. M gee0, at Accumulator [g] 23.3 145 17.7 19.2
Approx. m ; at Accumulator [g] 0.7 9.9 3.9 0.0
Total mass in Accumulator [g] 24.0 24.4 21.6 19.2
Total mass in Acc. And Comp. [g] 102.5 107.1 105.2 1135
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Table 46: Accumulator Mass Balance Data for Cyclindor 5°C, Il

Measurement Point 5 Point 6 Point 7 Point 8
Point Description 6 min after 12 min after 18 min after Compressor
comp. off comp. off comp. off turns back on
Suction Pressure [kPa] 75.3 79.9 81.5 72.4
Ave. Accumulator Temperature[ C] -20.5 -23.8 -18.2 -19.5
Accumulator Solubility [mass %] 100 100 100 100
Liquid Level inside Accumulator [mL] 40 40 40 50
mix @t Accumulator [g/mL] 0.48 0.48 0.47 0.48
AppProx. M pqqq, at Accumulator [g] 19.2 19.2 18.8 24.0
Approx. m ; at Accumulator [g] 0.0 0.0 0.0 0.0
Total mass in Accumulator 19.2 19.2 18.8 24.0
Total mass in Acc. And Comp. [g] 106.6 106.6 106.2 102.5
Table 47: Compressor Mass Balance Data for Cyclinfpr 32°C, |
Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor | 11 min after | 22 min after 33 min after
turns on comp. on comp. on comp. on
Suction Pressure [kPa] 64.4 45.8 45.2 44.4
Inside Compressor Temperature [ C] 57.6 68.2 70.7 71.9
Compressor Solubility [mass %) 0.5 0.1 0.1 0.1
Liquid Level inside Compressor [mL] 115! 115 115 115
mix &t Compressor [g/mL] 0.83 0.83 0.83 0.83
ApProx. M ggq0, at Compressor [g] 0.5 0.1 0.1 0.1
Approx. m ; at Compressor [g] 95.0 95.4 95.4 95.4
Total mass in Compressor [g] 95.5 95.5 95.5 95.5
Table 48: Compressor Mass Balance Data for Cyclinfpr 32°C, II
Measurement Point 5 Point 6 Point 7 Point 8
Point Description Compressor 5 min after 10 min after Compressor
turns off comp. off comp. off turns back on
Suction Pressure [kPa] 46.3 72.0 73.1 65.3
Inside Compressor Temperature [ C] 73.0 66.3 60.1 56.1
Compressor Solubility [mass %] 0.1 0.4 0.5 0.5
Liquid Level inside Compressor [mL] 125 125 125 115
mix &t Compressor [g/mL] 0.83 0.83 0.83 0.83
ApProx. m ggq0, at Compressor [g] 0.1 0.4 0.5 0.5
Approx. m ; at Compressor [g] 103.6 103.3 103.2 95.0
Total mass in Compressor [g] 103.8 103.8 103.8 95.5
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Table 49: Accumulator Mass Balance Data for Cyclindor 32°C, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor | 11 min after | 22 min after | 33 min after
turns on comp. on comp. on comp. on

Suction Pressure [kPa] 64.4 45.8 45.2 44.4
Ave. Accumulator Temperature [ C] -17.4 -22.8 -23.2 -23.7
Accumulator Solubility [mass %] 68.7 52.9 53.3 53.8
Liguid Level inside Accumulator [mL] 501 50 50 50

mix at Accumulator [g/mL] 0.57 0.63 0.63 0.63
ApProx. M geq0, at Accumulator [g] 19.6 16.7 16.8 16.9
Approx. m ; at Accumulator [g] 8.9 14.8 14.7 14.6
Total mass in Accumulator [g] 28.5 315 315 315
Total mass in Acc. And Comp. [g] 124.0 127.0 127.0 127.0

Table 50: Accumulator Mass Balance Data for Cyclingor 32°C, Il
Measurement Point 5 Point 6 Point 7 Point 8
Point Description Compressor 5 min after 10 min after | Compressor
turns off comp. off comp. off turns back on

Suction Pressure [kPa] 46.3 72.0 73.1 65.3
Ave. Accumulator Temperature [ C] -26.3 -19.5 -18.4 -17.1
Accumulator Solubility [mass %) 71.2 100.0 96.4 69.1
Liguid Level inside Accumulator [mL] 50 50 50 50

mix &t Accumulator [g/mL] 0.57 0.48 0.49 0.57
ADProx. M peq0, at Accumulator [g] 20.3 24.0 23.6 19.7
Approx. m ; at Accumulator [g] 8.2 0.0 0.9 8.8
Total mass in Accumulator 285 24.0 24.5 285
Total mass in Acc. And Comp. [g] 132.3 127.8 128.3 124.0
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7.1.3 Defrost Data

Table 51: Compressor Mass Balance Data for Defrogor 5°C, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Defrost 4 min after 8 min after Minimum
period defrost start defrost power
starts (max power) start begins
Suction Pressure [kPa] 39.3 120.1 168.2 201.2
Inside Compressor Temperature [ C] 39.7 37.4 28.9 21.0
Compressor Solubility [mass %) 0.4 49 16.8 41.6
Liquid Level inside Compressor [mL] 102 102 102 102
mix &t Compressor [g/mL] 0.84 0.77 0.72 0.64
ApProx. M ggq0, at Compressor [g] 0.3 3.8 12.3 27.2
Approx. m ; at Compressor [g] 85.3 74.7 61.1 36.1
Total mass in Compressor [g] 85.6 78.5 73.4 65.3
Table 52: Compressor Mass Balance Data for Defro$br 5°C, Il
Measurement Point 5 Point 6 Point 7
Point Description 2 min after 4 min after Defrost
min. begins min. begins over
Suction Pressure [kPa] 204.8 200.0 146.9
Inside Compressor Temperature [ C] 26.5 26.8 21.7
Compressor Solubility [mass %] 29.8 27.9 20.4
Liquid Level inside Compressor [mL] 102 102 102
mix at Compressor [g/mL] 0.68 0.68 0.71
ApProx. M peq,, at Compressor [g] 20.7 194 14.8
Approx. m ; at Compressor [g] 48.7 50.0 57.6
Total mass in Compressor [g] 69.4 69.4 72.4
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Table 53: Accumulator Mass Balance Data for Defrosfor 5°C, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Defrost 4 min after 8 min after Minimum
period defrost start defrost power
starts (max power) start begins
Suction Pressure [kPa] 39.3 120.1 168.2 201.2
Ave. Accumulator Temperature[ C] -38.6 -12.2 0.7 12.2
Accumulator Solubility [mass %] 100 100 100 77.2
Liguid Level inside Accumulator [mL] 40 50 55 60

mix at Accumulator [g/mL] 0.49 0.47 0.46 0.53
APProx. M a0, @t Accumulator [g] 19.6 23.5 25.3 245
Approx. m , at Accumulator [g] 0.0 0.0 0.0 7.3
Total mass in Accumulator [g] 19.6 235 25.3 31.8
Total mass in Acc. And Comp. [g] 105.3 102.0 98.7 97.1

Table 54: Accumulator Mass Balance Data for Defrostor 5°C, Il
Measurement Point 5 Point 6 Point 7
Point Description 2 min after 4 min after Defrost

min. begins min. begins over
Suction Pressure [kPa] 204.8 200.0 146.9
Ave. Accumulator Temperature [ C] 13.3 7.9 6.3
Accumulator Solubility [mass %] 73.7 100 61.1
Liquid Level inside Accumulator [mL] - - -

mix at Accumulator [g/mL] 0.54 0.46 0.58
ApProx. M geq0, at Accumulator [g] - - -
Approx. m ; at Accumulator [g] - - -
Total mass in Accumulator - - -
Total mass in Acc. And Comp. [g] - - -

Video could not be captured during the last threi@fs due to poor visualization. These

points were estimated when calculating the finassraalance.
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Table 55: Compressor Mass Balance Data for Defrosor 32°C, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Defrost 3 min. after 6 min. after Start minimum
period starts | defrost starts defrost starts power
Suction Pressure [kPa] 51.1 141.5 164.6 224.8
Inside Compressor Temperature [ C] 75.6 715 66.9 63.2
Compressor Solubility [mass %] 0.1 1.3 21 4.8
Liquid Level inside Compressor [mL] 115 115 115 115
mix &t Compressor [g/mL] 0.83 0.80 0.79 0.75
APProx. M geq0, at Compressor [g] 0.1 1.2 1.9 4.1
Approx. m ; at Compressor [g] 954 90.8 88.9 82.1
Total mass in Compressor [g] 95.5 92.0 90.9 86.3
Table 56: Compressor Mass Balance Data for Defro$br 32°C, Il
Measurement Point 5 Point 6 Point 7
Point Description 2.3 min. after minimum 4.6 min. after minimum Defrost
power starts power starts period over
Suction Pressure [kPa] 227.2 209.8 165.6
Inside Compressor Temperature [ C] 60.9 58.9 57.3
Compressor Solubility [mass %) 5.4 5.1 3.3
Liquid Level inside Compressor [mL] 115 115 100
mix at Compressor [g/mL] 0.75 0.75 0.77
APProx. M geq0, at Compressor [g] 4.7 4.4 25
Approx. m ; at Compressor [g] 81.6 81.9 74.5
Total mass in Compressor [g] 86.3 86.3 77.0
Table 57: Accumulator Mass Balance Data for Defrostor 32°C, |
Measurement Point 1 Point 2 Point 3 Point 4
Point Description Defrost 3 min. after 6 min. after Start minimum
period starts | defrost starts defrost starts power
Suction Pressure [kPa] 51.1 141.5 164.6 224.8
Ave. Accumulator Temperature [ C] -23.3 -4.1 2.0 10.0
Accumulator Solubility [mass %] 68.6 100.0 100.0 100.0
Liquid Level inside Accumulator [mL] 50 50 55 55
mix &t Accumulator [g/mL] 0.58 0.46 0.46 0.45
ApPpProx. M geq., at Accumulator [g] 19.9 23.0 25.3 24.8
Approx. m ; at Accumulator [g] 9.1 0.0 0.0 0.0
Total mass in Accumulator [g] 29.0 23.0 25.3 24.8
Total mass in Acc. And Comp. [g] 124.5 115.0 116.2 111.0
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Table 58: Accumulator Mass Balance Data for Defrostor 32°C, I

Measurement Point 5 Point 6 Point 7
Point Description 2.3 min. after minimum | 4.6 min. after minimum Defrost
power starts power starts period over
Suction Pressure [kPa] 227.2 209.8 165.6
Ave. Accumulator Temperature [ C] 12.7 11.5 9.7
Accumulator Solubility [mass %] 95.9 88.2 61.2
Liquid Level inside Accumulator [mL] 60 55 50
mix &t Accumulator [g/mL] 0.47 0.49 0.58
APProx. M o0, at Accumulator [g] 27.0 23.8 17.7
Approx. m ; at Accumulator [g] 1.2 3.2 11.3
Total mass in Accumulator 28.2 27.0 29.0
Total mass in Acc. And Comp. [g] 114.5 113.2 106.0
Table 59: Compressor Mass Balance Data for Defro$or 43°C, |
Measurement Point 1 Point 2 Point 3 Point 4
Point Description Defrost 2.4 min after 4.8 min after Minimum power
period starts | defrost begins defrost begins period begins
Suction Pressure [kPa] 59.5 148.1 168.3 2219
Inside Compressor Temperature [ C] 90.7 86.0 77.0 77.8
Compressor Solubility [mass %)] 0.1 0.9 15 2.6
Liquid Level inside Compressor [mL] 115 115 115 115
mix at Compressor [g/mL] 0.82 0.80 0.79 0.77
ApPProx. m a0, at Compressor [g] 0.1 0.8 1.4 2.3
Approx. m ; at Compressor [g] 94.2 91.2 89.5 86.2
Total Mass in the Compressor [g] 94.3 92.0 90.9 88.6
Table 60: Compressor Mass Balance Data for Defro$br 43°C, Il
Measurement Paint 5 Paint 6 Paint 7
Point Description 2.3 min. after minimum 4.6 min after minimum Defrost
power begins power begins period ends
Suction Pressure [kPa] 231.6 218.8 171.4
Inside Compressor Temperature [ C] 76.2 711 70.2
Compressor Solubility [mass %] 3.1 3.3 2.0
Liquid Level inside Compressor [mL] 115 115 115
mix &t Compressor [g/mL] 0.76 0.76 0.78
ApProx. M eq0, &t Compressor [g] 2.7 2.9 1.8
Approx. m ; at Compressor [g] 84.7 84.5 87.9
Total Mass in the Compressor [g] 87.4 87.4 89.7

167




Table 61: Accumulator Mass Balance Data for Defrostor 43°C, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Defrost 2.4 min after | 4.8 min after Minimum
period defrost defrost power period
starts begins begins begins
Suction Pressure [kPa] 59.5 148.1 168.3 221.9
Ave. Accumulator Temperature [ C] -18.1 -2.3 39 11.6
Accumulator Solubility [mass %] 62.1 100.0 97.1 98.8
Liquid Level inside Accumulator [mL] 50 55 55 55
mix at Accumulator [g/mL] 0.59 0.46 0.47 0.46
Approx. m 4.4, at Accumulator [g] 18.3 25.3 25.1 25.0
Approx. m ; at Accumulator [g] 11.2 0.0 0.7 0.3
Total Mass in the Accumulator [g] 29.5 25.3 25.9 25.3
Total Mass in both Acc. And Comp. [g] 123.8 117.3 116.7 113.9
Table 62: Accumulator Mass Balance Data for Defrostor 43°C, |l
Measurement Point 5 Point 6 Point 7
Point Description 2.3 min. after 4.6 min after Defrost period
minimum minimum power ends
power begins begins
Suction Pressure [kPa] 231.6 218.8 171.4
Ave. Accumulator Temperature [ C] 13.7 10.8 125
Accumulator Solubility [mass %] 93.0 100.0 53.5
Liguid Level inside Accumulator [mL] 60 55 50
mix at Accumulator [g/mL] 0.48 0.45 0.60
ADProx. M gga0, at Accumulator [g] 26.8 24.8 16.1
Approx. m ; at Accumulator [g] 2.0 0.0 14.0
Total Mass in the Accumulator [g] 28.8 24.8 30.0
Total Mass in both Acc. And Comp. [g] 116.2 112.2 119.7
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7.2 Mass Balance Data for Results without the Accumulatr

7.2.1 Pull-down Data

Table 63: Compressor Mass Balance Data for Pull-dowfor 32°C, 44g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4 Point 5

Point Description System Peak 81.2 min. | 162.4 min. Defrost

Start-up Power after start | after start period

Paint begins
Suction Pressure [kPa] 209.7 81.4 66.1 53.0 48.0
Inside Compressor Temperature [ C] 32.3 40.4 48.7 49.7 494
Compressor Solubility [mass %] 216 1.8 0.8 0.4 0.4
Liquid Level inside Compressor [mL] 150 105 105! 105t 120
mix at Compressor [g/mL] 0.70 0.81 0.83 0.84 0.84
ApProx. M pgo0, at Compressor [g] 22.7 15 0.7 04 0.4

Approx. m , at Compressor [g] 82.3 835 86.5 87.8 100.4
Total Mass in the Compressor [g] 105.0 85.1 87.2 88.2 100.8

Table 64: Compressor Mass Balance Data for Pull-dowfor 32°C, 44g Charge, |l

Measurement Point 6 Point 7 Point 8 Point 9
Point Description Defrost 27.4 min. 54.8 min. End of
period ends | after defrost | after defrost Pull-down
Suction Pressure [kPa] 202.2 51.9 48.2 475
Inside Compressor Temperature [ C] 45.7 47.5 48.5 48.9
Compressor Solubility [mass %] 9.1 0.5 0.4 0.4
Liquid Level inside Compressor [mL] 105 105 1051 1051
mix at Compressor [g/mL] 0.94 0.84 0.84 0.84
APProx. M qq0, at Compressor [g] 9.0 0.4 0.4 0.4
Approx. m ; at Compressor [g] 89.7 87.8 87.8 87.8
Total Mass in the Compressor [g] 98.7 88.2 88.2 88.2
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Table 65: Compressor Mass Balance Data for Pull-dowfor 32°C, 48g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description System | Peak Power 108 min. 3 hrs. after
Start-up Point after start start
Suction Pressure [kPa] 266.0 94.8 66.2 62.3
Inside Compressor Temperature[ C] 32.2 42.8 52.6 52.2
Compressor Solubility [mass %] 36.0 2.2 0.6 0.6
Liquid Level inside Compressor [mL] 185 85 851 105t
mix at Compressor [g/mL] 0.65 0.80 0.83 0.83
ApProx. m ... at Compressor [g] 43.3 15 0.4 0.5
Approx. m ; at Compressor [g] 77.0 66.5 70.1 86.6
Total Mass in the Compressor [g] 120.3 68.0 70.6 87.2

Table 66: Compressor Mass Balance Data for Pull-dowfor 32°C, 48g Charge, Il

Measurement Point 5 Point 6 Point 7 Point 8 Point 9
Point Description Defrost | Defrost 23 min. 46 min. End of
period period after after defrost Pull-
begins ends defrost end end down
Suction Pressure [kPa] 58.7 168.0 61.6 59.2 61.4
Inside Compressor Temperature [ C] 51.2 47.2 48.6 50.2 50.8
Compressor Solubility [mass %] 0.5 5.7 0.7 0.6 0.6
Liquid Level inside Compressor [mL] 130 105 105 105! 105t
mix &t Compressor [g/mL] 0.83 0.76 0.83 0.83 0.83
ApProx. M ey, at Compressor [g] 0.5 45 0.6 0.5 0.5
Approx. m ; at Compressor [g] 107.4 75.3 86.5 86.6 86.6
Total Mass in the Compressor [g] 107.9 79.8 87.2 87.2 87.2
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Figure 111: Mass Balance for Pull-down Period at 3Z Ambient Condition, 489

Charge, for Testing without the Accumulator

7.2.2 Cycling Data

Table 67: Compressor Mass Balance Data for Cyclinfpr 5°C, 44g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor | 30 sec. after 2 min. after 4 min.
Turns On Comp. On Comp. On Comp. On
Suction Pressure [kPa] 74.3 67.2 48.2 48.5
Inside Compressor Temperature [ C] 9.1 9.2 9.5 9.6
Compressor Solubility [mass %] 6.0 9.7 49 49
Liquid Level inside Compressor [mL] 120 95 120 120
mix at Compressor [g/mL] 0.75 0.76 0.79 0.79
ApProx. M ggq0, at Compressor [g] 54 7.0 4.6 4.6
Approx. m ; at Compressor [g] 84.6 65.2 90.2 90.2
Total Mass in the Compressor [g] 90.0 72.2 94.8 94.8
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Table 68: Compressor Mass Balance Data for Cyclinfpr 5°C, 44g Charge, Il

Measurement Point 5 Point 6 Point 7 Point 8
Point Description Compressor | 7.5 min. after 15 min. after Compressor
Turns Off Comp. Off Comp. Off Turns Back On

Suction Pressure [kPa] 55.5 78.4 81.0 79.5
Inside Compressor Temperature [ C] 9.6 10.1 9.4 9.4
Compressor Solubility [mass %) 6.4 12.5 14.1 135
Liquid Level inside Compressor [mL] 120 125 1251 1251

mix at compressor [g/mL] 0.78 0.74 0.74 0.74
APProx. M geq0, at Compressor [g] 6.0 11.6 13.0 12.5
Approx. m ; at Compressor [g] 87.6 80.9 79.5 80.0
Total Mass in the Compressor [g] 93.6 92.5 92.5 92.5

Table 69: Compressor Mass Balance Data for Cyclinfpr 5°C, 48g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor | 30 sec. after | 1.5 min. after 3.5 min.
Turns On Comp. On Comp. On Comp. On
Suction Pressure [kPa] 73.5 725 50.9 49.8
Inside Compressor Temperature [ C] 8.7 8.9 8.6 8.9
Compressor Solubility [mass %] 121 116 5.6 5.4
Liquid Level inside Compressor [mL] 120 105 105 105
mix &t Compressor [g/mL] 0.75 0.75 0.78 0.79
Prox. m g, at Compressor [g] 10.9 9.1 4.6 4.5
Approx. m ; at Compressor [g] 79.1 69.7 77.3 78.5
Total Mass in the Compressor [g] 90.0 78.8 81.9 83.0

Table 70: Compressor Mass Balance Data for Cyclinfpr 5°C, 48g Charge, Il

Measurement Point 5 Point 6 Point 7 Point 8
Point Description Compressor 8 min. after | 16 min. after Compressor
Turns Off Comp. Off Comp. Off Turns Back On

Suction Pressure [kPa] 56.9 78.5 81.4 73.9
Inside Compressor Temperature [ C] 8.9 9.3 8.9 8.6
Compressor Solubility [mass %) 7.1 13.2 14.7 12.3
Liquid Level inside Compressor [mL] 105 130 130t 130t

mix at Compressor [g/mL] 0.77 0.74 0.74 0.75
ApProx. M pgq0, at Compressor [g] 5.7 12.7 14.1 12.0
Approx. m ; at Compressor [g] 75.2 835 82.1 855
Total Mass in the Compressor [g] 80.9 96.2 96.2 97.5
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Figure 112: Mass Balance for Cycling Period at 5°@mbient Condition, 48g

Charge, for Testing without the Accumulator

Table 71: Compressor Mass Balance Data for Cyclinfpr 5°C, 52g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor | 30 sec. after | 2.3 min. after 4.6 min. after
Turns On Comp. On Comp. On Comp. On
Suction Pressure [kPa] 88.9 83.0 43.8 42.6
Inside Compressor Temperature [ C] 104 10.0 9.9 10.0
Compressor Solubility [mass %] 15.8 14.2 3.9 3.7
Liquid Level inside Compressor [mL] 130 105 120 120
mix at Compressor [g/mL] 0.73 0.74 0.80 0.80
ApProx. m geq0, at Compressor [g] 15.0 11.0 3.7 3.6
Approx. m ; at Compressor [g] 79.9 66.7 92.3 92.4
Total Mass in the Compressor [g] 94.9 77.7 96.0 96.0
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Table 72: Compressor Mass Balance Data for Cyclinfpr 5°C, 52g Charge, Il

Measurement Point 5 Point 6 Point 7 Point 8
Point Description Compressor | 7.3 min. after | 14.6 min. after | Compressor
Turns Off Comp. Off Comp. Off Turns On
Suction Pressure [kPa] 42.5 90.1 92.0 82.2
Inside Compressor Temperature [ C] 9.9 10.7 10.0 9.8
Compressor Solubility [mass %) 3.7 15.9 175 14.0
Liquid Level inside Compressor [mL] 120 120 130 130
mix &t Compressor [g/mL] 0.80 0.73 0.73 0.74
Approx. m ..., at Compressor [g] 3.6 139 16.6 135
Approx. m ; at Compressor [g] 92.4 73.7 78.3 82.7
Total Mass in the Compressor [g] 96.0 87.6 94.9 96.2

Figure 113: Mass Balance for Cycling Period at 5°@mbient Condition, 529

Charge, for Testing without the Accumulator
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Table 73: Compressor Mass Balance Data for Cyclinfpr 32°C, 44g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor 7 min. after Compressor 10 sec. after
Turns Off Comp. Off Turns On Comp. On
Suction Pressure [kPa] 47.7 70.8 72.3 70.9
Inside Compressor Temperature [ C] 47.2 46.7 45.2 45.1
Compressor Solubility [mass %] 0.4 1.0 1.1 1.1
Liquid Level inside Compressor [mL] 120 120 105 105
mix at Compressor [g/mL] 0.84 0.82 0.82 0.82
ApProx. m g0, at Compressor [g] 0.4 1.0 0.9 0.9
Approx. m ; at Compressor [g] 100.4 97.4 85.2 85.2
Total Mass in the Compressor [g] 100.8 98.4 86.1 86.1

Table 74: Compressor Mass Balance Data for Cyclinfpr 32°C, 44g Charge, Il

Measurement Point 5 Point 6 Point 7
Point Description 10 min. after 20 min. after System
Comp. On Comp. On Turns Off
Suction Pressure [kPa] 47.0 455 52.8
Inside Compressor Temperature [ C] 45.0 46.3 47.2
Compressor Solubility [mass %] 0.5 04 0.5
Liquid Level inside Compressor [mL] 105 105 105
mix at Compressor [g/mL] 0.84 0.84 0.84
APProx. M qeq0, at Compressor [g] 0.4 04 0.4
Approx. m _; at Compressor [g] 87.8 87.8 87.8
Total Mass in the Compressor [g] 88.2 88.2 88.2

Table 75: Compressor Mass Balance Data for Cyclinfpr 32°C, 50g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Compressor | 7 min. after | Compress 10 sec. after
Turns Off Comp. Off or Turns Comp. On
On
Suction Pressure [kPa] 55.9 88.8 78.4 107.3
Inside Compressor Temperature [ C] 48.5 47.8 46.1 46.0
Compressor Solubility [mass %] 0.5 15 1.2 2.4
Liquid Level inside Compressor [mL] 120t 130 105 105
mix at Compressor [g/mL] 0.83 0.81 0.82 0.80
ApProx. M p4o0, at Compressor [g] 0.5 1.6 1.0 2.0
Approx. m ; at Compressor [g] 99.1 103.7 85.1 82.0
Total Mass in the Compressor [g] 99.6 105.3 86.1 84.0
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Table 76: Compressor Mass Balance Data for Cyclinfpr 32°C, 50g Charge, II

Measurement Point 5 Point 6 Point 7
Point Description 13.3 min. after 26.6 min. after | Compressor
Comp. On Comp. On Turns Off
Suction Pressure [kPa] 58.5 59.3 54.4
Inside Compressor Temperature [ C] 46.5 47.5 48.4
Compressor Solubility [mass %] 0.7 0.6 0.5
Liquid Level inside Compressor [mL] 105 105 120
mix at compressor [g/mL] 0.83 0.83 0.84
ADProx. M peq0, &t Compressor [g] 0.6 0.5 0.5
Approx. m _; at Compressor [g] 86.5 86.6 100.3
Total Mass in the Compressor [g] 87.2 87.2 100.8

Figure 114: Mass Balance for Cycling Period at 32°@mbient Condition, 50g

Charge, for Testing without the Accumulator
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7.2.3 Defrost Data

Table 77: Compressor Mass Balance Data for Defro$or 5°C, 44g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Defrost 5 min. after 10 min. after Minimum
Period defrost start defrost start Power Period
Begins Begins
Suction Pressure [kPa] 73.4 165.7 195.4 205.1
Inside Compressor Temperature [ C] 9.4 10.2 9.7 9.2
Compressor Solubility [mass %) 115 58.9 86.5 99.4
Liquid Level inside Compressor [mL] 120 120 120 130
mix at Compressor [g/mL] 0.75 0.58 0.50 0.46
Prox. m peq,, at Compressor [g] 10.4 41.0 51.9 59.4
Approx. m ; at Compressor [g] 79.7 28.6 8.1 0.4
Total Mass in the Compressor [g] 90.0 69.6 60.0 59.8

Table 78: Compressor Mass Balance Data for Defro$or 5°C, 44g Charge, Il

Measurement Point 5 Point 6 Point 7
Point Description 2.3 min. after Min. 4.6 min. after min. Defrost
power period begins power period begins Period Ends
Suction Pressure [kPa] 203.4 198.2 173.0
Inside Compressor Temperature [ C] 9.3 8.8 8.8
Compressor Solubility [mass %] 97.3 95.6 71.8
Liquid Level inside Compressor [mL] 130 130 130
mix at Compressor [g/mL] 0.46 0.47 0.54
APProx. M o0, at Compressor [g] 58.2 58.4 50.4
Approx. m ; at Compressor [g] 1.6 2.7 19.8
Total Mass in the Compressor [g] 59.8 61.1 70.2
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Table 79: Compressor Mass Balance Data for Defro$or 32°C, 44g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4

Point Description Defrost 3.2 min. after | 6.4 min. after | Minimum Power
period defrost start defrost start Period Begins
begins

Suction Pressure [kPa] 48.0 153.6 184.3 282.6

Inside Compressor Temperature [ C] 49.4 49.0 48.6 47.6

Compressor Solubility [mass %] 04 4.3 6.4 16.6

Liquid Level inside Compressor [mL] 120 120 120 120

mix at Compressor [g/mL] 0.84 0.77 0.75 0.71

ApProx. M geq0, at Compressor [g] 04 4.0 5.8 14.1

Approx. m ; at Compressor [g] 100.4 88.4 84.2 711

Total Mass in the Compressor [g] 100.8 92.4 90.0 85.2

Table 80: Compressor Mass Balance Data for Defro$or 32°C, 44g Charge, II

Measurement Point 5 Point 6 Point 7
Point Description 2.3 min. after min. 4.6 min. after min. Defrost period
power begins power begins ends
Suction Pressure [kPa] 262.5 2295 202.2
Inside Compressor Temperature [ C] 47.0 46.4 45.7
Compressor Solubility [mass %] 14.7 115 9.1
Liquid Level inside Compressor [mL] 120 120 105
mix at Compressor [g/mL] 0.71 0.73 0.94
ApProx. M rgo0, at Compressor [g] 125 10.1 9.0
Approx. m ; at Compressor [g] 72.7 775 89.7
Total Mass in the Compressor [g] 85.2 87.6 98.7

Table 81: Compressor Mass Balance Data for Defrosor 32°C, 48g Charge, |

Measurement Point 1 Point 2 Point 3 Point 4
Point Description Defrost | 3 min. after | 6 min. after Minimum
Period defrost defrost Power Period
begins start start Begins
Suction Pressure [kPa] 58.7 154.8 172.3 279.6
Inside Compressor Temperature [ C] 51.2 51.3 50.7 49.2
Compressor Solubility [mass %] 0.5 3.9 5.0 15.0
Liquid Level inside Compressor [mL] 130 130 130 130
mix at Compressor [g/mL] 0.83 0.77 0.76 0.71
APProx. M zeq0, at Compressor [g] 0.5 3.9 4.9 13.8
Approx. m ; at Compressor [g] 107.4 96.2 93.9 78.5
Total Mass in the Compressor [g] 107.9 100.1 98.8 92.3
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Table 82: Compressor Mass Balance Data for Defro$or 32°C, 48g Charge, Il

Measurement Point 5 Point 6 Point 7
Point Description 2 min. after min. 4 min. after min. Defrost period
power begins power begins ends
Suction Pressure [kPa] 269.5 2451 168.0
Inside Compressor Temperature [ C] 49.1 48.0 47.2
Compressor Solubility [mass %] 13.9 121 5.7
Liquid Level inside Compressor [mL] 130 130 105
mix &t Compressor [g/mL] 0.71 0.72 0.76
Approx. m e, at Compressor [g] 12.8 11.3 4.5
Approx. m ; at Compressor [g] 79.5 82.3 75.3
Total Mass in the Compressor [g] 92.3 93.6 79.8

Figure 115: Mass Balance for Defrost Period at 32°@mbient Condition, 48g

Charge, for Testing without the Accumulator
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