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ABSTRACT

An analysis and verification study was conducted the Universal Thermodynamic
Model for cooling systems, which claims to accusatessess the performance of all
refrigerating machines from only a few, non-intugsmeasurements. The model and
its derivation were studied to confirm its applitiép to vapour-compression water
chillers and its accuracy was practically invedegavia tests on two such chillers
serving the air-conditioning system of an officeiltimg. The two chillers used

employ reciprocating and centrifugal compressaspectively.

The experimental method entailed recording a numdifermeasurements under
normal, or fault-free, conditions and, for each sétdata, calculating the COP
obtained directly from measurement and that preditty the model. Comparisons
between the two values for each data set wereasea indication of accuracy. The
predicted COP for the reciprocating machine wasvehto be very accurate with a
2.97% maximum difference between COP values, whaéfor the centrifugal chiller

was even more precise, yielding a maximum diffeeewicl.14%.

An additional test was conducted on the centrifughiller that simulated an

operational fault — excessive fouling in its comnsem— and the model showed the
presence, though not the nature, of this simulfdett. Comparisons between key
constants and graphs obtained under normal antdl¢ftt@conditions allowed for some
fault diagnosis. The predicted and measured CQiesainder the faulty conditions

were also calculated and shown to correspond wihi6%.

The Universal Thermodynamic Model proved to be amtueate and reliable
performance assessment tool for the two chillets. every case the difference
between predicted and measured COP was less thagxferimental uncertainty of
the latter. It was also shown that the model ctnddised for limited fault diagnosis
through simulation of a practical operation defaotl analysing certain parameters.
Practical recommendations for similar future worke aprovided based on

experimental shortcomings of this study.
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1. INTRODUCTION

1.1 Refrigeration M achines

Refrigeration, or cooling, machines have foundrthey into the life of almost every
person in every industry on the planet. From présg perishable goods in storage
to ensuring that the air supply in an office spacéeally suited to high levels of
worker productivity and even to maintaining the pemature in a laboratory at a level
conducive to certain chemical reactions, such mmeshican be considered as
indispensable to society. In fact, Gordon and Ng. 1, are of the opinion that
chillers, as they often term refrigeration machines, ‘pext@@ur daily lives’ even on
a domestic level, evidenced by the vast numbeegfilar household refrigerators in

service around the world.

In South Africa, mining has traditionally been arfethe largest industrial sectors and
according to the South African Chamber of Minésthe local mining industry
employed over 515 000 people in underground mirsesfahe beginning of 2009.
Working conditions far below the earth’s surfacedrae increasingly difficult with
depth, owing to the combination of excessively haghbient temperatures and large
amounts of dust and pollutants in the air. Thumling systems are particularly
imperative in deep, hot mines since they are chiedlsponsible for making the
environment bearable and ensuring that the heéltheoworkers is not placed under

risk.

Since refrigeration systems are so widely utilised number of different scenarios, it
is merely a matter of consequence that their riéiialand performance efficiencies
have become topics of much consideration to desgmaanufacturers, users and
academics alike. Many textbooks, technical papeostgraduate dissertations and
theses are devoted to devising different meangamekdures by which refrigeration
machine performance can be monitored and optimisedr example, Moran and
Shapiro ® devote their tenth chapter to the fundamentals aperation of
1
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refrigeration cycles and the works of Phelan, Besndehl and Krar?, Grimmelius
et al. @ and Lee™ are all chiefly devoted towards accurately mormigrthe

operating performance of chillers.

Publications, such as tHaternational Journal of Heat and Mass Transtard the
International Journal of Refrigeratigmegularly document research conducted in the
field of heating, ventilation and cooling (HVAC) @rbear testament to the strong
interest in these spheres. The paper submitte@dsgon and N¢ is typical of the

type of work that appears in such a publication.

Owners and operators of cooling devices in indailstaipplications also concern
themselves with the efficiency and operation ofirthreachines since both these
factors have a direct bearing on running costscamthin other expenses. Apart from
maintenance operations, the cost of running a gefation machine is largely
dominated by the amount of electrical power it ieggito function according to
specification. Improving its efficiency thus meamrslucing the amount of this input

power.

Aside from the reduced cost of consuming fewervkéti-hours of power, utility
providers also encourage more efficient use ofntlaghines by offering some sort of
additional incentive to high-demand users who @awm on their consumption. The
Demand-Side Management (DSM) program implemented8KOM ) is a good
example of such a scheme since users have a ramgeians that will benefit them

financially if they participate in the scheme.

However, as stressed by Bailey-McEw$h pp. 1-3, operating costs for cooling
devices are relatively insignificant when compatedhe penalties that result from
unsatisfactory machine performance or unavailgbiiiought about by a breakdown.
Such penalties are particularly severe in undergtomnines where the health and
safety of workers is prejudiced when the coolingtesns operate in an inadequate
way or when the entire operation must be suspenaetie event of a machine
breakdown. To varying extents, both of the abaenarios also affect productivity
of the mine either through decreased worker outpstilting from poor working
2
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conditions or via a complete shutdown of the diieis deemed necessary for worker
safety. Stewarf states that various forms of heat illness can oatien people are
exposed to high amounts of heat stress and the¢ theesses may result in death if

not treated correctly.

Thus, the obvious conclusion can be drawn that stiyations into means of
ascertaining and interpreting the operating peréoroe of a refrigerating machine
will prove highly beneficial to anyone maintainirgperating or utilising it. Improved
efficiencies mean lower costs for the owners of rtiechine and a smaller risk of a
breakdown by minimising the need for using more @othan necessary to meet the
cooling demand. This is beneficial, both econothycand socially. The large
number of different applications in which coolingaohines operate makes such

investigations potentially very beneficial.

1.2 Introductory Concepts

In order to correctly diagnose and analyse theahgiarformance of a refrigeration
machine it is necessary to obtain its current Ewdlperformance and compare the
findings with some sort of benchmark or yardstiosgically, this yardstick should be
in the form of the machine’s corresponding nornrabgtimum performance. Bailey-
McEwan® p. 120 emphasises this same point by statinguégterformance cannot
be properly assessed without a yardstick to comjpaséth; this yardstick being at

least the corresponding normal performance.”

However, before the above concept can be fully eqpated it is first necessary to
define what is meant by certain key terms. Theénde&ins of the terms that follow on
pages 4 to 6 are adopted from Bailey-McEw&hpp. 119-125 and are used

consistently throughout subsequent sections.
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For diagnostic purposes any refrigeration device beoadly be considered as a
generic process that converts inputs into outpiaseme internal means, as given by
Figure 1.1, which has been taken from Isermidfin The means by which the device
performs this transformation is determined to gdagxtent by its particulgorocess
parametersandstate variablesand the final output is influenced to some dedrge

external disturbances, noise

Noise
Measurable ———» PROCESS ————* Measurable
—p —p
Inputs ll ll Outputs
Process State
Parameters Variables

Figure 1.1: Process and Definitions, (Isermatif)

A process parameter is, loosely, a physical atiibaf the machine and its
components, that is either constant over time angks very gradually with time.
Examples of such parameters in chillers are thieendiameters of the pipes through
which refrigerant flows and the effective surfaceaathat facilitates heat transfer in
the heat exchangers. State variables, on the btrad, are internal states that vary
with time in a much more significant and rapid wapd a machine operator usually
controls their quantities directly or indirectly cacding to specifications. The
refrigerant content by mass of a component at amgy tame is typical of a state

variable.

Once process parameters and state variables aréydefined it becomes possible to
distinguish betweenormal, design optimumandsatisfactoryperformance of cooling
devices. All four modes of operation assume statinditions when the machine

operates at steady state and transient effectsiassibwith starting up are neglected.
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Normal performance is defined as static performameen all of the machine’s state
variables and process parameters are at theirfiggedesign values, regardless of its
user-defined inputs. Such a scenario is indicati’e@ machine that has recently
undergone preventive and remedial maintenanceharsdhias no operational faults. It
is important to note that normal performance i® adunction of process inputs and
that actual performance can only be compared ibtite inputs correspond to one

another, hence the termorresponding normal performance

Design performance is defined as normal performamicen the operating regime,

which constitutes both the externally imposed is@nd the control philosophy (user-
specified set points) are at design specificatiBmce design performance is thus for
fixed inputs and control philosophy, it is oftenwary little use when assessing actual

performance, as elaborated upon in section 1.3.

Optimum performance is static performance wherthedl measures of effectiveness
and quality of performance, both of which are désad below, satisfy some pre-
determined criteria for optimality. Process partargeand state variables need not be
at design values for optimality, since certain @dsign combinations may allow the

machine to operate optimally.

Finally, Bailey McEwan® p. 124 states that satisfactory performance of a
refrigerating machine is static performance in Wwhit) measures of effectiveness of
actual performance correspond to required measwigsn certain pre-agreed
tolerances or approach such values as closelyeam#ithine’s specifications and its
process parameters permit; and 2) measures oftyjadlactual performance either
correspond to, within pre-agreed tolerances, orhbager than the values obtained

under corresponding normal performance.

In order to compare actual performance to corregipgnnormal or optimum values

and deem whether it is satisfactory or not, BaMgEwan® pp. 124-125 points out

that theeffectivenessnd quality of the former must first be determined either via

direct measurement or through derivations basewdne Measures of effectiveness

of refrigeration machine performance gauge whethermachine is providing the
5
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right amount of cooling. Examples of such measaresthe chilled water flow rate
and the cooling load that indicates whether theicdevs extracting the required
amount of heat from the space being cooled. Caeler measures of quality of
performance are either measured values of inpgtgrerl by the machine to perform
the cooling or derived values that illustrate hdificently the machine is cooling,
taking into account the relation between certaily kguts and outputs. Such
measures include the amount of input power requlvgdthe machine and its

corresponding coefficient of performance (COP).

Bailey-McEwan® pp. 124-125 also notes that once the distincomade between
different modes of operation it becomes possibleassess whether the actual
performance is satisfactory based on accurate mexasats and comparisons. In
order to draw valid conclusions, however, the follg criteria have to be fulfilled:
1) The actual operating performance of the machmust first be ascertained with
acceptable accuracy so that uncertainties in thesarements are small enough for it
to be meaningfully compared with the correspondingrmal or optimum
performance; and 2) The normal or optimum perforreamust be known in advance
or predicted with sufficient accuracy so that congmns drawn from the actual

performance measures are meaningful and can benittedonfidence.

Table 1.1 below summarises the key definitionsoshiiced above for easy reference
since subsequent sections adopt consistent udeeof.t The importance of a clear
distinction between modes of operation will bentinated in the following section

that identifies current problems with ascertainamgl assessing refrigeration machine

performance.
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Table 1.1: Key Definitions, Bailey-McEwa® pp. 119-125

TERM

DEFINITION

Process Parameter

Machine attribute approximately constant with time

State Variable

Internal state that varies significantly, but not instantaneously, with time

Operating Regime

The set of inputs and control philosophy

Normal Performance

State variables and process parameters at design specification,

regardless of inputs

Design Performance

Normal performance with operating regime at design specification

Optimum Performance

Measures of effectiveness and quality of performance that satisfy pre-specified

criteria for optimality

Satisfactory Performance

1) Measures of effectiveness of performance that satisfy or approach criteria for
satisfactory performance as closely as the machine’s process parameters and
specifications permit

2) Measures of quality of performance that satisfy or are better than

corresponding normal values

1.3 Measuring Corresponding Normal Performance

As mentioned in section 1.1 above, a means ofyeamhsuring and assessing actual

performance with high accuracy will prove beneficia the many people who

maintain, operate or utilise refrigeration machindsfficiency will consequently be

maintained at higher levels and the risk of breakdo will be minimised by a

combination of more efficient operation and appiater reactions to early warning

signals that indicate unsatisfactory performanés. has already been noted, correct

assessment of actual performance requires a pkiovivledge of corresponding

normal or optimum values that can be used as ahbesudk to be compared against.

Numerous attempts have been made to devise methatipredict corresponding

normal or optimum performance. These methods rémye the highly complex to

the fairly simple and some employ the use of adelyaecorded historical data,

whereas others require only a few characteristiasmements to be taken. Certain of

7
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the more common procedures will be introduced antically discussed in this

section.

However, before an analysis of the various diaga®sols is begun, it is necessary to
stress a point briefly touched upon in the preagdiection and emphasised by
Bailey-McEwan® pp. 119-121. The importance of using tterespondingnormal
or optimum performance as the yardstick againstcwhactual performance is
compared cannot be over-emphasised. Using comdspmp performance means that
the inputs and control philosophy, which togethenstitute theoperating regime
must be the same for the actual performance beiagndsed and for either the
normal or optimum measures that are used as bemktmalf comparisons are
attempted where the operating regimes differ, iremirconclusions will be drawn
since the actual performance is strongly influenbgdhe type and value of inputs
and by the control philosophy.

No matter how accurate and practical the meansaghdsis is, comparisons must be
drawn between data sets that relate to the samatomeregime or else a fault may
either go undetected or be incorrectly diagnosedin refrigerating machine

installations that operate at part duties to coraptn for seasonal fluctuations in
required cooling load such mistakes may be made roften since operating at part

duty requires an operating regime different to luity.

Since measures of design performance are based spedified set of inputs and
control philosophy they may be highly unreliable #® benchmark to use in
comparison with actual performance. In many cirstamces, particularly in mining
applications where conditions are often unique amngredictable, the operating
regime for actual performance is very differenttbmt which the machine was
designed for. This necessarily means that commasisdrawn against design

performance are likely to be inadequately meaningfeven invalid.

With this point clear and understood, the main shrof this section remains to

identify different means that have been adoptegréalict corresponding normal or
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optimum performance. According to Bailey-McEw&h p. 159, current practice

broadly follows one of four main paths:

1) Using information already available from manufaetsr that lists normal

performance for a range of anticipated off-designditions

2) Predicting normal performance via an extensiveobetcurate operating data

recorded over time

3) Predicting normal or optimum performance throughtaiied and

comprehensive fundamental mathematical modelling

4) Predicting performance via simpler fundamental niodeand a limited set

of key operating data

These main methods are discussed and criticallfysed below in terms of their
respective shortcomings. Where possible, waysvefamming their weaknesses are

suggested.

Using manufacturers’ quoted data

In some situations manufacturers of cooling deviea supply users with
information of performance characteristics undesigle conditions and also for a
limited set of user-specified, off-duty conditioasticipated when operating at part

duties.

Bailey-McEwan® p. 159 points out that for applications that emtet constant
diurnal and slowly varying seasonal fluctuationgdinty, such data may prove very
useful. However, in more common instances whegadtbrnal duty of the machine is
not so constant and varies to a wide degree, &elihdata set will be insufficient in
trying to predict corresponding normal performarioe the considerable range of
conditions encountered. It may be argued thenahmbre comprehensive data set be

requested from the manufacturers that covers pkeeted off-design conditions, but
9
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this is infeasible and amounts to an unrealistigeetation. Compiling an extensive
data set requires a considerable amount of extrak vam the part of the
manufacturers, as they would have to run large mumbf tests on each machine that
they produce. Furthermore, Bailey McEw&hp. 159 indicates that releasing such
complete information on the performance charadtesiof their devices amounts to
releasing proprietary information and manufactueees understandably, reluctant to

divulge such data.

Bailey-McEwan® p. 160 also states that in mining applicationganticular, the
duties of refrigeration machines for cooling therknogs are subject to substantial
and permanent changes as a consequence of thedictgioke nature of mining.
Since these changes are highly irregular, it is @&y unlikely that manufacturers or
users will be able to predict the correspondingrajeg regimes that will prevail, so
even if they were willing to release a more sulisaiset of data it is probable that

these would not encompass some of the prevailiegabipg regimes.

Therefore, although some manufacturers of refrigggganachines do offer users a set
of normal performance measures for certain offglestonditions, only a limited
number of applications can enjoy this benefit. olustries in which the operating
conditions are irregular and not easily predictathther, more versatile technique is

necessary.

Using historical data

A method sometimes used that is unique to a péaticnachine and its environment
is to build up an accurate and extensive set dbii¢al data under a range of fault-
free conditions. This set is then used to developgression model that will predict

normal performance for the range of conditions reed.

However, according to Bailey-McEwaf) pp. 160-161, predicting corresponding
performance measures in this way is not practical & number of reasons,
particularly in a mining environment where signgiit seasonal variations occur.

Firstly, ensuring that the data is recorded undeltfiree conditions means that a high
10



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

standard of instrument and machine maintenance bristonsistently maintained,
which is both a costly and time-consuming requinetneSecondly, the benefit of
such a model can only be realised if it encompatisesntire range of off-design
conditions that will be encountered. Obviouslstisi a very tedious task and requires
a large amount of additional work that may be isiiele in many situations. Thirdly,
in applications that encounter significant seasaaaiations, building up a data set
capable of predicting corresponding performanceafbconditions may take several
years to fully develop. Obviously, investing im&thod that is so slow to deliver the

benefits is undesirable.

In addition to the direct inconveniences encoumtene site there are also drawbacks
associated with constructing the correspondingession model from the acquired
data and these disadvantages are pointed out bgyBdcEwan ® p. 161. If
conditions are encountered that are outside thgeran the data base the regression
model will be invalid as a predictive tool. Thuwsyen if many years have been
devoted to collecting data it is possible that urigonditions may be encountered in
the future that are not catered for. Furthermoggression models inherently only
consider input and output variables of the procasd do not yield the values of
important, non-measurable process parameters atel \&riables that are vital for
correct fault identification. To estimate thesaugfities, mathematical models need to

be employed.

Using comprehensive fundamental mathematical models

One technique that is both highly versatile and owarly time consuming once the
model itself has been constructed and verified a@s predict corresponding
performance values via comprehensive mathematicaldeta derived from
fundamental principles. As a consequence of iteléimentally based nature, this

method has a broad range of applicability and $y éa use once fully developed.

One of the most striking benefits of this methogdénted out by Bailey-McEwaf?
pp. 161-162 as its ability to predict normal orioptim performance for any given

combination of inputs and control philosophy. Tdeslues are merely variables in
11
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the developed equations and can be adjusted attavdluit the operating regime.
Also, both normal and optimum performance can bedipted by adjusting the

process parameters and state variables in the raodetdingly.

Bailey-McEwan® p. 162 remarks that mathematical models can asasbd for in-
depth fault diagnosis since they can, in principljmate the actual values of certain
important, non-measurable process parameters amel wariables, on the basis of
measurable quantities. Comparisons between thesatities under actual and
corresponding normal or optimum performance idgntife type and location of
certain faults. Once a model is developed forriqadar machine it can be applied to
similar machines with different specifications aotl different makes by simply

adjusting variable quantities as discussed above.

However, the task of developing a model is by n@amsesimple and requires a large
amount of dedication and validation to ensure thét reliable and accurate. If a
completely new refrigeration device is adopted dor existing application, then a
corresponding entirely new model must be develoged the old model becomes
inapplicable. Using such models also requires thatlatively large number of
measurements be recorded so that unknown processg@rs and state variables
that characterise machine performance can be sdtwed Also, comprehensively
modelling certain machine components requires petgy information. Thus,
although this method has numerous advantagess itdvéain impracticalities that take

away from its appeal.

Using a Simpler, Empirically Tuned Model

To a certain extent, the impracticalities encowdewhen using fundamental
mathematical modelling to ascertain correspondiiigpmance can be overcome by
using simpler modelling techniques. As for theadetl method described in the
preceding section, these types of models are atgovedl from basic physical

principles, but are not developed to the point @hl specific to a particular type of

machine.

12
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One such technique that has attracted significientton of late is thdJniversal
Thermodynamic Modetleveloped by Gordon and N§, who use the First and
Second Laws of Thermodynamics to derive their fdenfiar performance evaluation.
In short, the formula assesses the quality of nmecperformance with relatively few
measurements and is fundamentally derived sotigtin theory, globally applicable
to all machine types. Taking a limited number ocdasurements under fault free
conditions over the machine’s entire operating eargnd then using these
measurements in a regression analysis to set mantaistants in the model enables
prediction of corresponding normal performance.e Bevelopers of the model call
this techniqueuning Although a detailed review of this method isereed for a

subsequent section, its main advantages and disi@dyes are outlined below.

The main advantage of employing the Universal Tleelynamic Model is the ease
with which valuable performance quantities with igconomic value can be
predicted. Far fewer measurements are requiredrdier to accurately predict
corresponding normal performance than if a detaieddel was used. Work
performed by Thoma$Y, Gordon and N§ and Phelan, Brandemuehl and Kr&fi

are all testaments to the practicality of the model

However, as can be expected, this technique isvitbbut its drawbacks, which are
outlined by Bailey-McEwar® p. 165. The data recorded when tuning the model
must also be independently verified as represelffiinty-free operating conditions so
that the corresponding benchmarks can be usedceitiidence and the global nature
of the model makes it difficult to easily identifige type and isolate the location of

detected faults.

Nevertheless, the versatility and practicality afr@n and Ng’'s method still make it
an attractive method of performance predictioncmmplex machines where detailed
mathematical models are unavailable. In additb@ntain of its disadvantages can be
reasoned to be of negligible consequence, whilersthave been overcome to an
extent, as discussed in Section 3 and Sectiondvbel One of the objectives of this

study, as mentioned in the next section, is touatal the model’s fault diagnosis

13
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capabilities and Section 6.3 shows how a low lefé¢hult diagnosis can be achieved

via the Universal Thermodynamic Model.

Although conditions may arise which lie outside thage of fault-free conditions for
which measurements have been recorded, the eakewhith a check can be
conducted make it a simple matter to gather a netwof data for an unforeseen
operating regime. This amounts to doing a perfegceacheck on the machine and
testing under these desirable conditions. Prewaark done on verifying the model
by Thomas'*" employed this very technique of recording valuééeranaintenance
operations as a way of obtaining normal performandég, Chua et af*® also
developed techniques that enable the model to giregitimum performance and a
brief survey of their work is carried out in Chap®e The poor ability of the model to
identify and isolate faults can be argued as beinginor drawback. In most
situations, the time spent finding the location afknown fault is insignificant
compared to the penalties that would result ipressence was not detected in the first
place. Although fault isolation is necessary,aes not have to be done by the model.
Nevertheless, it will be attempted to show thatayJimited and low level of fault

diagnosis is possible through inspection of the efiscbutputs.

Thus, the question that arises is the extent oflicgiplity of the Universal
Thermodynamic Model to large-capacity, complex nraes found frequently in
industry. Valid conclusions from this questionMiirther enhance the attractiveness

of the model as a quick and effective performamgysis tool.

14
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1.4 Objectives of the Study

In this chapter the clear need for a quick and teyperformance measurement and
assessment tool for refrigeration machines has besiewed in light of the
economical and practical advantages that will tesult is necessary to predict
corresponding normal or optimum performance andthese as a yardstick against

which actual performance is compared.

Various techniques that have been adopted to predhicresponding normal
performance have been introduced and briefly restewvith particular attention paid
to the advantages and disadvantages of each. pHaep that Gordon and Ng's
Universal Thermodynamic Model has the potentiabécome more widely used in
industry if it can be verified for large-capacitgomplex machines employing

complicated refrigeration cycles.

The importance of comparing actual performance wibhmal or optimum values
under the same operating regime has been emphadiseglect of this requirement
risks leading to invalid conclusions and incorrelgcisions based on operating
performance. In extreme cases, such a mistakebmayst as detrimental as having

no performance assessment tool at all.

The objectives of this study are as follows:

1. Understand and critically analyse the assumptioadarby Gordon and Ng

in deriving their Universal Thermodynamic Model.

2. Examine the extent to which the predictive power tbé Universal
Thermodynamic Model can be satisfactorily extendedlarge-capacity

refrigeration machines using complicated refrigeratycles.

3. For at least one representative, complex machirtbdrfield, evaluate the
effectiveness of the Universal Thermodynamic Moidetetecting under-

performance and possible faults.
15
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4. For the machine(s) which are used to assess tlextigness of the
Universal Thermodynamic Model, evaluate the modd#slt-diagnosis

capabilities.
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2. LITERATURE REVIEW

Consistent with the objectives just defined, theréiture review is focused on the
following issues: presentation and critical analysf different methods adopted for
predicting corresponding normal performance ofigefiation machines; the need for
accurately and efficiently assessing performancelanfie machines employing
complex refrigeration cycles; outlining the histagpd development of Gordon and
Ng’s Universal Thermodynamic Model with particuleference to validating tests
performed by them; and attention to any refereratang the importance of matching
operating regimes when drawing comparisons betwaetual and desirable
performance. Each paper in the review is analyaecbrding to its respective

contributions to these concepts.

2.1 Diagnosing Faults from Actual Machine Perfor mance

Bailey-McEwan® pp. 294-303 describes and analyses the work et authors
who aimed to assess and diagnose refrigeration imagerformance directly from
measurements taken over time. In addition to tisadyantages put forward in
chapter 1 with adopting this method of performarassessment, each attempt

described also encountered some unique obstacissain.

Gluckman*® attempted to link some common faults to their piiynsymptoms based

on data obtained over years of operation and pegoce monitoring. From his data,
he constructed a table that listed some commortsfaid their most prominent,

observable symptoms and intended that it be usex diagnostic tool to determine
probable causes of faults. An operator could diagra fault simply by locating any
irregular set of symptoms on the table and selgdtie type of fault whose symptoms
matched them most closely. Table 2.1 shows or@luékman’s tables as it appears

in Bailey-McEwan® p. 294.
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Table 2.1: Lookup Table for Primary Faults, (Gluckm8#)

Fault Primary Symptoms

Condenser air blanketing (non- High condensing pressure, apparent liquid subcooling

condensable gas in condenser)

Liquid flooding in condenser High condensing pressure, apparent liquid subcooling

Condenser water-side fouling High condensing pressure, no liquid subcooling, high

water pressure drop

Low condenser water flow High condensing pressure, no liquid subcooling, low

water pressure drop

Oil in refrigerant in evaporator Low evaporating temperature

Insufficient refrigerant charge Low evaporating pressure

Despite the potential practical and economic bénefi simply using a lookup table
to diagnose faults, this method poses a uniquenpatgroblem that is pointed out by
Bailey-McEwan® pp. 294-295. Gluckmaft® distinguishes between symptoms by
referring to their ‘high’ or ‘low’ values for cerita parameters, which implicitly
requires that the interpretation of and distinctimiween ‘high’ and ‘low’ be made
with respect to normal values. However, in moskib@ cases such comparisons are
usually made with respect to design values antiaasalready been explained, actual
and design performance are not directly comparabless the operating regimes are
identical for both. If these are not identicaleogtors using design performance as
their benchmark are then likely to incorrectly diage faults since many parameters
are subject to large variations based on the apgreggime of the device. Of course,
this illustrates the concept stressed in the ginstpter of the necessity of using correct

corresponding performance as a comparative benghmar

Bailey-McEwan® pp. 295-296 also surveys work performed by Hatl Bimsted®,
and later by Hemp et df® that lightly addresses the problem of off-desigerating
regimes misleadingly suggesting unsatisfactory ggerdnce. Their programs, as
indicated by Bailey-McEwar® p. 295, “draw the user’s attention to off-design
inputs” by instructing them to first check the mighs input quantities relative to
design specification. Although not explicit andhaustive in their treatment of the
issue, they at least give some attention to theipitisy of misdiagnosing faults due
to off-design operating regimes. Table 2.2 is makem Bailey-McEwan® p. 295
18
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and summarises the deviations in certain stateabi@ms that each set of authors

considers as suggesting an off-design operatirigieeg

Table 2.2: Deviations Reported by Programs of Hall and Un&f2dnd Hemp et af'®

DEVIATION IN MEASURED QUANTITY Hall and Hemp et.
Unsted al.

EVAPORATOR AND CONDENSER

Water flow rate < 80% of design value J
Inlet water temperature > 3°C above or below design value \
Refrigerant pressure > 5% above or below design value \
Water pressure drop too low or too high \

a A~ W N P

Difference between temperature of condensing/evaporating \
refrigerant, and saturation temperature at refrigerant pressure,
too high

CONDENSER

6 | Outlet refrigerant temperature > saturation temperature at \
condensing pressure, or more than 1° below this
COMPRESSOR

Excessive superheat at compressor inlet \

Outlet superheat > 2°C above or below design value J

Grimmelius et al. attempted fault diagnosis from direct measuremienta
conventional way. Of particular importance is ttiedy draw comparisons between
measured values and corresponding normal quantiffegenty diagnostic variables
were monitored from a custom-built machine for amticeable deviations from
normal values to identify the presence of faullie normal quantities were obtained
via linear regression, which in turn was based @d08separate sets of measured data
recorded under fault-free conditions. Based on swmeaments taken, 37 “failure
modes”, or sets of deviations deemed to represairitsf were identified and their
respective effect on the diagnostic variables waterdhined. From this &ilure
mode symptom matriwas constructed that could be used in a similar way
Gluckman'’s table to suggest a fault, based on &mgmptoms that characterise it.
Table 2.3 is an extract from a failure mode symptoatrix of Grimmelius et af?, as

it appears in Bailey-McEwaff p. 298.
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Table 2.3: Extract from a failure mode symptom matrix, (Grielias et al¥)

Compressor Evaporator Condenser

Failure |Inlet iElectrical  iSuper-  i(other Outlet ‘Chilled  (other Sub- : (other

Mode |Pressure iPower iHeat imeasuremems)Pressure iwater imeasuremems)coolingimeasuremems)
Etemperaturei at
ichange outleti

la < i< > > 1< |

1b > > > 0 <

2 s | | | < |

3 o< o<

sl s < SR,

5 < < < o

<: decreased value due to fault

>: Increased value due to fault

la: Compressor, suction side, increase in flow resistance

1b: Compressor, discharge side, increase in flow resistance

2: Condenser, water side, increase in flow resistance

3: Refrigerant liquid line from condenser, increase in flow resistance

4: Thermostatic expansion valve, control unit: power element loose from pipe

5: Evaporator, chilled water side, increase in flow resistance

Although Grimmelius et al.) were correct in using corresponding normal

performance as their benchmark their method costaimime inherent shortcomings,

which are identified by Bailey-McEwaf pp. 298-299. Unanticipated faults, which

may arise under irregular or untested operatinglitioms, may produce symptoms

that cannot be interpreted by their model.

In pthieuations, different faults may

produce the same primary symptoms and thus becodistinguishable from one

another. Where multiple faults exist in one maehiheir respective symptoms are

likely to interfere with each other and signifidgnteduce the probability of a correct

diagnosis. Finally and most obviously, obtainingts an extensive data set is simply

too time-consuming and tedious to gain widespregaljarity in industry.
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In reviewing the works of Gluckmat¥, Hall and Unsted™, Hemp et al®®, and
Grimmelius et al discussed above, Bailey-McEw&hpp. 294-303 emphasises the
importance of detecting off-design inputs or cohtmhilosophy, which may
contribute significantly to unsatisfactory perfommsa. All of the papers attempt fault
diagnosis from measurements only and one usefudfitenf this is detection of off-
design inputs. However, not all operating faulis e detected from measurements
alone and so these methods might not be suffigierdliable as performance

monitoring tools.

In reaction to the shortcomings of fault diagndsis measurement alone, Bailey-
McEwan ® pp. 303-321 reverts to process modelling techrigwehich derive

important measures of performance based on measaotgemr estimates of important
process parameters or state variables, as the deestible method of performance
assessment. This procedure is justified by ithtplbd reveal faults that are either not

detectable by measurements alone or are highlytichzated.

Reference is made to Isermaffl who indicated that fault diagnosis via process

modelling requires three separate models:

* A model of the actual, or observed, process
* A model of the normal process

* A model of the faulty process
Isermann*® also goes on to state that mere detection ofsfasilhot enough and that

correct diagnosis is also of high importance. radeo to achieve effective diagnosis,

however, the model must use the fundamental laatsgibvern the process.
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2.2 Universal Thermodynamic Model

The Universal Thermodynamic Model, which is thenmaty focus of this study,
attempts to precisely predict the COP of a machiased on relatively few
experimental measurements, some of these being-wiatait quantities. Although
several papers have been submitted on this meémadysing three publications that
outline its main aspects can effectively trackenslution. A full review of the model
is reserved for the following chapter, so a brieflioe of its development is presented

below.

Gordon and N& review and further develop their method that vess fntroduced in
Gordon and N¢®. They point out that their method, the UniverShérmodynamic
Model, pertains to all types of refrigeration mangtd and that it is simple enough to
yield analytic formulae for key performance chagaistics. They state that their
model captures the essential physics of the refige mechanism by analysing how
irreversibilities affect the performance of a sfieanachine. A brief justification of
their work is given by referring to existing metlsoof performance analysis as being

case-specific and therefore not widely applicablalt machine types.

Gordon and Nd® then discuss how refrigeration machines can beactexised by
curves of 1/COP versus 1/ (Cooling Rate), as shaow®hapter 3. From these curves
it is shown that there is an intermediate rangeooling capacities for which COP is a
maximum and that, for different rates of coolingffedent types of irreversibilities
dominate over others. The essential elements aedngtions of the curves are
discussed and these are used to arrive at a gefwenalila, which is given by

Equation 3.1 or Equation 3.2 in the next chapter.

This formula is then shown to apply to reciprocgticentrifugal, absorption, thermo-
acoustic and thermoelectric chilling devices. Q@ftjgular interest are the results
obtained for reciprocating and centrifugal chillesince they constitute a major

proportion of the types of devices used in industry
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For reciprocating machines, the predictive powerttef model was shown to be
highly accurate. Tests were conducted on a non88&W cooling capacity air-
cooled device and experimental values were obtaifniech the manufacturer's
catalogue for COP values between 1.5 and 3.5 ambfing capacities of 37-65kW.
Curves of predicted COP versus measured COP wéaineti and Gordon and Ny

show that the predicted values have a RMS errof%frelative to the measured

values.

The tests performed by Gordon and Rgn the centrifugal chillers were aimed more
at illustrating the diagnostic capabilities of tm®del. In this study the impact that
heat exchanger fouling has on the performance oéfagerating machine was
explored by taking measurements and predicting @@P before and after
maintenance operations, in which the heat exchanhgess were cleaned, were
performed. It was shown that the performance efritachine improved by about

36% on average for similar operating regimes.

Ng, Chua et af*® provide further justification on the developmeffttioe Universal

Thermodynamic Model by stating that it can be ufmdanalysis of an installed,
operating reciprocating machine by taking only & fatal measurements instead of
performing a large number of time-consuming experita. They further develop
their interpretation of the characteristic curvebin line with an adapted version of
the Universal Thermodynamic Model. They argue that previous version of the
formula characterised machine performance in teahshree lumped empirical

parameters whose physical significance is not lglelafined since they constitute the

combined effects of a number of different irrevieilgies.

The alternative model submitted still uses threeampaters to illustrate machine
performance, but the physical significance of th@seameters is clearer. The
parameters in the new version specifically quarttify total entropy production, the
heat exchanger thermal resistance and the equiviaéen leak of the machine. The
new method, according to Ng, Chua et @, allows for more powerful fault
diagnosis than before since it becomes easier émtifg where performance
degradation occurs once the parameters are watledkand understood.
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Another key objective fulfilled by Ng, Chua et &P is their illustration of how the
Universal Thermodynamic Model can be adapted terdehe optimal machine
operating conditions and how the potential improgatn COP can be realised from
minor machine modifications. Determination of opiim performance via the
formula is achieved by taking the derivative of C@Fh respect to heat lost at the
evaporator and with respect to the evaporatorscéffe thermal conductance. These
derivatives are both set equal to zero for optittasaand solved simultaneously.
Once experimental values are found for key parametalues for the heat transfer

rate and the thermal conductance that maximise €&Dhe determined.

In a later presentation, Ng, Gordon and CH{aurther demonstrate the diagnostic,
optimisation and predictive capabilities of the piga version of their Universal
Thermodynamic Model and also qualitatively illustréhe shortcomings of adopting
an endoreversible model to predict performancedoEsversible models assume that
the refrigeration cycles are internally reversiaal that the only losses that occur are
external to the system. Through experiments perédr on different chillers, which
are discussed below, it was shown that internal/arsibilities do have a significant

effect on performance.

The predictive capabilities of the model were iitaged by Ng, Gordon and Ch{t&
for a variety of chillers through experimentatioRor a reciprocating device, it was
proven that values for key parameters obtainedhgamodel are in close agreement
with the same values obtained through rigorous oreasent. The analysis adopted
for a centrifugal machine involved taking key measwents before and after
maintenance operations and comparing how the mpeslicts the corresponding
performance characteristics. It was shown thatexgected, the model accurately
identified that the heat exchanger tubes had belaned. The internal
irreversibilities of the chiller, which are, in marcases, not affected by heat
exchanger cleaning, remained unchanged but theuctantce term in the model did
vary, which is indicative of the cleaning operatichat were carried out on the heat
exchanger tubes. Tests were also conducted onbaarpion device and on
thermoacoustic and thermoelectric chillers, whiclonfemed the universal
applicability of the model.
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Lee !® extended the Universal Thermodynamic Model to jotettie performance of
screw liquid chillers under various operating cdiodis by conducting a number of
experiments that validate its accuracy and applibab His experiments involved
taking water side measurements of cooling watet it@mperature, chilled water inlet
or outlet temperature, and cooling capacity. Hés dpr the older version of the
Universal Thermodynamic Model, which utilises lurdgearameters instead of more
physically meaningful ones. Thirty-six sets of exments were performed to cover
all combinations of testing conditions for a nontipwaated 211kW liquid chiller
using a semi-hermetic twin-screw compressor. {Begoes on to prove that his
experiments yield a high degree of correspondemte@den measured performance
guantities and predicted ones. Plots of 1/COPugets (Cooling Rate) for a variety
of operating conditions illustrate that the expenntal data points obtained lie very
close to the straight-line curve predicted by thevdrsal Thermodynamic Model and
the RMS error between measured and predicted C@iheld by Lee is about 1.43%.

Phelan, Brandemuehl and Kraftf propose methods of conducting in-situ, or non-
intrusive, performance tests on chillers. Theypout that using manufacturers’ data
or laboratory measurements is often risky whemtryp assess performance since, as
was mentioned previously in section 2.1, the ihestiadievice in actual operation often
operates in a considerably different way to whas watially thought. This then
prompts the need for in-situ field measurementsjciwitan be taken without

significantly disrupting the machine’s desired Gtiem.

At the time of publishing their article, PhelanaBdemuehl and Krartt?) observed

that there were no widely accepted equipment-sipegibtocols that outline how to
conduct in-situ tests on refrigeration machinesony@ntional methods all involved
the development of custom measurement plans anigtianh procedures for each
installation. In addition to being time-consumisgch methods will also often result

in inconsistent performance measurements and isedeavaluation costs.

The testing procedure proposed by Phelan, Brandeinamel Krarti®® makes use of

the earlier version of the Universal ThermodynaMadel, since the alternate version

had not been developed at that stage. Howevermthael was still selected over
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other existing methods since it only requires atéoh number of parameters, which
makes it attractive for practical field-testing. ayé in which both temperature-
dependent and temperature-independent versiorteeahbdel, which are introduced
in Section 3.1, can be used to predict performdrara a few key measurements are
discussed. They developed five methods for pelifggrim-situ tests. These methods
encompass scenarios that depend either on man#fegtdata or measured values
for both the temperature-dependent and independedels under imposed loads or
over short durations of time. Validation of theposed methods was conducted on
two chillers at a high school in Victoria, Texasdathe results obtained were
considered in conjunction with the expected expenital uncertainty. It was found
that the deviations between measured and prediCe& were smaller than the
inherent experimental error, thus indicating tinat tyniversal Thermodynamic Model

was acceptably accurate.

The experiments conducted by Phelan, Brendemuehlkaarti *? also illustrated
that part-load operation was the most significactdr affecting operating efficiency,
and that evaporator and condenser water tempesatare only a secondary impact.
It was also concluded that the temperature-indegr@ndnd, to a lesser extent, the
temperature-dependent models are valid and atteafdr field tests. The simpler,
temperature-independent model is easier to impleraed compute and so it was
deemed the most desirable option. Although thep&aiure-dependent model is
slightly more complex, it was shown to be accurébe calculating energy
consumption, which also determines COP. In additolimited data set was proven
to be sufficient when adopting the temperature-ddpat model, which enhances its

attractiveness.

Thomas Y undertook to verify the Universal Thermodynamic déb through
experimentation on a 10.5MW(Rj' chiller used in conjunction with four other
identical chillers on a gold mine. Both the oldlarew models, respectively referred
to as thegraphical methodand themagnification constants methdry Thomas™?,
were used and evaluated in terms of their accumaithi respect to measured
performance quantities. The conclusion reachedtatghe two models could not be
separated in terms of accuracy and reliability, thet graphical method was deemed
26
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superior in terms of diagnostic capability. Thssa result of the requirement that,
when using the older model a number of plots neelet generated before the final
curve can be obtained. These intermediate graphdde a number of additional
tools that facilitate easier identification of feylor in the words of Thom&s: they
“allow the user a number of extra tools to allow Better pin-pointing of possible
problems.” Figures 5.1, 5.2, 5.5 and 5.6 in Sec&oshow the graphs that were
generated for the centrifugal chiller in this studyAnalysis of their slope and
intersections with the x and y-axes can offer insigto possible causes of faults.

3 He suggests that the

Thomas’ opinion here differs from that of Ng, Chetaal
older version of the model is more effective atniifging and diagnosing faults
whereas Ng, Chua et & developed the alternative version as a meanscttitdze

easier fault diagnosis. The older version of tloeleh will be used in the remainder of

this study for the following reasons:

The study can be aligned with other verificatstudies on the Universal
Thermodynamic Model, such as Leé*® investigation of a chiller with a

SCrew compressaor.

The literature surveyed- such as Gordon and®gLee ®® and Phelan,
Brandemuehl and Krart? - provides detailed information on the application
of and practical precautions with the older versiamich becomes useful
when the experimental data of this report is to menipulated for

interpretation.
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2.4 Review of Chapter

Different attempts to devise quick and practicailethods of performance analysis
have been discussed. One mistake often encountdrex assessing performance is
to compare actual performance with design perfomaawnhich is likely to lead to
incorrect conclusions about the former if the opegaregimes differ. The literature
has revealed that some authors, such as Grimmetlias ), avoid this mistake by
correctly using corresponding normal performancehasbenchmark, but few have

explicitly stressed its paramount importance.

The Universal Thermodynamic Model, which claimsawcurately predict normal
performance, has been introduced and its develophsnbeen outlined. Attention
has been given to instances where its creators wenBed its accuracy through
experimentation for a broad range of different oapbevices. It has also been noted
how the model has evolved from an earlier lumpe@upater formula into a version
that clearly identifies the physical significanck each category of irreversibility.
Investigations undertaken by authors who electagstothe earlier version have been
presented in an attempt to distinguish its advatag aspects and a review of
Thomas’ Y investigation in particular serves to justify thdoption of the older

version in the remainder of this study.

28



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

3.ANALYSIS

3.1 Review of the Universal Thermodynamic Model

Gordon and Ng® pp. 6-7 offer some important introductory concepts their
Universal Thermodynamic Model and its early develepts that confirm the
physical possibility of a universally applicable deb for all chillers. They propose
that all chillers can be characterised by how taefficient of Performance (COP)
changes with respect to cooling rate and that & @idl/COP versus 1/ (Cooling
Rate), taken from Gordon and Ngp. 6 and given in Figure 3.1 below, is instructive
in illustrating the universal aspects of all realpon-idealised, devices.

High Cooling Rate Region
1/COP

\

Low Cooling Rate Region

Isolated Contribution from External Losses
{endareversible model)

1/(Cooling Rate)

Figure 3.1: 1/COP versus 1/ (Cooling Rate), (Gordon and'Ng. 6)
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All real chillers have irreversibilities that act impair their operating performance at
both high and low cooling rates. In the case ofmaaical chillers, the bottleneck of
finite-rate heat transfer in the heat exchangemitdi the machine’s performance at
high cooling capacities. Such an irreversibilisy termedexternal since it is a
consequence of the machine’s thermal communicatitm its reservoirs (the warm
and cool environments that heat is, respectivadjected into and removed from).
The region of high cooling capacity is shown in tigeire and it can be observed that
as the cooling rate increases to a limiting valdeindinity, the COP rapidly

approaches zero.

At low cooling rates, internal irreversibilities miinate performance. This comes
about since external irreversibilities, such ast hemnsfer to the surroundings, are
diminished at low cooling rates but internal losses affected to a lesser degree.
Therefore, the internal irreversibilities contribua greater portion of the overall

irreversibility. Internal irreversibility mechamis include dissipation from fluid and

mechanical friction, and throttling, and all of sieelosses occur within the machine
itself. This region is also shown on the figurel dncan be seen that the COP drops

off, although not as drastically as before, asctiaing rate decreases.

Thus, since different types of irreversibilitiesntioate at high and low cooling rates,
Gordon and Ng" pp. 6-7 note that there must be some intermediatge in which

COP reaches or approaches a maximum value, as siothe figure where 1/COP is
at a minimum. Logically, designers and manufactioé refrigerating machines aim
to have this maximum COP point occur near the poiithe most frequent operating
regime. This is chiefly due to the idea that frergjuoperation at high efficiency will

result in cost savings. Thus, determination ofpgbimt of maximum COP becomes an

important goal for both manufacturers and usekeali

The figure also reveals that, for the majority tihimable cooling capacities, plotting

the reciprocals of COP and cooling rate yieldsraigit line. In fact, non-linearity

only exists for a small portion of excessively higioling rates that approach infinity

and for which the COP rapidly approaches zerds ihost likely that manufacturers

avoid designing their devices in this region siadarge majority of the power drawn
30



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

to achieve the high cooling capacities will be giated wastefully. The conclusion
can therefore be drawn that a linear relationstgpwben 1/COP and 1/ (Cooling

Rate) can be safely assumed provided the cooliegsanot exceedingly high.

As an aside remark, the figure also indicates #udaied contribution of external
losses on the COP of refrigerating machines, shbwithe broken line below the
main curve. Considering only external losses @sgbgignificant means that internal
irreversibilities are considered negligible and thachine is correspondingly seen as
being internally reversible oendoreversible. It can be seen that under an
endoreversible assumption, COP reaches a maximuuoe \& the limit of zero
cooling rate. Although a detailed discussion &f ittadequacies of the endoreversible
model is not attempted here, it is sufficient tg &t it does not model real machines
with a high level of accuracy and that a fundamgnsmund mathematical model that

considers all loss mechanisms is preferable.

Although the above argument was made with respegtechanical chillers and their
specific loss mechanisms, Gordon and Ngp. 6-7 point out that there are always
irreversibilities that disfavour both very high alesv cooling rates no matter the type
of machine. Thus, in theory, their formula sholédvalid for all types of chillers. In
some of the papers reviewed in Section 2, suchoadd® and Ng”, Thomas*? and
Lee ™ the model is verified for a number of differenachines employing different

principles of refrigeration.

Once it is understood that the operating perforraasfcall refrigeration devices can
be characterised by both their internal and extdosses it becomes appropriate to
enter into a more detailed analysis and reviewhaf Wniversal Thermodynamic
Model. What follows is an introduction to the matiatics behind the model and a
brief description as to how it should be used peatly. The formulae are presented

in more detail in Appendix A and Appendix B.

It is important to note that, as was mentionedhapter 2, only the early version of
the model is presented. This version quantifieciime irreversibilities as three
lumped parameters instead of three clearer, morgiqaily meaningful quantities.
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The model considers a basic vapour-compressioigegting device, as shown in
Figure 3.2 below, which has been adapted from Manash Shapird® p. 450. The

machine comprises a compressor, condenser, expadeiice and evaporator. Heat

is removed from a cool environment by the evaporatwd rejected into a warm

environment by the condenser to achieve the re#ige effect.

condenser coolant
loop

WA
environment

expandin

g device

condenser

evaparator coolant
loop

evaporator

compressor

input power
-—

coal
environment

Figure 3.2: Vapour-Compression Device (altered from Moran Shdpiro® p. 450)

By invoking both the First and Second Laws of Thedgynamics, the Universal

Thermodynamic Model equates to the following twanis, as given by Bailey-

McEwan ® p. 349. His work re-presents a detailed derivat the model based
primarily on Gordon and N§’, Gordon, Ng and Chu&” and Gordon and N§°. It

is important to note that these formulae assumettigadominant loss mechanisms in

the machine are internal irreversibilities, thisngegenerally so for manufacturer’s

intended operating ranges in commercially availabl@gour-compression chillers.

COP

COoP

lQIp.side

[qlp.side
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Tci and T, respectively denote the absolute coolant waterpésatures at the
condenser inlet and evaporator outlety sdeand g sice are measures of the “losses”
due to irreversibilities at the condenser and exatpo, respectively, and (Js the
heat transfer at the evaporator. The t€at represents the effect of fouling in the

condenser and evaporator.

Equation [3.1] is used when no significant heathexger fouling exists in the
machine, while Equation [3.2] does not make thisuagption and takes possible
fouling into account. Gordon, Ng and Chi& express the additional term in

Equation [3.2] in measurable variables as follows:

Tci Tei (1 1 . Onp.side
Fo [3.3]

The terms E and k are heat exchanger factors for the condenser eapogator,

respectively, according to Gordon, Ng and Citla

Cengel and Turnéf® describe the mechanism of heat exchanger foulifiiey point
out that it occurs over time as deposits accumubaiehe heat transfer surfaces,
providing additional resistance to heat transfaf iampeding the rate of transfer in the
heat exchanger. The most common type of fouliegnstfrom the precipitation of
solid deposits or deposition of suspended solidsa ifluid on the heat transfer
surfaces; an everyday example of this phenomenshagn by the layer of calcium-
based deposits that forms on the inside of a halddtettle after prolonged use.
During maintenance operations on a cooling machirtee heat exchanger surfaces

are cleaned thoroughly the effect of fouling becemegligible.

As related by Bailey-McEwaf? pp. 349-351, Gordon, Ng and CH{f point out that
application of Equations [3.1] and [3.2] to praaticscenarios requires a key
distinction to be made about the nature of the-baatying fluid temperatures,cil
and Tg,. If the experimental values obtained for these tamperatures are relatively

constant, then the followinggmperature-independemersion of the model should be
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used, which predicts the following straight-lindat®nship between 1/COP and 1/
(Cooling Rate):

1 C
= CO + 71 [34]
cop Qc

The value of ¢ the slope of the straight line, depends on ttermal lossesgsise and
Onpside o is the intercept of the line with the vertical svand, in the event of
significant heat exchanger fouling, depends onhi&t exchanger factorg land &

and on the same internal irreversibilities asd sige aNd Gp side

For situations with appreciable variations ig @and Tz, thetemperature-dependent
model is adopted. This version of the Universarfitnodynamic Model assumes that
the internal irreversibilities of throttling throbhghe expansion device, non-isentropic
compression and fluid friction are not excessive tirat the heat leaks follow a linear
heat transfer law. This model is re-presented kyleB-McEwan® p. 351 via
Gordon, Ng and Chua” as:

. . . TCI
1 Tei Teo [3.5]

The constants £ C; and G indicate the influence of the machine’s internal
irreversibilities. A brief comparison of Equati¢®5] and Equation [3.2] shows that,
for a fixed condenser inlet water temperatueg The constants £and G can be
considered to loosely represent the tergxigs Which accounts for irreversibilities in

the condenser and,@epresents gkide O the irreversibilities in the evaporator.

Both the temperature-dependent and temperatur@émdient models are attuned to a
particular machine by determining the values ofdbmstants. This entails obtaining
accurate values of the water-circuit temperaturgsTE,, the load on the evaporator
Qe and the COP over the machine’s operating rangéhe donstants are then
approximately determined via linear regression esina general, the relationship

between 1/COP and 1/ (Cooling Rate) has been prdwebe a straight line.
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Thereafter, the attuned model can be used to prédianachine’s COP for a number
of operating conditions. Limited fault diagnosandbe achieved by interpreting how
the values of the constants change from correspgndormal predictions. This

involves observing how the curves change in teritBesr shape and position relative

to the axes.

Aside from its simplicity and practicality, a keghaantage of the model is its ability to
predict corresponding normal performance, the itgmae of which has been stressed
in chapters 1 and 2 above. This merely amountsetéorming initial tests under
specified normal conditions for a range of probabfmits and using the outcomes as
performance benchmarks. Of course, this requitesthe operating data for normal
performance must be verified as being acceptablyurate by supplementary,

confirming measurements.

3.2 Experimental Analysis

Before testing can be conducted to try and verifg Universal Thermodynamic
Model for complicated industrial refrigeration maws, it is important to clarify

certain aspects of the proposed experiment.

3.2.1 Required M easurements

Inspection of Equations [3.4] and [3.5] reveals tvdpaantities need to be measured in
order to verify and later apply the Universal Thedynamic Model to the machine to
be tested. Assuming that the fluid inlet and duteemperatures will not prove
constant across the measurements, the followirighias will need to be recorded for
a range of operating conditions to attune the teatpee-dependent version of the
model:
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Tci and Tg,, the condenser inlet and evaporator outlet wateperatures. In
some installations, thermometers are permanentsitipped to constantly
monitor these variables and can be used to deterthenexperimental values.
Obviously, this will require some sort of validaticheck on the instrument’s
accuracy to determine the level of confidence wilfich it can be used. If no
such devices exist on the machine, or if they agented insufficiently
accurate, then temperature sensors obtained elyemsn be used, the
accuracy of which must be assured. This will amidonplacing the new
sensors on or into the corresponding pipes atdhdenser inlet or evaporator
outlet and as close to the actual heat exchangpossble to try and obtain
accurate readings.

Qg, the evaporator load, which measures the rateeaft lhemoval at the
evaporator. The following expression is given ngel and Turnef for

evaporator heat transfer in terms of measurablatiies:

Qe = mae - Cg - ATe [3.6]

The quantity ni is the mass flow rate of chilled water through ¢veporator
in kilograms per second. Qs the specific heat of the fluid and it should
strictly correspond to the log mean temperaturethef water through the

evaporator, the determination of which is describg@engel and Turné.

Obtaining the log mean temperature requires theegalbf two other key
evaporator temperatures, the refrigerant inlet@uitet temperaturesgg; and
Tero However, Moran and Shapifd, pp. 85-86, state that, over limited
temperature intervals, specific heat of an incorsgilde substance like liquid
water ‘can be treated as constant without a setemssof accuracy’. Thus, the
specific heat at the average chilled water tempezafcross the evaporator
can be used to simplify the determination gf QFhe change in temperature
across the evaporatoATg, is obtained from the measurements of water

temperatures described earlier.
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 The COP of the machine. This requires utilisatdbrEquation [3.7], which
states that the COP is equivalent to the cooliag lon the evaporator divided
by the power input to the device. The cooling lositl be obtained as
described in the point above whereas the powertiopao be determined by
measuring the power drawn by the compressor aret atlhichine components
and multiplying this by a measurable power factBquation [3.8] is adapted
from McPartland and Nova¥? p. 86 for measuring power of typical three

phase machines:
COP=Q/P [3.7]

P = 3 .V.I.cos® [3.8]

The cosg) term is the power factprand can be directly obtained by
measurement. It is the ratio of the actual powawihg to the load over the
apparent or measurable power in the circuit. Bloghvoltage V and current |
can also be ascertained by measurement via a weltmend ammeter
respectively. It must also be confirmed beforehtdnad the chiller is, in fact, a
three-phase device. If it is not then the aboventda will simply read P =

V.l.cos ().

Although the above points describe ways of manuwdgiyving the required quantities,
some installations are equipped with automatedesystthat display these values
directly. Obviously, in such scenarios, the accyraf these readings must be

determined before they can be utilised with anyfidence.
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3.2.2Model Validation

In addition to those measurements that are exXplicgquired by the Universal
Thermodynamic Model, certain other quantities alsed to be obtained as a means
of confirming the accuracy of such measurementses& quantities can then be used
in an energy balance to ascertain whether the laparformance measurements are
sufficiently accurate. The balance will take irocount all measurable energy
transfers at the main system components and givedication of the validity of the
recorded values.

Heat transfers other than those at the heat exelnsuiagd the compressor are likely to
occur due to machine losses, such as heating ah dile bearings and then the oll
having to be cooled, and due to heat lost to thmeosndings at the evaporator.
Nevertheless, such quantities should be very smiaéin compared to those at the
main system components and the balance should Eselcto zero if the measuring
equipment is sufficiently accurate. The requirezhsurements for the energy balance

are as follows:

» Water temperatures at the condenser outlet andoestayp inlet, &, and T
respectively, need to be measured in addition ¢gehat the condenser inlet
and evaporator outlet defined above.

* Mass flow rate of heat-removing water through tbedenser, mg.

An effective way of validating the predictive acaocy of the Universal
Thermodynamic Model is to compare the predicted @DRiined from the model
with the actual, or indicated, COP under the sarperaiing conditions. The
procedure will also require an uncertainty analysisthe instruments yielding the
measurements to estimate the overall uncertaintyindicated COP and other
measured quantities. The deviations between medsamd predicted performance
can then be determined and it can be ascertainethethese variations are smaller
than the expected experimental uncertainty, whiduld then suggest acceptable

accuracy in the experimental outcomes.
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3.2.3 Fault Simulation

Once it is decided that the model predicts perfoiweawith acceptable accuracy
under normal conditions, supplementary tests cgueb®rmed to try and illustrate its
diagnostic capability. This will require simulaginreal, faulty conditions and

monitoring how the COP changes.

A faulty condition often encountered in field in#ions is that of heat exchanger
fouling, which has been introduced above. Proldngee of the machine results in
deposits building up on the water sides of the b&ahanger surfaces that ultimately
act to impede the heat transfer. The version @fithiversal Thermodynamic Model
that will be employed allows for the effects of liog when they become noticeable,

as mentioned in section 3.1.

For example, fouling in a machine’s condenser addke resistance to heat transfer
between the hot and cold fluids since it introduaesther resistive layer for the heat
to pass through and thus reduces the COP. Theimegacim turn, will try to
compensate for this increased resistance and nraiatdairly consistent cooling
effect by increasing the condensing pressure amtpdeature of the refrigerant.
However, raising the pressure and temperature ofdemsation means that the
compressor must do more work and draw more elettgower to cope with the

increased load.

One way of simulating the effects of fouling isrestrict the flow of water through
the heat exchangers so that heat transfer is ieghaids for the case of actual fouling,
the machine will try to maintain the heat transfete by increasing the log mean
temperature difference to compensate for the greesestance to heat transfer due to
this lower flow. It achieves this by increasing ttondensing temperature and hence

pressure, thus forcing the compressor to do mor&.wo

Many installations facilitate the variation of watiow rate by an adjustable valve

that acts as a water shut-off point if maintenamgerations are required on the heat

exchanger and also to assist with water-balandiraugh the component. A number

of measurements can then be taken at a numberffefedit water flow rates to
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determine how the COP changes accordingly. Thishau of different water flow
rates must be sufficiently large to comprehensiviiigtrate the predictive power of

the universal model, but must not be so large & timpractical.

3.2.4 Practical Constraints
However, before the above tests can be performexck tare a number of practical
aspects of the experimental procedure that nedxk taddressed. These are chiefly

preliminary considerations that depend on the liasian and are listed below.

» The degree to which the machine’s operating regiare be adjusted. This
depends on how severely alterations to the machiogérating regime affect
the building that it serves and might also depemthe time of day selected to
perform tests. More drastic variations will prolyabe allowed when there

are very few occupants inside the building thanmites full.

* How long the machine takes to reach steady staée é$ operating regime
has been adjusted. Maintenance personnel shouldbbe to give an
approximate estimate for this time. The time framé depend on the
attributes of the installation itself, in particulthe length of water piping
throughout the system, which will directly affebetvolume of chilled water

in the building.

* The impact that variant thermal load of the buiddiand varying external
ambient conditions will have on the readings ol#dinldeally, both should be
as constant as possible to achieve optimal testmglitions. This will also

depend on the time of day selected for the tests.

The considerations discussed above are merely ljuwedehat aim to assist the testing
process by identifying constraints that will tydigdbe encountered. Upon inspection
and analysis of the selected test site a morelé@takperimental procedure can be

drawn up that outlines precisely what is to beqrenid in a step-wise manner.
40



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

3.3 Review of Chapter

The Universal Thermodynamic Model has been intreduwith emphasis placed on
the linear relationship between the reciprocalsC@iP and cooling rate within the
manufacturers’ intended operating ranges of vapounpression refrigeration
machines, and on the effect that internal and eatemrrreversibilities have on
operating performance. Within the manufactureremnded operating ranges, internal
irreversibilities dominate, while the external iregsibilities of heat transfer across
finite temperature differences start to dominate@sing rates increase towards the

manufacturers’ design maximum. This places a mariron attainable COP.

Both the temperature-independent and temperatyrerdient versions of the model
indicate that the performance of any mechanicdlechtan be characterized by its
internal irreversibilities, which, in turn, can bbaracterized by ‘lumped’ parameters,
or constants. These constants can be determiaegiceurate measurement of outlet
chilled water temperaturegd, inlet condenser water temperaturg, ater chilling
load Q and COP over the chiller’'s operating range. Fyr @perating regime within
this range, the appropriate version of the modal lva used to predict the chiller’s
corresponding normal performance, which enablesadtial performance to be

meaningfully assessed.

Certain irreversibilities, notably external onesedto water-side fouling in heat
exchangers, become more prominent over time itHiker is left to operate without
appropriate maintenance being carried out on ihe Todel enables limited fault
diagnosis in such cases through interpreting ctaingés ‘lumped’ parameters from

their normal values.

Finally, methods to obtain the key quantities rdedr by the model, to validate the
accuracy of the measured quantities and to simti&tdault of excessive water-side
fouling are given as bases of the experimentalquoe described in Chapter 5 for

the chillers described in Chapter 4.
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4. EXPERIMENTAL FACILITY

4.1 Site Description

The Investec building in Sandton, Johannesburdizesi eight dedicated, water-
cooled refrigeration machines in their HVAC (HegtinVentilation and Air-
Conditioning) system. The chillers are all housethe building’s basement so that
they do not interfere with operations at groundeleand so that the machines are
accessible to maintenance personnel and engine@fsthe eight chillers, seven
employ reciprocating compressors whereas one usestafugal compressor. The
reciprocating chillers are similar York units aribeanploy two identical compressors
in parallel. The centrifugal machine is manufagetuby Carrier and uses a single

compression stage.

The entire HVAC system, including its measuremend alisplay devices, was
installed and is maintained by the contracted camp&nviroware Construction.

The site information that follows has been obtaiftech them.

With respect to the points raised in the practeaistraints of section 3.2.4, a high
degree of freedom is available for testing since tither seven chillers will
compensate for any induced changes in operatingneegn one machine via the
Building Management System, or BMS. This systemasle up of a series of sensors
and actuators that monitor the cooling or heateguirements of the building and
control the air-conditioning system accordinglyhu$, manually reducing the cooling
capacity of one of the devices will cause the otmren to slightly increase their
capacities so that the building’s internal envireminis maintained. Of course, this is
only achievable if maximum cooling is not being ledl for and there is some

available capacity in the refrigeration system.
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However, if a machine is adjusted so that the requpressure difference across the
compressor to achieve the desired cooling gets lange an automatic safety
mechanism is activated and the whole machine stiowgn. This precautionary
measure ensures that the compressor is not mageetate beyond its capacity since
it may have permanently damaging effects. If,gample, the condenser inlet water
reaches a very high temperature thus limiting tme@wnt of heat rejection from the
refrigerant, the machine may be in danger of trigpout since the increased water
temperature ultimately means a corresponding iseréa condensing pressure, and
hence pressure rise that the compressor must @&cimegrder to meet the cooling

demand.

Cooling towers on the roof of the building house Heat-rejecting, or coolant, water
that is cooled down before being re-circulated bacthe condensers. Four cooling
fans that can be operated automatically or manuathylate the temperature of the
water in the towers by controlling the amount afuined air flow over the water. The
fans draw atmospheric air through the cooling tens&r changes in the ambient wet-

bulb temperature will affect the temperature ofwater entering the condenser.

The decision whether to test the centrifugal oreaiprocating machine largely
depended on the ease with which the experiment deuconducted. Factors that
could facilitate easy testing include the time taker the device to reach steady state
after changes are induced, the ease of obtainedjrrgs and their accuracy and the
presence of adequate measuring points on the nwifrerternal instruments have to

be employed.

However, due to favourable time constraints andwiingness of the maintenance
personnel at Investec, tests were performed ontgpds of machine. Verification of
the Universal Thermodynamic Model on two differdetvices obviously proved more

valuable than validation on only one.
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4.2 Centrifugal Chiller

4.2.1 Centrifugal Chiller Specification

The centrifugal Carrier chiller was selected faa fhist set of tests. It was noted that
the centrifugal machine facilitates easier recaydih some key parameters. Values
for the heat exchanger inlet and outlet temperatanel pressures, and for the voltage,
current and power factor of the machine are digaayn a digital readout called the
Chiller Visual Control (CVC). The York machinesalhave CVC units, but theirs do
not display as comprehensive a set of data, agqubut in section 4.3 below. The
installation of the Carrier machine also providesumber of possible points where
coolant water temperatures can be measured bynekterstruments if the fitted
instruments and CVC readings are deemed unsabsyaciThe specifications of the
chiller have been taken from the Carrier InstaatManual® and are summarised
in Table 4.1 below.

Table 4.1: Carrier Chiller Specifications, (Carrier Instaitat Manual®®)

Description Hermetic Centrifugal Liquid Chiller

Type of Compressor Centrifugal

Number of Compression Stages One

Refrigerant R134a

Nominal Refrigeration Capacity 1230-2813kW

Control System Direct digital product integrated controls (PIC)
Other Features Digital read-out of control variables

The refrigeration capacity is not specified exaatlythe table since the machine was
custom built for the Investec installation. Carg@emetimes manufactures machines
according to client specification, with differeryppes of chillers made to operate at
different ranges of refrigeration capacity. Thmilg of Hermetic Centrifugal Liquid
Chillers caters for loads of between 1230 and 2813ko specific information could

be obtained about the exact capacity of the madmaeso its nominal range is given.
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The serial number of the chiller used for testisglPXR-3132363CMS62, from
which information about the machine’s constitueninponents can be obtained
according to Carrier's coding standards. A briedroiew of the main components is

given below.

The evaporator, or cooler, is situated directly eméath the compressor and is
designed as a two-pass shell-and-tube heat exchaiifethe chilled water running
through the tubes. It is made to handle 190kgebfgerant in its shell and 24 1of
water in its 240 tubes at any one time. The coselenan hold 118kg of refrigerant
and 282 of coolant water in its 316 tubes and is also e-pass shell-and-tube heat
exchanger with the condenser water in the tubegstancefrigerant in the shell. Table
4.2 below is adapted from the Carrier Installafidanual® and summarises the key

heat exchanger data.

Table 4.2: Carrier Heat Exchanger Data, (Carrier Installatitemual®®)

Description Units Evaporator Condenser

Refrigerant NA R134a R134a
Chilled Medium NA Water/Brine Water/Brine
Number of Passes NA 2 2
Tubes per Pass NA 120 158
Total Number of Tubes NA 240 316
Tube Material NA CuNi CuNi
Refrigerant Charge Kg 190 118
Water Volume { 242 282
Dry Rigging Weight Kg 1959 1860

The centrifugal compressor employs one compressstage but includes
electronically actuated, variable inlet guide varteat provide high operating
efficiencies through a wide operating range. Tall8 below gives the key
compressor data adapted from the Carrier Instatiadlanuaf®®,
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Table 4.3: Carrier Compressor Data, (Carrier Installation Mtiit‘?3f)

Description Units Compressor
Type NA Centrifugal
Refrigerant NA R134a
Number of Stages NA 1
Power Supply V/-IHz 380/3/50
Design Pressure kPa 1276
Maximum Pressure kPa 1600
Total Weight Kg 1207

4.2.2 Centrifugal Chiller Set-Up

Apart from the main components described aboveCtreier Centrifugal Chiller also
comprises many other parts. Figure 4.1 below,ndkem the Carrier Installation
Manual ®®, gives a schematic of the machine and all its acovepts and Table 4.4
identifies the parts labelled on the figure.

FRONT TOP VIEW

\CONHENSEH

Figure 4.1: Carrier Centrifugal Machine Set-Up, (Carrier Ifistion Manual®®)
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Table 4.4: Centrifugal Chiller Components, (Carrier InstatatManual®®)

Number | Component

Oil Level Sight Glass

Diffuser Actuator

Discharge Isolation Valve
Condenser Pumpout Connection
Condenser Safety Relief Valves
Three-Way Condenser Relief Valve
Hot Gas Bypass Line

Condenser Waterbox Nozzles

Condenser In/Out Temperature
9 | Thermistors

10 | Condenser Waterflow Device
11 | Cooler Waterbox Nozzles

12 | Cooler In/Out Temperature Thermistors
13 | Cooler Waterflow Device

14 | Cooler Safety Relief Valves

15 | Cooler Pumpout Connection
16 | Chiller Identification Nameplate
17 | Chiller Visual Control

18 | Refrigerant Charging Valve

19 | Guide Vane Actuator

20 | Compressor/Transmission

21 | Oil Drain/Charging Valve

22 | Oil Pump

23 | Auxiliary Power Panel

24 | Oil Filter Isolation Valve

25 | Qil Filter

26 | Motor

(N[O |0 W [N (-

Key operating data are displayed on @ieiller Visual Control(CVC), labelled as
component 17 in Figure 4.1. The main data displage the inlet and outlet water
temperatures at the heat exchangers, an indicaifomhether the machine is
approaching its trip-out point and power informatisuch as voltage, current and
power factor for the entire installation. Howevire water temperatures at the heat
exchanger inlets and outlets are only displayetherCVC with a resolution of 0.1°C,
which is too imprecise for the purposes of thisestgation. Thus, a digital
thermometer with a resolution of 0.01°C was instased for the water temperature

readings.
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It is important to note that the voltage, curremd @ower factor values displayed on
the CVC take into account the power drawn by thele/thiller and not just by the
compressor motor. The power drawn by the oil pulapelled component 22, and
that drawn by the compressor must both be considevben assessing the
performance of the machine to obtain an accurate @@ding. If the CVC displayed
only the power drawn by the compressor then thepainp would have to be
monitored separately. Instead, only the displayaldes need to be recorded since
they show all power inputs to the entire chiller.

4.2.3 Centrifugal Chiller M easurement Points

Although the inlet and outlet water temperatureghatheat exchangers can be read
off a digital thermometer placed at the respeqtiyees, as mentioned in 4.2.2 above,
and all the necessary power readings can be obtdinectly from the Chiller Visual

Control, several other measurements also need tkba from the installation.

The water pressures at the condenser and evaparnbts and outlets are displayed
on pressure gauges that are inserted into pocketseaespective inlet and outlet
pipes. Directional arrows on the pipes allow fasydifferentiation between inlet and
outlet. Isolating valves at the ends of the palariable users to insert or remove
gauges while the water system is running and updessure. In figure 4.1, the
components labelled as number 8 show where theeosed inlet and outlet pressure
gauges are connected and the components labelledbemull show where the

evaporator inlet and outlet gauges are connected.

The mass flow rates of water through the condeasdrevaporator can be obtained
by using an ultra-sonic flow meter. This devicaedmines flow in a non-intrusive
way by mounting two sensors on the outside of tipe pnd sending an electronic
signal from one to the other. The time taken lier signal to travel between sensors is
used in the computation of the flow-rate since demsity of the medium through
which the signal travels affects the path and tthed it takes. Appendix E shows
how the mass flow rates through the heat exchangassobtained through the ultra-
sonic meter in more detail.
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Additional, confirming measurements are also regfuito verify the pressure and
power supply readings that are read off the CVGesE were taken from independent
measurement instruments, whose accuracy must erpio order for their readings

to be used with confidence.

A glycerine-filled differential pressure gauge tha&duces the oscillation on the
indicator needle was used to verify the displayedsgure values. The overall
voltages, currents and power factors for the ahdtmuld be confirmed and corrected
using a digital multimeter at the chiller's poweoxb Current was measured by
clamping the multimeter around one of the live wifeeding the chiller, while the

voltage was recorded by placing the multimeter psohcross any two of the live

phase wires. The multimeter had a built-in functtbat measures and displays the

power factor for a three-phase supply when the gland probes are in place.

4.2.4 Centrifugal Chiller Measuring Equipment
Table 4.5 below summarises the key information o measuring equipment that

was used for tests on the centrifugal chiller.

Table 4.5: Measuring Equipment for Centrifugal Chiller

Measurement Category Device Manufacturer Resolution | Uncertainty
Water Mass Flow Rate Ultra-Sonic Flow meter Fujitsu Electronics 1kg/s 0.5kg/s
Evaporator Inlet/Outlet Water Temperature Digital Thermometer Hellerman Tyton 0.01°C 0.01°C
Condenser Inlet/Outlet Water Temperature Digital Thermometer Hellerman Tyton 0.01°C 0.01°C
Overall Voltage Chiller Visual Control Carrier v 0.5V
Overall Current Chiller Visual Control Carrier 1A 0.5A
Overall Power Factor Chiller Visual Control Carrier 0.01 0.005
Evaporator Inlet/Outlet Water Pressure Chiller Visual Control Carrier 1kPa 0.5kPa
Condenser Inlet/Outlet Water Pressure Chiller Visual Control Carrier 1kPa 0.5kPa
Calibrated Overall Voltage Digital Multimeter Brymen (Toptronic) | 1V 0.5V
Calibrated Overall Current Digital Multimeter Brymen (Toptronic) | 1A 0.5A
Calibrated Overall Power Factor Digital Multimeter Brymen (Toptronic) | 0.1 0.05
Analogue Differential
Calibrated Evaporator Pressure Difference Pressure Gauge Honeywell 1kPa 0.5kPa
Analogue Differential
Calibrated Condenser Pressure Difference Pressure Gauge Honeywell 1kPa 0.5kPa

Note: The resolution and uncertainty for the water mass flow rate were determined by fluctuations in the displayed values and not on the

characteristics of the flow meter
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4.3 Reciprocating Chiller

4.3.1 Reciprocating Chiller Specification

It was decided to perform additional tests on ohéhe York reciprocating chillers.
As mentioned above, one of the drawbacks of thegehmes is the lack of data
available from the Chiller Visual Control. The CM@its on the York chillers are
mainly used to program the operation of the machamel so almost all the
experimental measurements need to be taken usingrnaek instrumentation.
Nevertheless, tests were still performed to vettlg Universal Thermodynamic
Model for this different type of refrigeration mawé.

The chiller itself is a York semi-hermetic, watereted machine that employs two
identical reciprocating compressors with identicaefrigerant circuits. The York
Installation and Operation Manu&? quotes the key technical data for the chiller and

these are presented in Table 4.6 below.

Table 4.6: York Chiller Specifications, (York Installation di©peration Manugf®)

Description York Semi-Hermetic Reciprocating Liquid Chiller

Type of Compressor Reciprocating

Number of Compressors | Two

Refrigerant R 22

Refrigeration Capacity 760kW

Control System York Micro-Computer Control Centre
Additional Features Digital Readout of Certain Control Variables

The direct expansion evaporator of the reciprogathhiller has twin refrigerant
circuits. It is constructed with a steel shell amopper tubes with inner fins, rolled
into steel tube sheets. The condenser also hasrefrigerant circuits with a steel
shell and copper tubes rolled into steel tube she®tater passes through the tubes
and refrigerant through the shell. The techniedhils and design specification of the
heat exchangers are quoted in the York Installaiuh Operation Manu&® and are

given in Table 4.7.
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Table 4.7: York Heat Exchanger Data, (York Installation ange@ation Manuaf¥)

Description Units Evaporator Condenser
Refrigerant NA R134a R134a
Chilled Medium NA Water Water
Number of Tubes NA 576 340
Tubes Per Pass NA 2 2
Entering Water Temperature °‘C 12.3 29
Leaving Water Temperature °C 5.5 35
Cooling Capacity kw 760 NA
Heat Rejection Capacity kw NA 947.5
Water Pressure Drop kPa 35 22
Tube Material NA Cu Cu
Water Volume { 145 234
Water Flow Rate s 26.7 37.7

Both of the compressors in the York chiller areniitsal reciprocating devices. Table
4.8 contains their key technical data and is adbpten the York Installation and
Operation Manudf?.

Table 4.8: York Compressor Data, (York Installation and OgieraManual®¥)

Description Units Compressor (Each)
Type NA Reciprocating
Refrigerant NA R 22

Number of Stages NA 1

Power Supply V/NA/Hz | 380/3/50

Design Motor Power kw 93.7

Maximum Motor Power kw 104

Design Amperage Amps 166

Full Load Amperage Amps 200
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4.3.2 Reciprocating Chiller Set-Up

The way in which the York reciprocating chiller ¢é@nstructed and assembled is
shown in the orthogonal projections of Figure 4ebotw, which have been taken from
the York Installation and Operation Manuf’. Understanding where each
component is situated and how they interact wite another is imperative when
determining where the appropriate measurement pairgd. Table 4.9 identifies the

parts labelled numerically in the figure.

Figure 4.2: York Reciprocating Machine Setup, (York Instabatiand Operation Manu&f")

Table 4.9: Reciprocating Chiller Components, (York Instatiatiand Operation Manu&f)

Number | Component

Evaporator

Condenser

Chiller Visual Control

Condenser Water Outlet

Condenser Water Inlet

Compressor 1

Compressor 2

Evaporator Water Inlet

©| 0O N o O | W N|

Evaporator Water Outlet
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As mentioned above, the Chiller Visual Control,didd number 3 in Figure 4.2,
cannot be used to record experimental values sindees not display all of the
necessary values. Inspection of its display pesals that it is mainly for control
purposes so that operators can program the chdalleun under specified conditions
for a set period of time. Instead, measurementst rha recorded from site-fitted

instruments, as discussed below.

4.3.3 Reciprocating Chiller M easurement Points

The condenser water inlet and outlet temperatuess lie recorded from digital

thermometers placed inside thermal pockets at éimelenser inlet and outlet pipes,
respectively. The inlet water pipe connects todhidler at the point labelled number
5 in Figure 4.2, while the outlet pipe connectstite point labelled number 4.

Correspondingly, the evaporator water inlet andebuéemperatures can be recorded
using thermometers placed inside thermal pocketts amlet and outlet pipes. The

evaporator inlet pipe connects to the point laldeember 8 in the figure and its

outlet pipe connects to the point labelled number 9

The inlet and outlet water pressures at the evamoemd condenser are obtainable
from pressure gauges inserted into pockets at dgineesponding water pipe. The
pockets for the pressure gauges are all situaigtitlgl above the corresponding
thermal pocket, where the thermometers are positionValves at the ends of the
pressure pockets enable the water flow through tleelbe shut off or turned back on,

depending on whether a gauge needs to be fittezshooved.

The overall voltages, currents and power factorsttie reciprocating machine were
directly recorded from a multimeter connected te gower supply cables as was
done when calibrating the centrifugal chiller's powsupply readings, which is
described in Section 4.2.3.

53



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

Analysis and Validation of the Universal ThermodynaModel

The mass flow rates of water through the heat exgaa can be obtained in the same

way as for the centrifugal machine using an ultaisflow meter fitted to the outside

of the appropriate pipe.

4.3.4 Reciprocating Chiller Measuring Equipment

The technical specifications of the measuring egeipt used for the tests on the

reciprocating chiller are summarised in Table dh&@Dw.

Table 4.10: Measuring Equipment for Reciprocating Chiller

Measurement Category Device Manufacturer Resolution | Uncertainty
Ultra-Sonic Flow

Water Mass Flow Rate Meter Fujitsu Electronics 1kg/s 0.5 kg/s

Evaporator Inlet/Outlet Water

Temperature Digital Thermometer Hellerman Tyton 0.01°C 0.01°C

Condenser Inlet/Outlet Water

Temperature Digital Thermometer Hellerman Tyton 0.01°C 0.01°C

Overall Voltage Digital Multimeter Brymen (Toptronic) v 0.5V

Overall Current Digital Multimeter Brymen (Toptronic) 1A 0.5A

Overall Power Factor Digital Multimeter Brymen (Toptronic) | 0.01 0.005
Analogue Pressure

Evaporator Inlet/Outlet Water Pressure Gauge SpecValve 1kPa 0.5kPa
Analogue Pressure

Condenser Inlet/Outlet Water Pressure Gauge SpecValve 1kPa 0.5kPa
Analogue Pressure

Evaporator Suction/Discharge Pressure Gauge SpecValve 1kPa 0.5kPa
Analogue Pressure

Condenser Suction/Discharge Pressure Gauge SpecValve 1kPa 0.5kPa

Note: The resolution and uncertainty for the water mass flow rate were determined by fluctuations in the displayed values and not on the

characteristics of the flow meter
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5. EXPERIMENTATION

5.1 Centrifugal Chiller

5.1.1 Experimental Procedure

The approach adopted in verifying the Universal rittedynamic Model for the
Carrier centrifugal chiller at the Investec builgimas similar to that followed by
Gordon and Nd® and by Thoma$§. Measurements were recorded for a range of

different condenser water inlet temperatures.

One way of obtaining different condenser watertitdgnperatures is to wait for the
ambient air wet-bulb temperature to change fromvales in the very early hours of
the morning to higher values during the afterno8mce the cooling towers that feed
the condenser are situated on the roof of the ingiJdhese changes in environmental
temperature cause corresponding variations in ¢inelenser water inlet temperature.
This non-intrusive approach in obtaining differentet water temperatures also
allows sufficient time for the chiller and the asisbed measuring devices to adjust to
the changes and achieve a steady operating st#tatsexperimental readings will be

less prone to highly variable and potentially eeruns fluctuations.

A fluctuating cooling demand dictated by the builglioccupants does introduce an
unpredictable element to the experiment that cabeatontrolled. As Air-Handling
Units and Fan Coil Units call for more chilled wat® maintain specified room
temperatures the water flow through the chillert mecessarily increase. However,
it can be assumed that the effect of a varyingingdbad will have a minimal impact

on the experiment for three main reasons.

Firstly, it was pointed out in Section 4.1 that thalding is served by eight chillers
and any change in cooling load will be shared betwthem, making the relative
impact on each chillers water flow eight times daral Secondly, the tests were

carried out in the first week of January when tbéding was not fully occupied and
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company operations were not at full capacity. Vaeation in cooling demand of the
fairly empty building can be considered very snedpecially since most meeting
rooms, which are usually cooled by Fan Coil Unitattare only turned on when a
meeting is in progress, were probably not usedl.atTdirdly, the Investec building,

like many large office buildings, uses an open-playout for the majority of its

employees and so a large space, with many peapie)der the same environmental
conditions, which makes for fewer thermostat adpestts and less variation in

cooling demand.

The procedure adopted in calibrating and recordivg values for the centrifugal
machine was as follows. Tests on the centrifugatimme were conducted between 4
and 5 January 2010, immediately following the yead- holidays, while the building

was not fully occupied.

1. The values displayed on the machine’s digital readmd on the pressure
gauges were first verified. The pressure valuesewsonfirmed using a
calibrated pressure gauge placed at the heat eyetiannlet and outlet that
measures the system pressure relative to the atmasp The power
measurements from the display were verified withdigital multimeter
connected to the chiller's power supply cablese Tbtails of the subsequent
calibration and the instruments used are givereatien 4.2 and in Appendix
C. A conformance certificate was obtained for diigital multimeter but one

could not be found for the pressure gauge.

2. The first set of data was obtained at approximaedy clock on the morning
of 4 January 2010. Experimental values were rebrir the first fixed
condenser water inlet temperature from the macki@diiller Visual Control
and from the pressure gauges and digital thermomptaced at the inlet and
outlet water pipes of the heat exchangers. Thdexwser and evaporator inlet
and outlet water temperatures, pressures and e the voltage across the
machine’s power supply cables, the current drawrthigy machine and the

overall power factor for the installation were mkkasured.
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3. The procedure outlined in the point above was regeance the condenser
water inlet temperature had increased significantly significant increase in
this temperature was taken to be at least 0.5°Gtandk between 30 and 90
minutes for such a change to occur, depending ertithe of day. For the
new condenser water inlet temperature seven selatafwere recorded. Each

set took about 1-2 minutes to record.

4. The whole process outlined in the point above veameated a further three
times so that five different condenser water itdehperatures were tested for
in total. Between seven and nine sets of data vem@ded at each condenser

water inlet temperature depending on how rapidéytémperature changed.

5. The following day, on 5 January 2010, identicatdess described above were
conducted on the same machine but with the thmgttialve on the condenser
water inlet pipe tightened to approximately twardlsi of its maximum
capacity to simulate the effects of condenser fouli Thereafter, the same
procedure defined in points 2 to 4 was repeatecbtiect operating data for
performance under fouled conditions. Data for fdiffierent condenser water
inlet temperatures were recorded under throttletitions and between six
and seven sets of data were recorded for each wsedewater inlet

temperature.

5.1.2 Precautions

Several experimental precautions also needed tdolb®wved to ensure that the

recorded measurements would accurately depict thg w which the machine

adjusted to the imposed loads, and to be certanttie loads did not damage the

device itself in any way. The precautions obsewectk as follows:

1. The instruments used to verify the digital read-wugre confirmed to be
highly accurate before they were used. Only réliaTcurate instruments
were used and copies of certification (except foe differential pressure
gauges) are included in Appendix C.
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2. For each data set, values for the different quastitvere recorded as quickly
as possible to try and ensure that they didn’t ghasignificantly before they
were taken down. Fortunately, almost all of theadaould be obtained from
only two different display screens on the Chillasal Control and from the

digital thermometers, which facilitated quick rediog.

3. The machine was operating at a steady state bbfihethe throttled and un-
throttled tests were performed on it by allowingatrun non-intrusively for
over an hour. The derivation of the Universal Tinedynamic Model is based
on a steadily operating machine and transient &ffeeould impact the

readings in a way not predicted by the model.

4. The other cooling machines used in the installatadso needed to be
maintained at a steady state. Any significant aléwns in their operating
conditions would have impacted the device underyaisaand cause the

results to deviate in an unexpected way.

5. Careful attention was paid to the machine’s spegifbperating limits when
the artificial throttling load was imposed to avdite machine tripping out. If
the condenser water inlet temperature is high emélvg machine will trip out
due to the increased load on the centrifugal cosgmeas it tries to adjust to

the higher condensing temperature.

5.1.3 Data Processing

The experimental data obtained was then processébs it could be used with the
Universal Thermodynamic Model to obtain the desioedputs. Spreadsheets were
set up so that required quantities could be caledlautomatically via programmed

mathematical formulae and experimental input values

The first procedure was to adjust the experimemé&gdings according to the
calibration exercise discussed above. Values wadjested according to correction
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factors or calibration curves to ensure their ascywr These corrected quantities were
then converted into Sl units and used as inputsotoesponding equations so that
important parameters could be obtained. AppendighDws the spreadsheets that

were used to process the information recordedh®centrifugal machine.

In order to evaluate the heat transfers at the aesmr and condenser, the
corresponding water specific volumes and speciéaty were required at relevant
temperatures. These two quantities were obtain@dinear interpolation between
thermodynamic property data tabulated by Moran Shdpiro®, Table A-2 and
Table A-19 pp. 721-722 and p. 754 respectivelye mperature used to fix the state
of the water at either the evaporator or condensey taken as the average between

the respective inlet and outlet values.

It was mentioned in section 3.2 that, strictly dpeq water specific volume and
specific heat should be obtained at the log meampéeature of either the evaporator
or condenser, depending on which component is sadysed, but that the use of an
average value might also prove to be feasible.eddd this latter hypothesis can be
shown to be valid by inspection of how slightly th@lues of specific volume and
specific heat of water change with temperature fiibim thermodynamic property
tables in Moran and Shapifd pp. 721-722 and p. 754. Between 0°C and 27°C the
specific heat of water only changes by about 0.9% the specific volume only
changes by about 0.27%. Thus the inaccuracies abatue from adopting this

procedure can be assumed to be negligibly small.

5.1.4 Results
The procedure outlined above was followed and tht dbtained was tabulated.
Appendix D contains all of the data recorded ars® &hcludes the calibrated and SI

values of the readings.

As was mentioned previously, the older version had tUniversal Thermodynamic

Model was used to predict the COP. This methodilsntonstructing a number of

graphs to determine the values of the lumped pammehat characterise the
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particular machine. In the pages that follow, thgpective graphs are shown and the

ways in which they are derived are described.

The method adopted in constructing the graphs &oud pbtaining the lumped
parameters is similar to that adopted by Thofidsnd Lee™®. Data recorded and
manipulated for when the condenser’s throttlingveais left open is referred to as
normal operating dataince the machine operates without any imposektsfauhile

the data for when the valve is partially closetersnedthrottled

5.1.4.1 Resultsfor Normal Operation

The following makes extensive reference to the &napire-dependent version of the
Universal Thermodynamic Model and the lumped patarseit employs to
characterise a particular machine. For convenighee model is reproduced in

Equation [5.1] below.

[5.1]

Values were recorded for five different condensatew inlet temperatures while the
condenser’s throttling valve was left fully opeAccording to Gordon and N@, a
plot of a = [1/COP +1 — (&/Teo)].Qe versus Ti/Teg, from the measured data should
yield a set of parallel straight lines, one fortead the fixed condenser water inlet
temperatures. The average gradient of these inésen the negative value of the
parameter €in the Universal Thermodynamic Model. Figure below shows the
graphs ofa versus Ti/Tg, for each of the five temperatures tested for and a

explanation of the linear relationship and gradiemiven in Appendix A.
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Figureb.1: a Versus Fi/Te, under Normal Conditions for Centrifugal Chiller

Table 5.1 below summarises the relevant data franfigure above that are necessary

to obtain an accurate value for the parameter C

Table5.1: Summary of Normal Centrifugal Data for Parameter C

Condenser
Inlet Water R?
Temperature Gradient C, Value

24.31 -1.116E+07 1.116E+07 0.92
25.08 -1.157E+07 1.157E+07 0.90
25.72 -1.152E+07 1.152E+07 0.87
26.63 -1.187E+07 1.187E+07 0.92
27.21 -1.204E+07 1.204E+07 0.92

From the above, the mean value for f@om the six graphs is -11630000 and the
average Rvalue is approximately 0.91. The mean value fow@s then taken as the
final value in the model and was used to find ttleep parameters and the predicted
COP.
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Next, the parametersp@nd G were found via a plot g = [a + Cx(Tci/Teo)] versus
Tci, which should fall onto a straight line with gradi G and an intercept with the
ordinate of -G Figure 5.2 below shows this graph and an exfitamaof this

relationship is given in Appendix B.
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Figure 5.2: B Versus F; under Normal Conditions for Centrifugal Chiller

Table 5.2 below summarises the data obtained frenabove figure.

Table5.2: Summary of Normal Centrifugal Data for Parame@rand G

RZ
Gradient Intercept Value
Fitted
Curve 2.935E+04 3.792E+06 1.00
Co - -3.792E+06
C, 2.935E+04 -

The table reveals a value of 29350 fara®d a G value of -3792000. The’Ralue

for the straight line fitted to the data is 1.0Dhe values for €and G, along with the
value for G obtained above were then substituted into the éisal Thermodynamic
Model of Equation [5.1] to find predicted COP vauéor different operating

conditions.
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Figure 5.3 below shows the characteristic curvéd/@OP versus 1/ (Cooling Rate)
predicted by the Universal Thermodynamic Model give Equation [5.1] for the

centrifugal machine operating under normal condgio
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+
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Figure 5.3: Characteristic Curve [1/COP vs. 1/ (Cooling Rate}ier Normal Conditions for
Centrifugal Chiller

As was mentioned in section 3.2, the COP can asabtained by measurement since
it is defined as the ratio between the cooling @ffechieved and the input power
required by the machine. Employing this relatidloves a comparison to be drawn
between the measured COP and the values prediciedthb Universal
Thermodynamic Model. Figure 5.4 below shows thlaktionship graphically by
plotting the two sets of data for the same quaatifginst each other. The ideal curve
of y = x, or Measured COP = Predicted COP, is alsgrlaid on the graph to indicate

where the experimental data points deviate.
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Figure5.4: Predicted Versus Measured COP under Normal Canditior Centrifugal Chiller

5.1.4.2 Resultsfor Throttled Conditions

As for the tests conducted under normal operatorglitions, the results that follow

are in line with the Universal Thermodynamic Modelen in Equation [5.1] above.

Readings at four different condenser inlet tempeest were taken for when the
condenser’s throttling valve was closed to appratéty two-thirds of its maximum
throttling capacity. Again, plots of = [1/COP +1 — (&i/Teo)].Qe versus TilTgo were
used to determine the value of i@ the same way as for normal operating conditions
The graph is shown in Figure 5.5 below.
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Figure 5.5: o Versus TFi/Te, under Throttled Conditions for Centrifugal Chiller

Table 5.3 below summarises the major informatiartie above four graphs to reveal
the mean value of the parameterufder throttled conditions. From the table it can
be calculated that the mean value for i€ 11120000 and the mearf Ralue is
approximately 0.92.

Table5.3: Summary of Throttled Centrifugal Data for Paraméle

2z
Temperature | Gradient C, \F\;alue
25.14 -1.147E+07 1.147E+07 0.92
25.65 -1.099E+07 1.099E+07 0.89
26.23 -1.084E+07 1.084E+07 0.96
26.74 -1.118E+07 1.118E+07 0.92

Again, using this mean value for,@ graph off = [ + G, (Tci/Teo)] versus T
reveals the values of the other two lumped parametie the Universal

Thermodynamic Model. Figure 5.6 below shows ttig. p
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Figure 5.6. B Versus F; under Throttled Conditions for Centrifugal Chiller

Table 5.4 summarises the relevant data from theeabgure to give the values of the

parameters £and G for when the condenser’s throttling valve was tigied. The
R? value of the fitted curve is also given as 0.95.

Table 5.4: Summary of Throttled Centrifugal Data for Paramet@ and G

7
Gradient Intercept \F;alue
Fitted Curve 2.26E+04 5.367E+06 0.95
Co - -5.367E+06 -
C, 2.26E+04 - -

The above values forg@nd G were substituted into the model and COP valueg wer

then predicted from it. The characteristic curee throttled conditions is given in
Figure 5.7 below.

66



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

0.265

0255

o
[e]
__U_ y = 268x - 0.0852
- R*=10.92
-
*
0.245
*
b
*
*
*
*
0.235 T
0.0012 0.00122 0.00124 0.00126 0.00128 0.0013 0.00132
1/Qe [KW-]

Figure 5.7. Characteristic Curve [1/COP vs. 1/ (Cooling Rate)er Throttled Conditions for
Centrifugal Chiller

Figure 5.8 below shows the comparative plot of mess versus predicted COP for
when the condenser’s throttling valve was tighten&te ideal curve of y = x is also
shown on the graph.
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Figure 5.8: Measured Versus Predicted COP under Throttled ifionsd for Centrifugal Chiller
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5.1.4.3 Comparison between Normal and Throttled Conditions

The characteristic curves for both the normal dmdttled tests on the centrifugal

chiller are shown in Figures 5.3 and 5.7 aboveguié 5.9 below overlays these two

graphs on the same set of axes to allow for easypadson between the two data

sets.
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Figure 5.9: Characteristic Curve for Normal and Throttled Ctinds for Centrifugal Chiller
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5.2 Reciprocating Chiller

5.2.1 Experimental Procedure

Further tests were performed on one of the Yorkprecating chillers at the Investec
building. The tests were conducted from the maynintil the afternoon on 7 January
2010 and values were recorded as the condenser tematperature changed naturally,
as the ambient wet-bulb temperature rose througheutay.

Unlike the centrifugal chiller, the Chiller Visu@lontrol on the reciprocating machine
did not display all of the required quantities aherefore all measurements were
obtained manually from the calibrated equipmentuseverify and correct the CVC

readings from the centrifugal machine. As mentibimeSection 5.1.2 above, a copy

of the calibration certificate for the multimetsrin Appendix C.

The experimental procedure adopted for the recginog machine was the same as
for the centrifugal chiller, which is describedSection 5.1.1 above. Between six and
seven sets of data were obtained for each of séiwed condenser water inlet

temperature.

5.2.2 Precautions
1. The tests performed on the reciprocating machinsemied the same
precautions as the tests on the centrifugal machifbese are detailed in

section 5.1.2 above.

5.2.3 Results

For the reciprocating machine seven different cosde water inlet temperatures
were tested for and the tabulated readings that vedtained are given fully in
Appendix F. The same approach was adopted ashéocdntrifugal machine when
processing the reciprocating machine’s data. énftillowing pages the respective

graphs are shown and their derivations are destribe
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Figure 5.10: o Versus TFi/Teq for Reciprocating Chiller

Table 5.5 below summarises the relevant data freigure above that are necessary

to obtain an accurate value for the parameter C

Table5.5: Summary of Reciprocating Data for Parametgr C

Temperature Gradient C, R?Value
24.02 -7.25E+06 7.25E+06 0.88
25.07 -7.14E+06 7.14E+06 0.97
25.52 -7.73E+06 7.73E+06 0.91
26.02 -7.60E+06 7.60E+06 0.93
26.54 -7.635E+06 7.635E+06 0.90
27.03 -7.59E+06 7.59E+06 0.91
27.42 -7.73E+06 7.73E+06 0.93

The average value for,@an be calculated from the above to be 752500@&hndan
then be used to determine the other equation paeasneThe average’Ralue for the
straight line fitted to the data points is approaialy 0.92.
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Figure 5.11 below shows a plot @ = [oa + G, (Tci/Teg)] versus T for the
reciprocating chiller. The gradient of this gramveals the value for,Cwhile its
intercept gives the value for,C The equation for the fitted straight line and &

value of the fit are both given in the graph.
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Figure5.11: B Versus T for Reciprocating Chiller

Table 5.6 shows the relevant data from the curvevabwith respect to the
parameters in the Universal Thermodynamic Modeie R value of the fitted curve
in the figure is 0.99.

Table 5.6: Summary of Reciprocating Data for Parameteyar@ G

Gradient Intercept R® Value
Fitted Curve 2.812E+04 -2.525E+05 0.99
Co - 2.525E+05 -
C, 2.812E+04 - -
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Once all parameters were obtained, their respewtilees were substituted into the
Universal Thermodynamic Model so that predicted G@Ries could be calculated.
Figure 5.12 below shows the characteristic curv&/GOP versus 1/ (Cooling Rate)

for the reciprocating machine.
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Figure 5.12: Characteristic Curve [1/COP vs. 1/ (Cooling Rafe)]Reciprocating Chiller

As was done for the centrifugal chiller, a graphnodasured versus predicted COP
was constructed to illustrate the degree of caimelabetween the Universal
Thermodynamic Model and direct experimental meanarg. The ideal y = x curve
is also shown on the graph. This graph is giveFigure 5.13 below.
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5.3 Experimental Uncertainty Analysis

The importance of knowing the uncertainty inher@nan experiment is stressed by
Wheeler and Ganji*®® p. 113, who state that “measurement processesllyusua
introduce a certain amount of variability or randw@ss into the results and this
randomness can affect the conclusions drawn fropemxents.” In order to draw
reliable conclusions from any sort of test the degsf confidence with which the data
can be trusted must be ascertained. Although tvathods of confirming the
measured quantities were introduced above, narhelyoverall energy balance and
the comparison between measured and predicted Caisy an experimental

uncertainty analysis was also conducted.

Bowker and Liebermaff® observe that the uncertainty of an experiment gyiae
indication of the error inherent to it in much #eme way as confidence intervals are
used for statistical analyses; they basically satameters on the experimental
outcomes that determine whether they can be trestedliable or not. When broken
down to its most fundamental level, the experimenteertainty is a function of the
fluctuations and resolutions of recorded valuesgines an indication of the accuracy

of the measured values relative to true values.

The deviations recorded between measured and prddiCOP values can be
compared to the experimental uncertainty in meaguGOP to determine whether
they are sufficiently accurate. This is achievgdalssessing whether the measured

deviations lie within the bounds set by the analysi

An uncertainty analysis was performed on all data secorded. The method adopted
was taken from Wheeler and Gaff?’ where applicable, but in certain scenarios
where a direct application was not feasible aniadpVersion of the method was
devised. Appendix G shows all the formulae usedrtive at the final experimental

uncertainty and the corresponding tabulated reavétgiven in Appendix H.
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6. DISCUSSION

6.1 Centrifugal Chiller under Normal Operation

As mentioned above, five different condenser inlater temperatures were tested for
with the condenser throttling valve left fully opésr a total of 37 sets of data. The
outcomes have been presented graphically and tiadsdef the different curve fits

have been summarised in the preceding chapterisdugkion of the results obtained

and their accuracy is given below.

6.1.1 Deter mination of Equation Parameters

The graphs o = [1/COP +1 — (&i/Teg)].Qe versus TilTg, for the machine operating
under normal conditions are shown in Figure 5.thm preceding chapter. As was
mentioned, each of the graphs corresponds to a fizendenser water inlet
temperature and they should all be approximatelalifgh to one another. The
negative of the average value of the gradientsalevibe lumped parametep @ the

Universal Thermodynamic Model.

The mean Rvalue for the graphs was calculated from TabletG e 0.91. This high

value suggests that the processed experimentaird&igure 5.1 for each condenser
water inlet temperature closely approximates aggttdine, as predicted by Gordon
and Ng®. In addition, the fitted straight lines for eashthe fixed condenser water
inlet temperatures all had similar gradients, whibke Universal Thermodynamic
Model predicts. In fact, the difference betweea thaximum and minimum values
for the gradients can be calculated to be appraeind.3%. The gradients were also

all negative in value, which is consistent with firedictions of Gordon and Ny.
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Determination of the parameters &d G was also performed graphically, but by
constructing a plot of = [a + G (Tci/Teg)] versus TEias shown in Figure 5.2. As

predicted by the Universal Thermodynamic Model,dhéa falls on a straight line and

the spread of the data points reflects the diffecemdenser water inlet temperatures
tested for. The gradient of the straight line edsethe value for ¢ while the

intercept with the y-axis is the negative of théueaor G.

The R value for thep versus E plot is 1.00, which is representative of how
accurately the data fits the straight line and ssggthat the measured data agree
closely with predictions and assumptions made inmtdating the Universal

Thermodynamic Model.

In sum, determination of the lumped parametersha Wniversal Thermodynamic
Model reveals that the experimental data obtained the centrifugal machine
operating normally can be viewed as reliable bexaafsthe nature and shape of
graphs required in finding the values fop, @C; and G. These all behaved in

predictable and expected ways that are similandsd of previous studies.

The values obtained for the three constants cam Iieeinserted into the Universal
Thermodynamic Model of Equation [3.5] to predict E@t a range of operating
conditions outside of those already tested forrsd & characteristic curve of the
machine under normal operating conditions can hésdd and used for performance

assessment.
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6.1.2 Characteristic Curve

Using the Universal Thermodynamic Model and otherorded data, the graph of

Figure 5.3, which shows a plot of 1/COP versu<haling Rate), was obtained. The
expected features of this characteristic curve wi&eussed in section 3.1 and it was
observed that, for a large majority of cooling aa@pes, a linear relationship should

Occur.

The experimentally obtained characteristic cunfleces the straight-line relationship
between the reciprocals of COP and cooling rateawfirm the hypothesis stated
above. The data points relate strongly with thaigit line fitted to them and the’R
value for this fit is 0.84, which reflects the aosorrelation. This further verifies the
accuracy of the Universal Thermodynamic Model wigspect to the experimental

data obtained since the curve behaves almost gxafiredicted by the model.

It is interesting to note that the data points tt@tespond to the highest COP are for
when the condenser inlet water temperature wats &ighest towards midday. This
phenomenon agrees with what was discussed in &e8tib that the COP of a
refrigeration machine increases with cooling catyagntil it reaches the upper limit
of its range. Furthermore, it also indicates thatchiller did not operate at its highest
capacity during the experiment because non-lineafithe characteristic curve would
have occurred if the maximum were reached. Thisoissistent with Section 5.1
above, which points out that the building was nilyfoccupied when the tests were

conducted and so cooling demand would not have aegs highest.
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6.1.3 Data Confir mation

The experimental data was directly confirmed ire¢hways. The first and most
illustrative check was to compare the measuredpaedicted values for COP against
one another to observe how closely they correspoitle second method was to
perform a simple energy balance on the machine whade, which would indicate

whether the recorded data is sufficiently accu@tenot. Finally, the calculated

deviations between measured and predicted COP svaleee compared against the
expected experimental uncertainty to deduce whetherdeviations are within the
allowable limits. Complete, tabulated data for demtrifugal machine is given in

Appendix D and that for the reciprocating chillsr given in Appendix F. The

percentage errors between measured and predictdd @ies and the energy

imbalance percentage are listed in the Processtdtélales.

Previous work performed in verifying the Universéhermodynamic Model by
Gordon and Ng®, Ng, Chua et al*® Thomas™ and Lee™® all utilise a
comparative plot of predicted versus measured C@GPaapowerful tool for
determining its accuracy. The COP of a machinebegs introduced and defined as
the cooling effect achieved divided by the poweuised and can thus be determined
from direct measurement for each set of data recbuhder all of the condenser
water inlet temperatures. Theoretically, the prel and measured COP values
should yield a straight line with a gradient ofridean intercept at the origin if they

correspond exactly.

Figure 5.4 shows the graph of predicted versus wmedsCOP under normal
operating conditions. No curve was fitted to tlaadsince the error induced when
trying to fit a straight line to the points mightggest that the correlation between the
predicted and measured readings is weaker thauialdy is. This might come about
because the fitted curve may actually be furthemfthe ideal (y = x) curve than the
data points are. Instead, for each data point pbcentage deviation between
measured and predicted COP is calculated. FroneT2® in Appendix D it can be
seen that the maximum deviation between the CORBesals slightly more than
1.14%.
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It can be seen from Figure 5.4 that the experinhatgt points for predicted versus
measured COP are evenly distributed around thd ideax curve and Table D6
shows that the percentage errors between predictddneasured COPs are all very
small. The maximum positive deviation is 1.141%d ghe maximum negative
deviation is -0.714%. Data sets for three outhef tive different condenser water
inlet temperatures have the predicted COP margirtatiher than measured COP,
while the data for the other two condenser watlet iemperatures have the predicted
COP slightly smaller than measured COP. This coatlin of small percentage
errors and even distribution of positive and negatileviations explains the close

correlation between the data points and ideal cur¥égure 5.4.

An energy balance was also performed on the watewitof the machine to try and

gain a further insight into the accuracy of theexkpent. As mentioned in section
3.2 the balance takes into account the heat rejeeti the condenser, the addition of
heat energy at the evaporator and the input paaviret chiller as a whole. If all other
heat transfer mechanisms to and from the surrogsdame considered negligible, a
summation of the relevant quantities should ideatjyal zero. A large amount of

energy left unaccounted for would suggest inaceursgasuring equipment.

The details of the energy balance are containd@lie D6, which provides a column
for the energy left unaccounted for due to inactiesain the measuring instruments
and uncertainties in their resolution. It can leers that the maximum amount
unaccounted for is about 28.5kW, which is less tB#nof the heat transferred at the

condenser for that data point.

As was noted above, the maximum deviation betweeasored and predicted COP
values for the centrifugal machine operating nolynakas calculated to be
approximately 1.14%. Inspection of the experimentacertainty for the same
machine under the same operating conditions reuwbalsthis maximum deviation
falls safely within the allowable limits. The wartainty can be seen in Table H2 and
is approximately 7.86% so the deviations in COP banconsidered acceptable.

Therefore, tests performed on the centrifugal maehunder normal operating
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conditions suggest that the Universal Thermodynaviocel reliably and accurately

predicts the performance of the centrifugal chilleder normal operation.

6.2 Centrifugal Chiller under Throttled Conditions

Only four different condenser water inlet temperesuwere tested for when the
centrifugal chiller’'s throttling valve was tightashewhich resulted in 27 data sets
being recorded. The outcomes have been shownigedlghand the main details of
the relevant curve fits have been outlined. A madegailed analysis of the results

obtained and the accuracy thereof is presentedvbelo

6.2.1 Deter mination of Equation Parameters

Figure 5.5 shows the curves @& [1/COP +1 — (&i/Teo)].Qe versus Ti/Tg, for the
four fixed condenser water inlet temperatures. cAs be seen, all four graphs have
similar gradients, as predicted by the Universakrifodynamic Model, and the
curves all have negative gradients as encountdvedeafor the machine operating
normally. The maximum deviation between gradigotsthe centrifugal machine

under throttled conditions can be calculated tafm@roximately 3%.

The R values for the curves of versus Ei/Te, are also high, as was encountered
above for the machine operating normally. The neavalue has been calculated to
be 0.92, which suggests a very close correspondegteecen the data points and the
straight line fitted to them. This strong straidine correlation, combined with the

fact that the lines are all approximately paralleé all in agreement with predictions

dictated by the model.

80



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

As was done for the machine operating normally|la pf B = [o0 + Cx(Tci/Teo)]
versus T, as shown in Figure 5.6, revealed the valuesHerparameters £and G
once the value for Ovas obtained. Table 5.4 shows that this grapheha® value
of 0.95 when compared to the straight line fittedits data points, which is in
agreement with the Universal Thermodynamic Model.

Thus, determination of the constantg C, and G for the centrifugal machine under
throttled conditions further verifies the Univer§dlermodynamic Model. As for the
machine operating normally, the respective graseslun determining the values for
the parameters behaved as expected. The paramatethen be inserted into the
model to yield COP values for a broad range ofiogalates.

6.2.2 Characteristic Curve
Figure 5.7 gives the characteristic plot of 1/CGd#tsus 1/ (Cooling Rate) for the
centrifugal chiller under throttled conditions. #&s the case for the machine under

normal operation, the plots closely approximateaght line.

The straight line that was fitted to the data poiwas shown to have arf Ralue of
0.92. This value indicates the strong correlati@tween the points and the line,
further justifying the hypothesis put forward byr@on and Nd" in the derivation of
their Universal Thermodynamic Model that the reagails of COP and cooling rate

share a linear relationship.

The curve reveals that the COP values for the didfterent temperatures are all very
similar, with less than a 9% difference between imam and minimum and that the
maximum COP values occur at the second highestertsed inlet water temperature.
This is in contrast to what occurred with the ciémgal chiller under normal

operation and is discussed further in the followsng-section and in Section 6.3.

81



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

6.2.3 Data Confirmation

As for the experimental results obtained for thetdfigal machine under normal
operating conditions, the data for throttled caoodg was confirmed via a
comparative check between predicted and measurd®l v@ldes, by a water-circuit
energy balance, and by comparing the calculatedatiens with the experimental

uncertainty.

A plot of measured versus predicted COP valuegHherthrottling tests is given in
Figure 5.8. Ideally, a straight-line relationsbipgradient 1 and intercept at the origin
should exist for the two sets of values. Howews,for the data obtained under
normal operation, no line was fitted to the datantsosince the errors incurred
through fitting an approximate curve might make da¢a points appear less accurate
than what they actually are. Instead, the pergentieviation between predicted and
measured COP for each data point was evaluatedm Fable D11, it can be seen

that the maximum error encountered for the CORjs@aimately 2.45%.

The experimental data points in Figure 5.8 candmn o be spread around the ideal
curve of y = x. The points for condenser inlet eavaiemperatures of 25.65°C and
26.23°C are above the ideal curve, while thos@%t4 °C and 26.74°C are below.

It is also evident from Figure 5.8 that the high@&tP values do not correspond to the
maximum condenser water inlet temperature. In tletmaximum condenser water
inlet temperature yielded some of the lowest CQirdltie throttled test. This is in
contrast to what was found for un-throttled operativhere the COP values continued
to increase with condenser water inlet temperatueelinear fashion. Since the only
explicit difference between the two experiments whssing off of the condenser
valve it may be that this throttling resulted ire tthiller operating in the undesirable
non-linear region of Figure 3.1 near its maximunolow capacity where COP
rapidly drops off with increasing cooling capacitfhis explanation is consistent with
the fact that throttling artificially simulates aaperational fault that hinders

performance.
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A waterside energy balance was also performed Herthrottled data. Only the
condenser, evaporator and overall power drawn é\cHiller were considered in the
balance. As for this chiller's normal operatiohe t'unaccounted energy transfers’
can be attributed to inaccuracies in the recorgisguments and uncertainties in their

resolution.

The results of the energy balance for each datat poe given in Table D11. It can
be seen that the maximum amount of energy leftematted for is 27.7kW, which

constitutes approximately 2.85% of the energy femsd at the condenser.

The experimental uncertainty analysis, given inl&sid3 and H4, for the centrifugal
machine operating under throttled conditions revéfat errors of up to 8.1% can be
expected in the measured COP values. The 2.5%nmoaxideviation between
measured and predicted COP can then be considecegtable and so the accuracy

of the throttled experiment and any conclusionserthdreof are reliable.

6.3 Comparison between Centrifugal Normal and Throttled Tests

Further insight into the accuracy and diagnostipabdity of the Universal

Thermodynamic Model can be obtained by comparirgy risults obtained for the
normal and throttled tests. The most direct afadrimative comparison between the
two operating conditions is to analyse their reipeacharacteristic curves of 1/COP

versus 1/ (Cooling Rate).

Figure 5.9 gives the characteristic curves for layjhrating regimes on the same set
of axes and straight lines are fitted to the rad¢wdata for easy comparison. As
discussed above, fewer condenser inlet water teathypes were tested for when the
throttling valve was tightened than for when it vies$ fully open and so the throttled

data covers a smaller range than the normal data.
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The most striking characteristic of Figure 5.9 lsttthe fitted curve for normal
operation generally lies noticeably below thattfoottled operation except for at high
cooling rates where the two tend to approach om¢han It is expected for the un-
throttled curve to be the lower of the two sincetting impairs performance but the
tendency for the curves to approach one anoth@ghtcooling rates seems surprising
because it suggests that throttling does not havadaerse effect on performance at
the point of approach.

However, the nature of the characteristic curve described in Section 3.1 and it
was shown that there is a point where a furtheresse in cooling rate causes the
relationship between the reciprocals of cooling rand COP to become non-linear.
The point at which the throttled and un-throttlegdrves approach one another in
Figure 5.9 may be, as mentioned in Section 6.238r the point where the machine
reaches its maximum cooling capacity under thrdtdperation. Here, the Universal

Thermodynamic Model becomes invalid.

In sum, a simple comparative analysis of the noravad throttled characteristic
curves exhibits how the Universal Thermodynamic Blazhn be used to detect faults
in a machine’s operation. When heat transfer i ¢tbndenser or evaporator is
present the characteristic curve will shift veflicaipward from its normal position

for the majority of cooling rates, indicating tithe COP value is below its normal
reading for the corresponding cooling rate. Atnear, the point of maximum cooling
capacity the curves may begin to behave in unptade ways as the relationship

between reciprocals of cooling rate and COP becoraedinear.

In addition to an analysis of the respective ch&réstic curves, a comparison of the
constants, g C; and G, for normal and throttled operation provides sdimgher
insight into the diagnostic capability of the Unisal Thermodynamic Model. The
values for G, given in Sections 5.1.4.1 and 5.1.4.2 above, atayost the same for
both operating conditions and a 4.38% difference ba calculated between the
normal and throttled conditions. There is a grediscrepancy of 24.15% between
normal and throttled Cvalues and the difference iny @alues is the highest at
approximately 29.35%.
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It can be recalled from Section 3.1 that for adix®mndenser water inlet temperature
the constants €£and G loosely represent irreversibilities in the condenand G
represents the evaporator irreversibilities. Tigaicant deviations of €and G can
then be explained because the condenser throtthhge was tightened to simulate
fouling. The evaporator was left untouched andh& G values remained almost

constant.

6.4 Reciprocating Chiller

Further tests were performed on one of the Yorkprecating machines at the
Investec installation. The results have been ptegegraphically to try and illustrate
the correlation between the Universal Thermodynakhicel and measured values.

A discussion into the accuracy and reliability fé results is presented below.

6.4.1 Deter mination of Equation Parameters

For the York reciprocating machine operating unitnmal conditions the parameter
C, was again obtained via a series of graphs, onedoh defined condenser water
inlet temperature. The plots af= [1/COP +1 — (&/Teo)].Qe versus Ei/Tgo used to
obtain an experimental value have been shown inr€i%.10 and the summarised

data is presented in Table 5.5.

Consistent with predictions made by Gordon and*Nand with the findings from the

centrifugal tests, the curves all have similar grats and the data points for each
closely correlate to a straight line. The aver&evalue for the graphs has been
calculated to be approximately 0.92, which reflehts close correlation and suggests

that the data is indicative of the Universal Thetlyreamic Model’s predictions.

Thereafter, a graph f = [a + G (Tci/Teo)] versus T was constructed for the

reciprocating chiller and is shown in Figure 5.1This plot is meant to closely
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approximate a straight line, with its gradient he walue for @ and its vertical

intercept as the negative value of C

The R value for the graph db versus E; is shown on the figure as approximately
0.99 and the spread of the data points can bewabér be indicative of the different

condenser water inlet temperatures specified. Hitje R value can be taken as an
indication that the experimental data and the WsaeThermodynamic Model are in

close agreement.

Thus, manipulation of the experimental data caflddtom the reciprocating machine
shows a close agreement with the predictions myd&dodon and N§”. The trends
and spread of the data points are very similariatvis expected from the Universal
Thermodynamic Model. The resultant values obtaiieed,, C, and G can then be
inserted into the model with a high level of coefide.

6.4.2 Characteristic Curve

The characteristic plot of 1/COP versus 1/ (CooRage) for the reciprocating chiller
is shown in Figure 5.12. This curve was discuseeskction 3.1 and it was shown
that the graph displays linearity across its entaege except where the point of
maximum cooling capacity is reached. Employingaesumption that the building is
not calling for maximum cooling, a straight line svitted to the data points as a

means of validating the universal model with thpexxment.

The R value for the characteristic curve is shown onghaph to be approximately
0.99, which reflects its strong correlation to fiteed straight line. This then helps to
further confirm the accuracy of the Universal Thedynamic Model since the curve

behaves as expected.

Consistent with the observations made for the dagal machine under normal
conditions the data points that correspond to tleimum COP are also those for
which the condenser inlet water temperature wasitsathighest and so the
reciprocating machine probably didn’t operate amitaiximum capacity.
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6.4.3 Data Confirmation

The same means of confirming the experimental dat&or the centrifugal chiller
were employed for the reciprocating machine. Apbreal and numerical comparison
of the COP values obtained via measurement andcpicedis used as the primary
confirming method and a waterside energy balandbeofnain components is used as
a quantitative, supplementary check. A third chiscklso employed that compares

the deviations in COP values with the experimentelertainty.

A graph of predicted versus measured COP is gindfigure 5.13. Ideally, the data
points should collapse to a straight line throdghdrigin with a gradient of 1 to show
that each measured COP matches each predicted x&@fye However, in order to
avoid incurring any additional errors associatedhwitting a straight line to the
points the graph does not fit any curve and only ploints themselves are given.
Instead, the deviation between the measured ardicprd values is calculated for

each individual data point and is tabulated, asvshia Table F5.

Inspection of Figure 5.13 shows that the data papproximate the ideal straight line
but the degree to which it does so cannot be gasingély assessed from the curve.
Analysis of the tabulated data of Table F5 revéads there is a very small deviation
between the measured and actual COP readings &br data point and that the

maximum difference recorded is 2.97%.

The energy balance performed is also tabulatecableTF5. This balance only takes
into account the entering and leaving states ofetveporator and condenser water
circuits and the power drawn by the chiller. Tineoant of energy left unaccounted
for after the balance is performed can be attrdbuteinaccuracies in the recording

instruments and uncertainties in their resolution.
The maximum amount of energy left unaccounted fterdhe energy balance was

performed was calculated to be about 14kW, whighssabove 2.22% of the energy

transferred at the condenser.
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The uncertainty analysis performed on the recigiogechiller shows that errors of
up to 6.64% could be expected in the measured Cilles. Therefore the 2.97%
maximum deviation between measured and predicted®PSC@iscussed above is
acceptable when compared to the uncertainty anddberacy of the experiment, and

any related conclusions can be viewed as reliaiiyrate.
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7. CONCLUSION AND RECOMMENDATIONS

7.1 Concluson

The project objectives were listed in section 1@d ahe subsequent research
undertaken and experiments performed have beerdaamachieving these intended
outcomes. The degrees to which the different afthe study have been satisfied

are discussed below.

Through following its derivation and critically digssing several papers that verified
its accuracy, familiarity and insight were gainatbithe Universal Thermodynamic
Model. An understanding was acquired of the madelain assumption that a linear
relationship exists between the reciprocals of G@& cooling rate of a refrigeration
machine except for at the upper extremity of iterafing range. The model was then
applied to three different scenarios, two on a rifeuigial chiller and one on a

reciprocating machine.

The accuracy of the model was verified for two éatgstallations, with operating
capacities both in excess of 700kW. The correfatietween the measured COP and
that predicted by the model was shown to be veongtfor both machines and within
the experimental uncertainty boundaries. In fidet,maximum deviation obtained for

all experiments was below 3%, which is testamemii¢caccuracy of the results.

Artificially imposing a machine fault and comparitite results with those from the
same machine under fault-free conditions also coefil that the Universal
Thermodynamic Model has some fault diagnosis céipab/A comparison of the key
equation constants of the temperature-independssion of the model revealed that
significant condenser fouling should be easily ditisle by noticeable deviations in
the constants and G from their regular values. Constang @ill vary to a lesser
extent than gand G.
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The comparative test also revealed the effecthibat exchanger fouling has on the
overall performance of a machine and it has beewstgraphically that the COP is
lower for the majority of cooling rates when sigeéint condenser fouling exists.
However, as the machine approaches its maximumngpopacity, its characteristic
curve of reciprocals of cooling rate and COP apginea the non-linear region, where

the Universal Thermodynamic Model becomes invalid.

The Universal Thermodynamic Model can thereforeibwed as a valuable tool with
distinct benefits over other fault assessment tgctes because it provides a means to
compare corresponding actual and normal performémca wide range of cooling
capacities below the machine’s upper limit. Onaeoamal benchmark has thereby
been set for a machine’s permissible operatingaamnghen becomes a simple task to
assess that machine’s actual performance for anyala®perating regime it

encounters.

7.2 Recommendationsfor Further Work

It was described in Section 5.1.1 and 5.2.1 th@esmental measurements were
taken manually from the machine’s digital displayd&rom instruments located on
the machine. This introduced an unreliable elennsiot the experiment because of
the time lag between readings. Further studies theify the Universal

Thermodynamic Model will benefit from using an amtatic data logger like the one
employed by ThomasY. This will facilitate the ease of measurementsiit can be

programmed to record and store critical valuesatise intervals, and also provide

greater accuracy and reliability by recording valsgnultaneously.

Further studies will also benefit through more thagh testing of refrigeration
machines at their maximum capacities, under bothmab and fault-simulated
operating regimes. These may reveal key, geneigbglicable details of the

limitations of the Universal Thermodynamic Model mximum capacities, and
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hence vyield useful caveats when using the modéiagnose faults when machines

operate at or near maximum capacities.
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APPENDIX A: Obtaining Constant C,

Gordon and NgY state that a plot of = [L/COP + 1 — (&/Teg)].Qe versus Fi/Teo
should yield a set of parallel straight lines, doeeach fixed condenser water inlet
temperature (&), and that the gradient of these lines gives tbgative value of
parameter €in the Universal Thermodynamic Model. The follogiiwill explain

how this conclusion was reached.

The Universal Thermodynamic Model has been intredua the following format:

1 Tei -  Te [A1]

Rearranging terms from the above equation lead@sjtmtion [A.2].

i Te, Tei
|i— +1- ] -QE = - CEI + ':1 : TCi - Cz Sl [A2]
COP TEn

Sincea = [1/COP + 1 — (&i/Tgy)].Qg, the relationship in Equation [A.3] must be valid
by equality.

T~
€ = -Cg+ Cf T - Cp =— [A.3]
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For a fixed condenser water inlet temperature tilaevTg; is constant, sa§, and so

Equation [A.3] can be rearranged to Equation [A.4].

g [A.4]
TE u]

(I_:—CD+C1"E:'—':2'

Now, a plot ofa versus Ti/Tg, effectively becomes a plot of ¢@ C..0 — G..(0/Tgo)
versusb/Tg,, Which fits the general straight line equation ¢nxx + c) with y =a and
X = 0/Teo. The gradient of the line (m) can be seen to beard so the value of,Gs

the negative of the gradient.
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APPENDI X B: Obtaining Constants Cy and C,

Gordon and Ng" state that a plot df = [a + C,.(Tci/Teo)] Versus TCi should yield a
straight line with gradient Cand intercept with the vertical axis o-CThe following

will illustrate this relationship.

Invoking Equation [A.3] above into the relationsifipg= [0 + Co.(TcilTeo)] results in
Equation [B.1]:

P= -Co+ Gy Tg [B.1]

Equation [B.1] above fits the general straight leguation y = (m.x + c) with y $
and x = &i. The gradient of the line (m) can be seen to bar@ the intercept with

the vertical (y) axis is the negative of.C
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APPENDI X C: Instrument Calibration

The evaporator and condenser water pressures owmetmgifugal chiller’'s visual
display were calibrated using an analogue difféatmiressure gauge placed at the
inlet and outlet of the particular heat exchang&ince the pressures at the heat
exchanger’s inlets and outlets remains approximateinstant for a particular
operating regime, only one calibration measurenvesd recorded. The pressures
recorded from the digital display were correctednyltiplying them by a correction
factor, which was obtained by dividing the calilegtpressure difference by the
displayed pressure difference. Table C1 summatisegalibration exercise for the

evaporator pressure, while Table C2 summarisegahéte condenser.

The calibration certificate for the differentialgssure gauge had been lost but the

maintenance staff at Investec verbally assureacitsiracy and calibration history.

Table C1: Evaporator Water Pressure Calibration

EVAPORATOR

Recorded inlet water pressure 411kPa

Recorded outlet water pressure 471kPa

Recorded pressure difference 60kPa
Correct pressure difference 68kPa
Pressure correction factor 1.1333

Table C2: Condenser Water Pressure Calibration

CONDENSER

Recorded inlet water pressure 479kPa

Recorded outlet water pressure 410kPa

Recorded pressure difference 69kPa
Correct pressure difference 67kPa
Pressure correction factor 0.971
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The voltage, current and power factor values wdreolatained from the Carrier

machine’s digital display, or Chiller Visual Conltronit. These values were all
calibrated using a digital multimeter connectedhe corresponding power supply
cables. The values obtained from the display djestéed according to a correction
factor, which is the calibrated value divided bg tiecorded value. The details of this
exercise have been discussed in section 4 and Tabhkelow summarises the results

of the calibration.

The conformance certificate for the meter, whiclswsued when the instrument was

bought, is given overleaf.

Table C3: Voltage, Current and Power Factor Calibration

POWER

Recorded voltage 405.9v
Correct voltage 406.3V
Voltage correction factor 1.001
Recorded current 359A
Correct current 355A
Current correction factor 0.989
Recorded power factor 0.61
Correct power factor 0.596
Power factor correction factor 0.977
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Tel: (011) 787 8508/9

Fax: (011) 787 8518

okt 4t { ‘ (PTY) LTE. Email: sales@tycom-sa.com
The ba’;‘Sf irn test & mee&suremeni Website: www.tycom-sa.com

Cart

Make

Model

Serial Ng
Certificate No.

Reg No: 56/00195/07

Lficete of Conformance

TOPTRONIC Mu L’(\/—méﬂgyg
TBM126

(74481008

TC28894

i

The following equipment was used to calibrate the above instrument,

Description Model Serial No. Certificate | Expiry Date
Na.

FLUKE 5100B 780015 200805065 [2009.05.30

FLUKE 8840A |4427035 200707038 2008.07.10

EDC 3200 ~ 7499 ‘ 200707035 2008.07.11

The above instrument conforms to the manufacturers specifications,
within the confines of calibration environment,

Calibrated for
Date of issue
Date of Expiry

Calibrated by

ENVIROWARE CONSTRUCTION

2009/04/08 /

2010/04/07

/’ Z -
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APPENDI X D: Tabulated Centrifugal Data

Table D1 summarises the abbreviated terms usedghout Appendix D.

Table D1: Appendix D Nomenclature

TERM DESCRIPTION UNITS
T R Recorded condenser inlet water temperature °C
Te C Calibrated condenser inlet water temperature °’C
TeiSI Sl condenser inlet water temperature K
Teo R Recorded condenser outlet water temperature °’C
Teo C Calibrated condenser outlet water temperature °’C
TeoSlI Sl condenser outlet water temperature K

Tei R Recorded evaporator inlet water temperature °’C
Tg C Calibrated evaporator inlet water temperature e
TSI Sl evaporator inlet water temperature K

Teo R Recorded evaporator outlet water temperature °‘C
Teo C Recorded evaporator outlet water temperature °’C
TeoSI S| evaporator outlet water temperature K
VR Recorded voltage \%
VC Calibrated voltage \Y

IR Recorded current Amps
IC Calibrated current Amps
cosp R Recorded power factor None
cosp C Calibrated power factor None
Power Power drawn by chiller W

Pci Condenser inlet water pressure kPa
Pco Condenser outlet water pressure kPa
AP. R Recorded condenser differential pressure kPa
AP, C Calibrated condenser differential pressure kPa
P& Evaporator inlet water pressure kPa
Peo Evaporator outlet water pressure kPa
APe R Recorded evaporator differential pressure kPa
APe C Calibrated evaporator differential pressure kPa
TE.ve Average evaporator water temperature °‘C
TCave Average condenser water temperature °C

VE Evaporator specific volume m°/kg
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TERM DESCRIPTION UNITS

Ce Evaporator specific heat J/(kg.K)

Ve Condenser specific volume m°/kg

Cc Condenser specific heat J/(kg.K)

VOljow C Condenser water volumetric flow m°/s

VOlgow E Evaporator water volumetric flow m°/s

mqE Evaporator water mass flow kgls

myC Condenser water mass flow kg/s

Qe Evaporator heat transfer W

Qc Condenser heat transfer W

COP Measured coefficient of performance None

COP P Predicted coefficient of performance None

balance Amount of energy left unaccounted for after an W
energy balance

diff COP% | Percentage differential between measured and None
predicted COP values

Table D2 below shows the various evaporator andieaser inlet and outlet water
temperatures obtained under normal operating dondit The recorded, calibrated

and Sl values are given for all data sets.
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Table D2: Temperature Data for Normal Operation for CentyafiuChiller

Ta R TeiSI TR | TeoSI Te R Te S Teo R | TeoSI
[:Cl [K] [:Cl [K] [:Cl [K] [:C] [K]
2431 | 297.46| 27.65| 3008 9.76 | 282.91 6.39 | 279.54
2431 | 297.46| 27.69| 300.84 9.81 | 282.96 6.38 | 279.53
2431 | 29746 | 27.74| 300.89 9.81| 282.96 6.39 | 279.54
2431 | 29746 | 27.76| 300.91 9.87 | 283.02 6.43 | 279.58

2431 | 297.46 27.77 | 300.92 9.89 | 283.04 6.45 279.6

2431 | 297.46 27.78 | 300.93 9.89 | 283.04 6.44 | 279.59

2431 | 297.46 27.76 | 300.91 9.88 | 283.03 6.43 | 279.58
25.08 | 298.23 28.38 | 301.53 9.91 | 283.06 6.47 | 279.62
25.08 | 298.23 28.39 | 301.54 9.94 | 283.09 6.48 | 279.63
25.08 | 298.23 28.4 | 301.55 9.92 | 283.07 6.5 | 279.65
25.08 | 298.23 28.44 | 301.59 9.98 | 283.13 6.52 | 279.67
25.08 | 298.23 28.41 | 301.56 10.01 | 283.16 6.54 | 279.69
25.08 | 298.23 28.46 | 301.61 10.03 | 283.18 6.51 | 279.66
25.08 | 298.23 28.43 | 301.58 9.99 | 283.14 6.53 | 279.68
25.72 | 298.87 29.09 | 302.24 10.09 | 283.24 6.6 | 279.75
25.72 | 298.87 29.11 | 302.26 10.14 | 283.29 6.62 | 279.77
25.72 | 298.87 29.09 | 302.24 10.13 | 283.28 6.64 | 279.79
25.72 | 298.87 29.12 | 302.27 10.16 | 283.31 6.65 279.8

25.72 | 298.87 29.21 | 302.36 10.16 | 283.31 6.64 | 279.79

25.72 | 298.87 29.19 | 302.34 10.18 | 283.33 6.65 279.8

25.72 | 298.87 29.21 | 302.36 10.19 | 283.34 6.65 279.8
25.72 | 298.87 29.2 | 302.35 10.18 | 283.33 6.68 | 279.83
25.72 | 298.87 29.22 | 302.37 10.17 | 283.32 6.67 | 279.82
26.63 | 299.78 30.04 | 303.19 10.36 | 283.51 6.89 | 280.04
26.63 | 299.78 30.08 | 303.23 10.39 | 283.54 6.85 280
26.63 | 299.78 30.05 303.2 10.42 | 283.57 6.87 | 280.02
26.63 | 299.78 30.12 | 303.27 10.44 | 283.59 6.85 280
26.63 | 299.78 30.11 | 303.26 10.44 | 283.59 6.89 | 280.04

26.63 | 299.78 30.15 303.3 10.44 | 283.59 6.91 | 280.06

26.63 | 299.78 30.13 | 303.28 10.45 283.6 6.92 | 280.07

27.21 | 300.36 30.67 | 303.82 10.57 | 283.72 6.97 | 280.12

27.21 | 300.36 30.72 | 303.87 10.61 | 283.76 6.95 280.1

27.21 | 300.36 30.76 | 303.91 10.57 | 283.72 6.98 | 280.13

27.21 | 300.36 30.75 303.9 10.63 | 283.78 6.96 | 280.11

27.21 | 300.36 30.72 | 303.87 10.62 | 283.77 6.96 | 280.11
27.21 | 300.36 30.74 | 303.89 10.65 283.8 6.97 | 280.12
27.21 | 300.36 30.79 | 303.94 10.62 | 283.77 6.99 | 280.14
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Table D3 below contains the power supply data fe& tmachine under normal
operating conditions. The recorded and calibratddes for the voltage, current and

power factor are all displayed and these are usedltulate the power values.

Table D3: Power Supply Data for Normal Operation for Centyil Chiller

VR vVC IR I1C cosp R | cospC Power
vl vl [A] [A] [w]
402.9 403.3 432.4 427.6 0.663 0.648 | 193550
403.1 403.5 433.9 429.1 0.664 0.649 | 194630

403.6 404 433.1 428.3 0.665 0.65 | 194810
402.9 403.3 434.1 429.3 0.668 0.653 | 195820
403.6 404 435.1 430.3 0.671 0.656 | 197520

403.7 404.1 434.4 429.6 0.672 0.657 | 197550
405.2 405.6 434.7 429.9 0.667 0.652 | 196910
403.3 403.7 433.1 428.3 0.663 0.648 | 194060
403.6 404 433.5 428.7 0.661 0.646 | 193790
403.9 404.3 432.9 428.1 0.667 0.652 | 195460
404.8 405.2 434.4 429.6 0.664 0.649 | 195680
405.4 405.8 434.7 429.9 0.667 0.652 | 197010
404.1 404.5 433.4 428.6 0.669 0.654 | 196390
405.3 405.7 434.1 429.3 0.668 0.653 | 196990
403.4 403.8 432.4 427.6 0.662 0.647 | 193490

404.4 404.8 433.5 428.7 0.665 0.65 | 195370
403.8 404.2 434.1 429.3 0.664 0.649 | 195060
404.5 404.9 434.9 430.1 0.665 0.65 | 196060

405.1 405.5 428.3 423.6 0.674 0.658 | 195760
403.9 404.3 428.6 423.9 0.675 0.659 | 195620
404.6 405 431.2 426.5 0.669 0.654 | 195660
404.7 405.1 434.2 429.4 0.669 0.654 | 197040
404.5 404.9 435.6 430.8 0.668 0.653 | 197290
402.1 402.5 436.6 431.8 0.668 0.653 | 196570
399.2 399.6 438.4 433.6 0.668 0.653 | 195970
398.7 399.1 437.3 432.5 0.675 0.659 | 197020
398.4 398.8 437.1 432.3 0.674 0.658 | 196480
403.8 404.2 438.7 433.9 0.669 0.654 | 198670
402.5 402.9 438.8 434 0.669 0.654 | 198070
404.5 404.9 438.4 433.6 0.668 0.653 | 198570
397.7 398.1 434.5 429.7 0.672 0.657 | 194660
398.3 398.7 435.6 430.8 0.668 0.653 | 194270
404.1 404.5 436.3 431.5 0.658 0.643 | 194390
405.2 405.6 436.3 431.5 0.657 0.642 | 194610
404.6 405 435.2 430.4 0.659 0.644 | 194430
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VR VC IR 1C cosp R | cospC Power
vl vl [A] [A] [w]
403.2 403.6 435.5 430.7 0.664 0.649 | 195400
403.1 403.5 433.3 428.5 0.667 0.652 | 195260

Table D4 below contains the evaporator and condenk and outlet pressure data.

The recorded changes in pressure across the hehareggers are calculated and

calibrated.
Table D4: Pressure Data for Normal Operation for Centrifughiller
P Pco AP:R AP C P Peo APe R APe C
[kPa] [kPa] [kPa] [kPa] [kPa] [kPa] [kPa] [kPa]
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
478 408 70 67.97 469 411 58 65.73
477 408 69 67 469 411 58 65.73
478 408 70 67.97 470 412 58 65.73
477 408 69 67 470 412 58 65.73
478 409 69 67 472 411 61 69.13
478 409 69 67 472 412 60 | 67.998
478 410 68 67 473 412 61 69.13
478 408 70 67.97 470 411 59 66.86
478 408 70 67.97 470 412 58 65.73
478 408 70 67.97 470 411 59 66.86
477 407 70 67.97 469 411 58 65.73
477 408 69 67 469 412 57 64.6
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Pg; Pco APcR APc C Pei Peo AP: R AP C

[kPa] [kPa] [kPa] [kPa] [kPa] [kPa] [kPa] [kPa]
478 408 70 67.97 470 412 58 65.73
478 407 71 68.94 470 412 58 65.73
478 408 70 67.97 470 411 59 66.86
477 408 69 67 470 411 59 66.86
477 408 69 67 470 411 59 66.86
478 407 71 68.94 469 412 57 64.6
477 408 69 67 469 412 57 64.6
478 408 70 67.97 470 412 58 65.73
478 409 69 67 470 412 58 65.73

The first set of processed data for the centrifugfaller under normal operation is
given in Table D5 below. These quantities are igaused to simplify the

calculations of the final values shown in the sgosat table.

Table D5: Processed Data 1 for Normal Operation for CergafiChiller

TE.ve TCave \' Ce V¢ Cc mgqE m;C
[°C] [’Cl | [m*/kg] | [/(kg.K)] | [m°/kg] | [J/(ke.-K)] | [kg/s] | [ka/s]
8.075 25.98 0.001 4205 | 0.001005 4181 53.6 69.1
8.095 26 0.001 4205 | 0.001005 4181 53.8 69.1

8.1 | 26.025 0.001 4205 | 0.001005 4181 53.5 69.1
8.15| 26.035 0.001 4205 | 0.001005 4181 53.4 69.1
8.17 26.04 0.001 4205 | 0.001005 4181 53.9 69.1

8.165 | 26.045 0.001 4205 | 0.001005 4181 53.7 69.1
8.155 | 26.035 0.001 4205 | 0.001005 4181 53.8 69.1
8.19 26.73 0.001 4205 | 0.001005 4181 53.9 69.1
8.21 | 26.735 0.001 4205 | 0.001005 4181 53.4 69.1
8.21 26.74 0.001 4205 | 0.001005 4181 53.8 69.1
8.25 26.76 0.001 4205 | 0.001005 4181 53.5 69.1
8.275 | 26.745 0.001 4205 | 0.001005 4181 53.8 69.1
8.27 26.77 0.001 4205 | 0.001005 4181 53.6 69.1
8.26 | 26.755 0.001 4205 | 0.001005 4181 53.9 69.1
8.345 | 27.405 0.001 4205 | 0.001005 4181 53.4 69.1
8.38 | 27.415 0.001 4205 | 0.001005 4181 53.6 69.1
8.385 | 27.405 0.001 4205 | 0.001005 4181 53.9 69.1
8.405 27.42 0.001 4205 | 0.001005 4181 53.5 69.1
8.4 | 27.465 0.001 4205 | 0.001005 4181 53.8 69.1
8.415 | 27.455 0.001 4205 | 0.001005 4181 53.6 69.1
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TE.\e TCave A Ce Ve Cc myE m;C
[°C] [°C] | [m°/kg] | [/(kg.K)] | [m°/kg] | J/(kg-K)] | [kg/s] | [kg/s]
8.42 | 27.465| 0.001 4205 | 0.001005 4181 53.2 69.1
843 | 27.46| 0.001 4205 | 0.001005 4181 53.4 69.1
8.42 | 27.47| 0.001 4205 | 0.001005 4181 53.8 69.1
8.625| 28.335| 0.001 4205 | 0.001005 4181 53.6 69.1
8.62 | 28.355| 0.001 4205 | 0.001005 4181 53.7 69.1
8.645| 2834 | 0.001 4205 | 0.001005 4181 53.5 69.1
8.645| 28.375| 0.001 4205 | 0.001005 4181 53.9 69.1
8.665| 2837 | 0.001 4205 | 0.001005 4181 54 69.1
8.675| 2839| 0.001 4205 | 0.001005 4181 53.6 69.1
8.685| 2838| 0.001 4205 | 0.001005 4181 53.9 69.1
877 | 28.94| 0.001 4205 | 0.001005 4181 53.9 69.1
8.78 | 28.965| 0.001 4205 | 0.001005 4181 53.8 69.1
8.775| 28.985| 0.001 4205 | 0.001005 4181 53.7 69.1
8.795| 28.98| 0.001 4205 | 0.001005 4181 53.6 69.1
8.79 | 28.965| 0.001 4205 | 0.001005 4181 53.2 69.1
8.81| 28975| 0.001 4205 | 0.001005 4181 53.7 69.1
8.805 29 | 0.001 4205 | 0.001005 4181 53.6 69.1

Table D6 shows the second and final set of prodedata for the centrifugal machine

operating normally. These values constitute thenroatcomes of the experiment.

Table D6: Processed Data 2 for Normal Operation for CemgafiChiller

Ta R QE Qc 1/QE cop alpha beta 1/COPP | COPP | balance | bal% | diffCOP%
[°C] (w] [w] [kw ™ [w] (w] [w]

24.31 | 759560 964950 | 0.00132 3.924 144880 | 12520000 0.2575 3.883 11840 1.227 1.045
2431 | 775970 976510 | 0.00129 3.987 144850 | 12521000 0.2529 3.954 5910 0.605 0.828
24.31 | 769390 990950 0.0013 3.949 145510 | 12521000 0.255 3.922 26750 2.699 0.684
2431 | 772440 996730 | 0.00129 3.945 146400 | 12520000 0.2564 3.9 28470 2.856 1.141
2431 | 779670 999620 | 0.00128 3.947 147730 | 12521000 0.2557 3.911 22430 2.244 0.912
24.31 | 779040 | 1002500 | 0.00128 3.944 147730 | 12521000 0.2553 3.917 25910 2.585 0.685
24.31 | 780490 996730 | 0.00128 3.964 146980 | 12521000 0.2544 3.931 19330 1.939 0.832
25.08 | 779670 953390 | 0.00128 4.018 142150 | 12546000 0.2474 4.042 -20340 | -2.133 -0.597
25.08 | 776930 956280 | 0.00129 4.009 142120 | 12546000 0.2486 4.023 -14440 -1.51 -0.349
25.08 | 773700 959170 | 0.00129 3.958 144070 | 12547000 0.2504 3.994 -9990 | -1.042 -0.91
25.08 | 778390 970730 | 0.00128 3.978 144020 | 12546000 0.2504 3.994 -3340 | -0.344 -0.402
25.08 | 785010 962060 | 0.00127 3.985 144950 | 12546000 0.2499 4.002 -19960 | -2.075 -0.427
25.08 | 793370 976510 | 0.00126 4.04 143700 | 12546000 0.2464 4.058 -13250 | -1.357 -0.446
25.08 | 784210 967840 | 0.00128 3.981 144970 | 12546000 0.2495 4.008 -13360 -1.38 -0.678
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Ta R QE Qc 1/QE cop alpha beta 1/COPP | COPP | balance | bal% | diffCOP%
[C] | [w] wl | [kw™ w] w] w]

25.72 783670 973620 | 0.00128 4.05 139940 | 12565000 0.2457 4.07 -3540 | -0.364 -0.494
25.72 793370 979400 | 0.00126 4.061 141200 | 12565000 0.2445 4.09 -9340 | -0.954 -0.714
25.72 791010 973620 | 0.00126 4.055 141130 | 12564000 0.2461 4.063 -12450 | -1.279 -0.197
25.72 789640 982280 | 0.00127 4.028 142220 | 12565000 0.2469 4.05 -3420 | -0.348 -0.546
25.72 796330 | 1008300 | 0.00126 4.068 141450 | 12565000 0.2449 4.083 16210 1.608 -0.369
25.72 795620 | 1002500 | 0.00126 4.067 141400 | 12564000 0.2456 4.072 11260 1.123 -0.123
25.72 791920 | 1008300 | 0.00126 4.047 141710 | 12564000 0.2464 4.058 20720 2.055 -0.272
25.72 785910 | 1005400 | 0.00127 3.989 143540 | 12565000 0.2494 4.01 22450 2.233 -0.526
25.72 791800 | 1011200 | 0.00126 4.013 143400 | 12565000 0.2475 4.04 22110 2.187 -0.673
26.63 782100 985170 | 0.00128 3.979 141430 | 12591000 0.2504 3.994 6500 0.66 -0.377
26.63 799360 996730 | 0.00125 4.079 139500 | 12591000 0.2445 4.09 1400 0.14 -0.27
26.63 798630 988060 | 0.00125 4.054 140640 | 12591000 0.2457 4.07 -7590 | -0.768 -0.395
26.63 813670 | 1008300 | 0.00123 4,141 139010 | 12591000 0.2414 4.143 -1850 | -0.183 -0.048
26.63 806100 | 1005400 | 0.00124 4.057 141870 | 12592000 0.2451 4.08 630 0.063 -0.567
26.63 795620 | 1017000 | 0.00126 4.017 142040 | 12591000 0.2484 4.026 23310 2.292 -0.224
26.63 800070 | 1011200 | 0.00125 4.029 142270 | 12591000 0.248 4.032 12560 1.242 -0.074
27.21 815940 999620 | 0.00123 4,192 135690 | 12606000 0.2405 4.158 -10980 | -1.098 0.811
27.21 828000 | 1014100 | 0.00121 4.262 134380 | 12606000 0.237 4.219 -8170 | -0.806 1.009
27.21 810650 | 1025600 | 0.00123 4.17 135860 | 12606000 0.2421 4.131 20560 2.005 0.935
27.21 827170 | 1022700 | 0.00121 4.25 134830 | 12606000 0.2377 4.207 920 0.09 1.012
27.21 818760 | 1014100 | 0.00122 4.211 135240 | 12606000 0.2394 4.177 910 0.09 0.807
27.21 830980 | 1019800 0.0012 4.253 135340 | 12606000 0.2374 4.212 -6580 | -0.645 0.964
27.21 818160 | 1034300 | 0.00122 4.19 136210 | 12606000 0.241 4.149 20880 2.019 0.979
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Table D7 below contains the evaporator and condeimdet and outlet water
temperatures for the centrifugal chiller operatimgler throttled conditions. As for

the data corresponding to normal operation, therdsaxl, calibrated and Sl values are

given.
TableD7: Temperature Data for Throttled Operation for Géngal Chiller
Ta R TSI ToR TcoSI Te R TSI Teo R TeoSI
[-C] [K] [-C] [K] [-C] [K] [-C] [K]
25.14 | 298.29 29.17 | 302.32 10.14 | 283.29 6.57 | 279.72
25.14 | 298.29 29.19 | 302.34 10.13 | 283.28 6.58 | 279.73
25.14 | 298.29 29.18 | 302.33 10.11 | 283.26 6.6 | 279.75
25.14 | 298.29 29.18 | 302.33 10.13 | 283.28 6.55 279.7
25.14 | 298.29 29.17 | 302.32 10.14 | 283.29 6.57 | 279.72
25.14 | 298.29 29.17 | 302.32 10.12 | 283.27 6.56 | 279.71
25.14 | 298.29 29.18 | 302.33 10.13 | 283.28 6.55 279.7
25.65 298.8 29.7 | 302.85 10.27 | 283.42 6.68 | 279.83
25.65 298.8 29.71 | 302.86 10.27 | 283.42 6.67 | 279.82
25.65 298.8 29.72 | 302.87 10.29 | 283.44 6.67 | 279.82
25.65 298.8 29.69 | 302.84 10.27 | 283.42 6.69 | 279.84
25.65 298.8 29.72 | 302.87 10.29 | 283.44 6.68 | 279.83
25.65 298.8 29.72 | 302.87 10.28 | 283.43 6.67 | 279.82
25.65 298.8 29.73 | 302.88 10.3 | 283.45 6.69 | 279.84
26.23 | 299.38 30.39 | 303.54 10.45 283.6 6.77 | 279.92
26.23 | 299.38 30.37 | 303.52 10.44 | 283.59 6.78 | 279.93
26.23 | 299.38 30.39 | 303.54 10.45 283.6 6.8 | 279.95
26.23 | 299.38 30.38 | 303.53 10.43 | 283.58 6.75 279.9
26.23 | 299.38 30.39 | 303.54 10.46 | 283.61 6.78 | 279.93
26.23 | 299.38 30.39 | 303.54 10.47 | 283.62 6.79 | 279.94
26.23 | 299.38 30.38 | 303.53 10.46 | 283.61 6.79 | 279.94
26.74 | 299.89 30.75 303.9 10.6 | 283.75 7.14 | 280.29
26.74 | 299.89 30.74 | 303.89 10.63 | 283.78 7.13 | 280.28
26.74 | 299.89 30.74 | 303.89 10.68 | 283.83 7.17 | 280.32
26.74 | 299.89 30.75 303.9 10.65 283.8 7.13 | 280.28
26.74 | 299.89 30.72 | 303.87 10.63 | 283.78 7.16 | 280.31
26.74 | 299.89 30.73 | 303.88 10.64 | 283.79 7.17 | 280.32
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The power supply data for the centrifugal machindeu throttled conditions is given
in Table D8. The recorded and calibrated voltagerent and power factor values are

shown.
Table D8: Power Supply Data for Throttled Conditions for €#ngal Chiller

VR VC IR 1C cosp R | cospC Power
vl vl [A] [A] (w]

412.3 412.3 442.1 442.1 0.635 0.635 | 200480
412.4 412.4 443.4 443.4 0.633 0.633 | 200480
411.1 411.1 441.9 441.9 0.638 0.638 | 200750
409.2 409.2 442.5 442.5 0.638 0.638 | 200090
413.8 413.8 441.9 441.9 0.632 0.632 | 200170
410.6 410.6 442.4 442.4 0.634 0.634 | 199470
411.2 411.2 442.9 442.9 0.633 0.633 | 199670
411.8 411.8 443.9 443.9 0.631 0.631 | 199780
411.3 411.3 442.3 442.3 0.633 0.633 | 199450
413.3 413.3 442.4 442.4 0.631 0.631 | 199830
411.9 411.9 443.9 443.9 0.631 0.631 | 199830
413.8 413.8 444.4 444.4 0.628 0.628 | 200030
411.8 411.8 441.6 441.6 0.633 0.633 | 199380
412.8 412.8 444.2 444.2 0.631 0.631 | 200400
412.2 412.2 444.4 444.4 0.632 0.632 | 200520
413.2 413.2 444 444 0.631 0.631 | 200510
413.9 413.9 445.9 445.9 0.63 0.63 | 201390
413.1 413.1 443.9 443.9 0.629 0.629 | 199780
413.5 413.5 4441 4441 0.632 0.632 | 201020
413.9 413.9 443.9 443.9 0.633 0.633 | 201440
413.3 413.3 444.9 444.9 0.632 0.632 | 201280
411.7 411.7 438.7 438.7 0.626 0.626 | 195830
412.1 412.1 439.5 439.5 0.624 0.624 | 195750
412.8 412.8 443.1 443.1 0.623 0.623 | 197370
412.5 412.5 441.2 441.2 0.622 0.622 | 196070
413.5 413.5 441.3 441.3 0.623 0.623 | 196910
412.9 412.9 440.2 440.2 0.626 0.626 | 197070
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The condenser and evaporator inlet and outlet wateperatures are given in Table
D9 when the centrifugal machine operates with tirettling valve tightened. The
recorded differential pressures and the calibrdiéfdrential pressures for both heat

exchangers are also given.

Table D9: Pressure Data for Throttled Operation for Cenga@fuChiller

Pg; Pco APcR AP: C Pg Pco AP:R AP C
[kPa] [kPa] [kPa] [kPa] [kPa] [kPa] [kPa] [kPa]
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
570 519 51 49.52 470 412 58 65.73
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The first set of processed data for throttled ctiowis is given in Table D10 below.
The data shown is predominantly used to arrivenatfinal processed data given in
Table D11.

Table D10: Processed Data 1 for Throttled Operation for Giegtal Chiller

TE.ve TCave Ve Ce Ve Cc m;E m;C
[°Cl [°Cl | [m°/kg]l | [3/(kg.K)] | [m°/kg] | J/(kg-K)] | [kg/s] | [kg/s]
8.355| 27.155| 0.001 4204 | 0.001004 4181 53.3 57.8
8.355| 27.165| 0.001 4204 | 0.001004 4181 53.1 57.8
8.355| 27.16| 0.001 4204 | 0.001004 4181 53.2 57.8
834 | 27.16| 0.001 4204 | 0.001004 4181 53.2 57.8
8.355| 27.155| 0.001 4204 | 0.001004 4181 53.4 57.8
8.34| 27.155| 0.001 4204 | 0.001004 4181 52.9 57.8
834 | 27.16| 0.001 4204 | 0.001004 4181 53.3 57.8
8.475| 27.675| 0.001 4204 | 0.001004 4181 53.4 57.8
847 | 27.68| 0.001 4204 | 0.001004 4181 53.3 57.8
8.48 | 27.685| 0.001 4204 | 0.001004 4181 53.3 57.8
8.48| 27.67| 0.01 4204 | 0.001004 4181 53.2 57.8
8.485| 27.685| 0.001 4204 | 0.001004 4181 53.3 57.8
8.475| 27.685| 0.001 4204 | 0.001004 4181 53.4 57.8
8495 | 27.69| 0.001 4204 | 0.001004 4181 53.4 57.8
861| 2831| 0.001 4204 | 0.001004 4181 53.5 57.8
8.61 283 | 0.001 4204 | 0.001004 4181 53.4 57.8
8.625| 2831| 0.001 4204 | 0.001004 4181 53.6 57.8
859 | 28.305| 0.001 4204 | 0.001004 4181 53.4 57.8
8.62| 2831| 0.001 4204 | 0.001004 4181 53.3 57.8
8.63| 2831| 0.001 4204 | 0.001004 4181 53.6 57.8
8.625| 28.305| 0.001 4204 | 0.001004 4181 53.3 57.8
8.87 | 28.745| 0.001 4204 | 0.001004 4181 53 57.8
8.88| 28.74| 0.001 4204 | 0.001004 4181 53.2 57.8
8.925| 28.74| 0.001 4204 | 0.001004 4181 53.1 57.8
8.89 | 28.745| 0.001 4204 | 0.001004 4181 53.2 57.8
8.895| 28.73| 0.001 4204 | 0.001004 4181 53.1 57.8
8.905 | 28.735| 0.001 4204 | 0.001004 4181 53.2 57.8
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The final set of processed data for the centrifugathine under throttled conditions

is given in Table D11 below. The values are usetha main experimental outcomes

for measurement and discussion.

Table D11: Processed Data 2 for Throttled Operation for Giegtal Chiller

Ta R QE Qc 1/QE cop alpha beta 1/COPP | COPP | balance | bal% | diffCOP%
[°Cl | [w] wl | [kw? w] w] w]
25.14 799940 973900 | 0.00125 3.99 147380 | 12006000 0.2528 3.956 -26520 2.723 0.852
25.14 792480 978730 | 0.00126 3.953 147890 | 12006000 0.255 3.922 -14230 1.454 0.784
25.14 785020 976310 | 0.00127 3.91 148750 | 12006000 0.2578 3.879 -9460 0.969 0.793
25.14 800680 976310 | 0.00125 4.002 146850 | 12006000 0.2516 3.975 -24460 2.505 0.675
25.14 801440 973900 | 0.00125 4.004 146950 | 12005000 0.2524 3.962 -27710 2.845 1.049
25.14 791710 973900 | 0.00126 3.969 146880 | 12006000 0.2542 3.934 -17280 1.774 0.882
25.14 802180 976310 | 0.00125 4.018 146330 | 12005000 0.2513 3.979 -25540 2.616 0.971
25.65 805930 978730 | 0.00124 4.034 145150 | 12019000 0.2475 4.04 -26980 2.757 -0.149
25.65 806660 981150 | 0.00124 4.044 144760 | 12019000 0.2469 4.05 -24960 2.544 -0.148
25.65 811140 983560 | 0.00123 4.059 144820 | 12019000 0.2459 4.067 -27410 2.787 -0.197
25.65 800680 976310 | 0.00125 4.007 145570 | 12019000 0.2492 4.013 -24200 2.479 -0.15
25.65 808900 983560 | 0.00124 4.044 145190 | 12019000 0.2469 4.05 -25370 2.579 -0.148
25.65 810420 983560 | 0.00123 4.065 144400 | 12019000 0.246 4.065 -26240 2.668 0
25.65 810420 985980 | 0.00123 4.044 145490 | 12019000 0.247 4.049 -24840 2.519 -0.124
26.23 827680 | 1005300 | 0.00121 4,128 142960 | 12036000 0.2369 4.221 -22900 2.278 -2.253
26.23 821650 | 1000500 | 0.00122 4.098 143410 | 12036000 0.2386 4.191 -21660 2.165 -2.269
26.23 822470 | 1005300 | 0.00122 4.084 144300 | 12036000 0.2394 4.177 -18560 1.846 -2.277
26.23 826140 | 1002900 | 0.00121 4.135 142300 | 12036000 0.2363 4.232 -23020 2.295 -2.346
26.23 824590 | 1005300 | 0.00121 4.102 143730 | 12036000 0.238 4.202 -20310 2.02 -2.438
26.23 829230 | 1005300 | 0.00121 4.117 143830 | 12036000 0.2375 4.211 -25370 2.524 -2.283
26.23 822350 | 1002900 | 0.00122 4.086 144150 | 12036000 0.2389 4.186 -20730 2.067 -2.447
26.74 770930 969060 0.0013 3.937 141910 | 12040000 0.2585 3.868 2300 0.237 1.753
26.74 782780 966650 | 0.00128 3.999 140980 | 12039000 0.2551 3.92 -11880 1.229 1.975
26.74 783550 966650 | 0.00128 3.97 142670 | 12039000 0.2569 3.893 -14270 1.476 1.94
26.74 787260 969060 | 0.00127 4.015 141000 | 12039000 0.2541 3.935 -14270 1.473 1.993
26.74 774620 961810 | 0.00129 3.934 142800 | 12040000 0.2586 3.867 -9720 1.011 1.703
26.74 776080 964230 | 0.00129 3.938 142890 | 12039000 0.2587 3.865 -8920 0.925 1.854
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APPENDIX E: Recording Water Flow Rates

The volumetric flow rates of water through the cemser and evaporator for all of the
experiments were obtained from an ultrasonic floeten The complete device is

comprised of a linear sensor, with adjustable sgngiads, and a programming

device. The sensor is strapped to the outsidehefpipe being tested along its

longitudinal axis and sends triangulated pulsewéen two sensing pads, as indicated
in Figure E1.

Figure E1. Ultrasonic Flow-Meter Triangulated Pulses

Users only need to specify the outer diameter, tistkness and material of the pipe
being tested and specify the type of fluid flowittyough the pipe. With this

information, the display device calculates and gatks the distance at which the
adjustable pads must be set. Once this is sebupatly the sensor is connected to

the display device via two cables, one at eachirsgpad.

The time taken used for pulses to be sent frompaieto the other is used to calculate

the flow through the pipe and the flow rate is tigpd in either m/s, s or kg/s.

The pages that follow are taken from the ultrasométer manual and they contain the

key steps that are followed to obtain flow measeis.
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E Instruction Manual

PORTABLE TYPE
ULTRASONIC FLOWMETER

(PORTAFLOW X)

TYPE: CONVERTER FLC-2
DETECTOR FLD-1

Fuji Electric Systems Co,, Ltd. INF-TN2FLCc-E

116



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

6. INPUT OF PIPING SPECIFICATIONS

Before installing the detector, set the specifications of a pipe in the main unit to allow measurements.

Caution) Measurements cannot be accomplished without these settings.

95-06-27 11.49
H H FLOW RA IT: i
6.1 Display of pipe setup screen Ve | wn o
Title of p
@ Pressthe @ key on the “MEASURE” screen Hlei0 Dage 0 000”0 0
to invert the “Tab”. \
VELOCITY I UNIT ms
0.000.. 0
+TOTAL ' UNIT: ml
0000000
RESET
- TOTAL ‘ UNIT: ml
0000000_
RESET
TiYiriihie 5-06-27 14:49
‘" t13 PIPE
@ Press the @ key, and the “SITE SETUP PARAMETER SITESETUP.
menu screen is displayed. |
To move the cursor on the screen, press the >< FRPMEIRENE R
@ key or @ kcy‘ %
=
4 A A
To invert “PIPE PARAMETER” on the menu L | EPIs i
screen , press the ® key on the “SITE = FESPONSEZET Ot
SETUP” screen. & | GALIBRATION
CUTOFF 0.000m/s
TOTALIZE
-SENSOR SPACING —
125.7mm
L 96-06-24 10:57
@ Pressthe @) key, and “PIPE e e —
PARAMETER? screen is displayed. displayed.
2 || OUTER DIAMETER 1300mm
|| PPEMATERIL  CARBONSTEEL
o || WhLLTHKNESS aotmm
= || LNNG MATERIAL NOLINING
LINING THICKNESS 00t
KIND OF FLUID WATER
SENSOR MOUNTING v
SENSORTYPE FLGS
TRANS, VOLTAGE X
INF-TN2FLC-E 6-1
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@ Outline of PIPE PARAMETER
06-06-24 10:57 o)

Enter site name (name of pipe to be used for measurement) — Page 6 - 3
PIPE PARAMETER . . :
Set external dimensions of pipe — Page 6 - 4
SITE NAME A
o || ouTER DIAMETER 180mm Set pipe material — Page 6 -5
T || PPEMATERIAL  CARBONSTEEL : :
L Set pipe thickness — Page 6 - 6
@ | | WAL THCKNESS I .
2 || LNING MATERIAL NOUNNG —— Set lining material — Page 6-7
LINING THICKNESS 00im ———— Set lining thickness — Page 6 - 8
KIND OF FLUID WATER <
T 3 1 =
SENSORMOLNTING y Set kind of fluid — Page 6-9
SENSOR TYPE FLGIS Set selection of sensor mounting method — Page 6 - 10
TRANS, VOLTA x1
LS Set type of sensor — Page 6 - 11
Set transmission voltage — Page 6 - 12

(& Display of mounting dimensions

When the settings are completed on the “PIPE PARAMETER” screen, press the @ key to display the
“SITE SETUP” menu screen.

At the last line the “SENSOR SPACING” value is displayed.

96-06-24 10:57 95-06-27 14:49
[T —|
SITE NAME PARAMETER MEMORY
g || UTERDIAMETER 1300mm %
E PIPE MATERIAL CARBON STEEL L ZERO ADJUST MANUAL ZERO
$ WALL THICKNESS 001mm ] RESPONSE SET 0sec
= || LmnaaTERIAL NOLINING € =P | B | oasnanon
LINING THICKNESS 00fmm CUTCRF 0.000m/s
KIND OF FLUID WATER TOTAUZE
SENSOR MOUNTING v
SENSOR TYPE FLGIS
X1 —SENSOR SPAGING —
L 125.7mm
—— Mounting
dimension

Install the sensor according to chapter 7. MOUNTING OF DETECTOR and the mounting
dimension is as displayed on the last line.

6-2 INF-TN2FLC-E
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6.3 Outer diameter of piping (unit: mm)
(range: 13 to 6100 mm)
Press the (¥ key on the “PIPE PARAMETER" screen to ‘ [
s w 3 LCIPE PARAMETER ;
invert the “OUTER DIAMETER”. o7 e
. . ITE NAME 1
Press the @ key, and you can enter the outer dimension.
% OUTER DIAMETER ] 1300mm
|| PPEMATERIAL  CARBON STEEL
Use the @ or ) key to cause the digit to move in the right & WALL THOKNESS aotmm
gl elpleeiog . E || UNNGIATERAL  NOLNNG
Use the @ or (¥) key to enter the numeric. LINING THICKNESS atmm
After entry, press the @ key. KIND OF ELUD WATER
. . . ) SENSOR MOUNTING v
Note) Enter outer dimensions, but not nominal diameter SENSOR TYPE FLDR
(example: 20A — 20).
TRANS. VOLTAGE 4TMES
Outer diameter of piping
r=T—
PIPE PARAMETER:
SITE NAME
Outer o || EER waodm
k diamerer || PPENATERIAL  CARBONSTEEL
| | WALLTHEKNESS 001
('7_2 LINING MATERIAL NO LINING
LINING THICKNESS 001mm
KINDOF FLUID WATER
SENSOR MOUNTING v
SENSOR TYPE FLDR
TRANS. VOLTAGE 4THES
Example) When the outer diameter of piping is 318.5 mm:
PIPE PARAMETER @ PIPE PARAMETER
SITE NAME @ @ SITE NAME @
w0zoBmn| (@
6-4

INF-TN2FLC-E
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6.4 Piping material

Press the (@) key to invert the “PIPE MATERIAL”,

Press the () key, and the “PIPE MATERIAL" screen will appear.

Select the material by using the @ or ® key. After entry, press

e ———
SITE NAME PFENOT
OUTER DIAMETER H185mm
CARBON STEEL
WALL THICKNESS 00mm
LINING MATERIAL NO LINING
LINING THICKNESS 00tmm
KIND OF FLUID WATER
SENSOR MOUNTING v
SENSOR TYPE FLDR
TRANS. VOLTAGE 4THES

the En) key. S
€ key =
Note) If you select *OTHER”, enter the sound velocity ®
(range: 1000 to 3700m/s). See page 15 - 6, Table &1, =

w

o

=2

—

L

w

wr

=

7]

CARBON STEEL

STAINLESS STEEL
CASTIRON
COPPER

PVC

ALUMINUM
DUCTILE IRON
ASBESTOS

FRP

®® &

Example) When the piping material is cast iron:

PIPE MATERIAL FIPE MATERIAL

CARBON STEEL CARBON STEEL

STAINLESS STEEL STAINLESS STEEL
CAST IRON

INF-TN2FLC-E
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6.5 Wall thickness (unit: mm) (range: 0.01 to 100.00mm)

Press the ) key to invert the “WALL THICKNESS”.

Press the @ key, and wall thickness can be entered (See
pages 15 -11to 15 - 6, Piping Data ). RS
Use the @ or ® key to move the digit to the right and
left. SITE NAME PPENOI
Using the @ or @ key, enter the numeral. After entry, % ;g?;;r::im CAHBOS:\J&::E“ET
press the @ key. § i
E LINING MATERIAL NOLINING
LINING THICKNESS Q0tmm
KIND OF FLUID WATER
Lining and wall thickness of piping | SENBORMOLNTING Y
SENSOR TYPE FLDR2
TRANS. VOLTAGE 4ATMES
Lining thickness Wall thickness
/ Pﬂ:ﬁlﬂ—_
SITE NAME
: s
'LE PIPE MATERIAL CARBON STEEL
|| WALLTHOKNESS 00
= || LNNG MATERIAL NOLINING
LINING THICKNESS 001mm
KIND OF FLUID WATER
SENSOR MOUNTING v
SENSOR TYPE FLD12
TRANS. VOLTAGE 4TMES
]

@
ONC &)

Example) When the wall thickness is 1.25mm

PIPE MATERIAL CAST IRON @ PIPE MATERIAL CAST IRON
000.0fmm @ ® | T corzsnm
LINING MATERIAL ~ NOLINING LINING MATERIAL ~ NO LINING
6-6 INF-TN2FLC-E

121



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

6.6 Lining material

Press the (¥) key to invert “LINING MATERIAL”,
Press the §w) key, and “LINING MATERIAL”
screen will appear.

Using the @ or ¥ key, select the material. After

selection, press the @ key.

Note) If you select “OTHER”, enter the sound velocity
(range 1000 to 3700m/s). See page 15-6,
Table €).

SITE SETUP

T —|
SITE NAME PPENDI
OUTER DIAVETER 31850mm
PIPE MATERIAL CAST IRON
WALL THICKNESS 125mm
NO LINING
LINING THICKNESS 001mrm
KIND OF FLUID WATER
SENSOR MOUNTING v
SENSORTYPE FLD2
TRANS. VOLTAGE 4THES

&

SITE SETUP

PIPE PARAMETER
LINING MATERIAL

NO LINING

TAREPOXY
MORTAR
RUBBER
TEFLON
PYREX GLASS
OTHER 2000 mis

®® @

Example) When the lining material is mortar

LINING MATERIAL

NO LINING

TAR EPOXY
MORTAR
ROBBER

LINING MATERIAL

NOLINING
TAR EPOXY
MORTAR
ROBBER

INF-TN2FLC-E
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6.7 Lining thickness (unit: mm) (range: 0.01 to 100.00 mm)

When the lining material is set to items other than
“None” in 6.6 Lining material.

Press the @ key to invert the “LINING
THICKNESS™.

Press the @ key, the lining thickness numeric entry
can be performed.

The cursor can shift the numeric digit by using the @
or @ key. The numeric can be entered by using the
@ or @ key.

After entry, press the @ key.

= =
A |
| R ——

| SITE NAME PPENO }
Q|| OUTERDIRNETER 31850mm
| I || PPEMATERIAL  CARBONSTEEL
‘2 WALL THICKNESS 00tmm
= || LINNG MATERIAL NOLINING
oo

|| KIND OF FLUID WATER | |
SENSOR MOUNTING v
SENSOR TYPE FLDt2
TRANS. VOLTAGE ATIES

|

SITE NAME

o || OUTER DAMETER 3H850mm
|| PPEMATERIAL  CARBONSTEEL
3 WALL THICKNESS 0imm
5 LINING MATERIAL NO LINING
oegfm
KIND OF FLUID WATER
SENSOR MOUNTING ]
SENSOR TYPE FLDR
TRANS, VOLTAGE ATIVES

@
ORC )

Example) When the lining thickness is 1.25 mm

LINING MATERIAL

MORTAR @ LINING MATERIAL MORTAR

ISR oco.ofimm | (9 () | [TTREETES 0o1.25mm

KIND OF FLUID

WATER KIND OF FLUID WATER

INF-TN2FLC-E
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6.8 Kind of fluid

Select kind of fluid and enter the dynamic viscosity

coefficient. PIPEPARAMETER
For fluid having no item, enter sound velocity.
v ’ SITE NAME PPENO
Chame: SOR 12500 =) o | | OUTER DIAMETER 3850mm
Press the @ key to invert the “KIND OF FLUID”. = "
| | PIPE MATERIAL CAST IRON
Press the @) key. The “KIND OF FLUID" screen 9 | P
3 w
will dppear. = || e TR HORTAR
Note 1) To return the screen to the “PIPE LINNG THCKNESS e
PARAMETER?, press the @ key. KIND.OF FLUID WATER
SENSOR MOUNTING v
Select kind of fluid by using the @ or ¥ key. SENSORTYPE LD
After selection, press the @ key, the screen will TRANS, VOLTAGE ATHES
appear, to enter the dynamic viscosity coefficient.
The initial value is set to water coefficient.

/N CAUTION € @

. <
There is no need to change “1.004 E-6m?/s”
when measuring water. Return the screen by
pressing the @ key. T
a SEAWATER
Note 2) When “OTHER” is selected, enter sound ve- E OTHER
locity, See page 15-6, Tables 20 and 22. @
i
7]
/ Remarks \
Dynamic viscosity coefficient is set to water (20°C).
When measuring accurately or measuring fluid other than
water, enter as needed.
(See page 15-6.) 5
(Range: 0.001 x 10 to 999.999 x 10-m?s) @ ® @ @
— >
TS al
@
.
SEAWATER [ KINEMATIC VISCOSTTY | "WATER"
OTHER @ mES mols o W W
N® 5
(A1)
\ w
L
€9 &
w
FOTHER®
‘ 2 mls
KINEMATIC VISCOSITY
10GES  m2ls ’

INF-TN2FLC-E
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6.9

Selection of sensor mounting method

Mounting methods available for the sensor are V method
and Z method as illustrated.

To select the mounting method;

Press the (¥ key to invert the “SENSOR MOUNTING™.
Press the @ key. The “SENSOR MOUNTING screen
will appear.

Select either V or Z method using the @ or (@ key.

\

Select the V method generally. Use the Z method in
the following cases:

Remarks

* Ample space is not provided.

* High turbidity

* Weak receiving waveform

* Thick scale is deposited on the pipe internal

\surface. /

V method

SITE SETUP

Z method

(Large sensor
FLD5 only)
—
=T —|
|| siTe Name PRENG
o || OUTER DWNETER 38E0mm
5 || PIPE MATERIAL CASTIRON
8 WALL THICKNESS 125mm
S || UNNG MATERIAL MORTAR
LINING THICKNESS 125m
KIND OF FLUID WATER
SENSOR MOUNTING v
SENSOR TYPE FLDI2
TRANS. VOLTAGE 4THES

_

&)

e ——

PIPE PARAMETER

SENSOR MOUNTING
?

INF-TN2FLC-E
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7. MOUNTING OF DETECTOR

7.1 Selection of mounting location

Detector mounting location, i.e., the conditions of the pipe subjected to flow rate measurement exert a
great influence on measurement accuracy. So select a location meeting the conditions listed below.

(1) There is a straight pipe portion of 10D or more on the upstream side and that of 5D or more on the
downstream side.

(2) No factors to disturb the flow (such as pump and valve) within about 30D on the upstream side.

Classification For upstream side For downstream side
L=5D
a]
2 [ L=10D o
90° bend g L— ]
® §
S
= Detector
s
£ L=10D
o
=) )
Tee = b— |
More than
10D
=4
5,
o3 LZ30D L=5D
Diffuser = s
Il = Eﬂ]:]]]j
=1.5D
L=10D L=5D
Reducer T
EEED al::m:s
L=30D L=10D
a
vaves | =TI =1
Flow control valve exists on upstream side. Flow control valve exists on downstream side.
Stop valve ﬂ
Check valve \ L
Pump

Extracted from Japan Electric and Machinery Industry Society (JEMIS-032)

INF-TN2FLC-E
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(3) Pipe is always filled with fluid. Neither air bubbles nor foreign materials are contained in the fluid.
(4) There is an ample maintenance space around the pipe to which the detector is to be mounted (see
figure below).
Note 1) Secure an adequate space for allowing a person to stand and work on both sides of a pipe.
Note 2) D indicates the inside diameter of a pipe.

\ NN

ot 1
Q0| |
RE| :
, Sy ol
! J O ]
i | G |
I ‘ I
\U‘ £8
\/I §8 |
4‘ 1 oh =5
| Q0
| { SE
| ‘ s,
, \ Y y
N $ N §
i D+ 1200 or more EOO or more D '600o0rmore
-

D : Pipe diameter

Space required for mounting detector

(5) For a horizontal pipe, mount the detector within +45° of the horizontal plane.
For a vertical pipe, the detector can be mounted at any position on the outer circumference.

Air bubbles
Pipe
\45"

Horizontal plane #

Deposits of
sludge

(6) Avoid mounting the detector near a deformation, flange or welded part on the pipe.

—/ ++

X -
Vi vy

Welded part Flange or welded Welded part

INF-TN2FLC-E
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7.2 Selection of detector

(1) Selection of mounting methods
There are 2 methods for mounting the detector; V method and Z method. For the mounting space, see
the following sketch.

<lLarge sensor>

L=About D L=About D/2
Detector

V method Z method

<Small diameter sensor, small sensor or high-temperature sensor>

Length of frame of each sensor Length of frame of each sensor
L Frame
= \\‘ /1
<
V method Z method L: Mounting dimension
Mounting method mounting dimension for

sensor displayed on the
SITE SETUP screen
Employ the Z method in the following cases.

* Mounting space need be saved (mounting space of the Z method is about one half of the V
method's).

¢ Turbid fluid such as sewage is to be measured.

* Pipe has mortar lining.

* A thick film of scale may have been formed on the inner surface of pipe because it is old.

(2) Detector selection standards
The Z method for large size sensor is recommended for outer diameter 300mm or more.
FLD51 should be used as much as possible for pipes such as old pipes, cast iron pipes, and mortar
lining pipes, through which it is difficult for ultrasonic signals to pass.

Detector

Type Diameter Temperature

FLD22  [13___|100mmi{V methot) | | -40 1—:_| +100°C |
'50:35mm I\ method) ! :'

FLD12 . : -4OI::I+100°C ‘
i GOO[:MQOmm z method) : W
§so‘mssomm v rhethod) : | L o000

FLD32 ¥ : -40] E |
P ‘ :300:14Q0mm ;(Z method)
L leo0f 3000mm (v methpd) oo :

FLD51 porooboor o w f o : . 6000mm -40[_____—|+80°C
BN .. —— : ; 1(Z method)

INF-TN2FLC-E 7-3
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7.4

How to mount small size (standard) sensor and small
outer diameter sensor to pipe
(D Loosen the lock nut and slide the sensor so as to

meet the mounting dimension and then tighten
the nut. Element holdder

Saddle
Lock nut |

BNC connector

Mounting
dimension (L)

@ Apply a coat of silicone grease to the
transmitting surface of the sensor. Spread the
compound over the entire area.

Keep the sensor retracted by turning the element
holder counterclockwise.

After cleaning the surface of the pipe, the sensor
should be mounted.

/\ CAUTION

Apply a small quantity (like toothpaste) of

Element holder

silicon grease to the transmitter unit.

@ Fix the both ends (saddles) of the sensor to the Cloth belt
pipe by cloth belts.
Mounting will be facilitated by winding the cloth
belts on the pipe in advance.
Cloth belts are usable at 80°C or lower. If
beyond 80°C, stainless steel belts should be
used.
(High-temperature stainless belt: Drawing No.
TK7G7981C1)

@ Make sure the sensor is mounted in parallel with

the pipe axis and the mounting dimension is
right. Then, turn the element holder clockwise
until the sensor comes in close contact with the
pipe.
Stop turning the element holder when it stiffens
because the transmitting surface comes in
contact with the pipe surface. Be careful not to
turn the holder excessively.

Element holder

INF-TN2FLC-E 7-5
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7.5

7.5.1

How to mount large size sensor

How to determine mounting position (large sensor)

Determine the mounting position by carrying out the following work.
For this work, gauge paper is necessary (For the gauge paper, refer to page 7-10).

@

Match the edge of gauge paper with the line at
about 100mm from one end of the pipe portion
treated for detector mounting, and wind the
gauge paper so that the line marked on the paper
is parallel with the pipe axis (fix with tape not to
allow deviation). At this time, the edge of gauge
paper should be aligned.

Extending the line marked on the gauge paper,
mark straight line A on the pipe.

Mark a line along on edge of the gauge paper.
The intersection of this line and straight line A is
replaced with A

In mounting by the V method, peel the gauge
paper and measure the mounting dimension from
A, to determine A, position. At this position,
mark a line orthogonal to the straight line A.

A, and A, become the mounting positions.

Example) L =200mm

In mounting by the Z method, measure the
circumference from A, with a measuring tape.
At 1/2 of the circumference, determine points B,
and B, and mark a line (straight line B)
connecting those points.

Mark the points B, and peel off the gauge paper.

Measure the mounting dimension from B, to
determine B, position. At this position, make a
line orthogonal to the straight line B.

A, and B, become the mounting positions.

Example) L = 100mm

Line drawn 100mm

on gauge paper -~
I %7 4 \
Align this edge.
Draw line A.

.n / )
i
%
\

Draw a line
along the edge.  Ap

Straight line B

100mm
R LLIL
]

CED &8

Bo B2
B2 Bo

INF-TN2FLC-E
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@ Height adjustment of guide plate

* Place the sensor on the pipe surface in parallel
with the pipe axis.

« Loosen the guide plate fixing screw and slide
the guide plate until its edge and transmitting
surface touch the surface of pipe.

* Then tighten the fixing screw.

How to determine the length of wire rope

Place the sensor on the marked lines and fit the
wire rope and fastening spring.

Loosen the wire clip and pull the wire rope
until the overall length of fastening spring
approximates 180mm. Then tighten the wire
clip.

(The fastening spring has a free length of
110mm.)

While fixing the wire rope, remove the sensor.
Mounting of sensor

* Wipe off contaminates from the transmitting
surface of sensor and the sensor mounting
surface of pipe.

* Apply the silicone grease on the transmitting
surface of sensor wile spreading it evenly.

* Film thickness of the silicone grease should be
about 3mm.

* Spread the wire rope near the marked lines in
the left-right direction, bring the sensor in
close contact and fit the wire rope.

* Align the matching mark of sensor with the
marked line. In addition, make the
transmitting direction marks of sensors face
each other.

= Make sure the matching mark of sensor is
aligned with the marked line and connect the
coaxial cable to the converter.

Note) Do not pull the coaxial cable.
Otherwise, the sensor will be
activated to disturb measurement,

Fastening spring

Transmission mark

7.5.3 How to mount large size sensor to pipe

/f Fixing screw

Transmission
direction mark

Fastening

spn%
A0

Loosen this wire clip
and pull the wire rope.

v
[ TN T
.// Marked lines ‘\‘
{ .///\; A
=1 @ Y ;
8 L i
\\ Sensor ,'J

\ ¢ l\é\ o= A !

Y | l

Tramsmitting
surface

Marked line Transmission Marked lline )
/ mark Matching
] o i e mark
) i Mounting
3&1‘1”‘” line dimension (L)
Matching mark
7-8 INF-TN2FLC-E
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8. MEASUREMENT

When wiring, piping settings and mounting of the sensor are completed, start the measurement.
The contents displayed on the MEASURE screen are as follows.

Instantaneous flow meter

- On the MEASURE screen, instantaneous flow, instantaneous flow velocity, analog output, and analog input
are displayed.

Of the 4 stages displayed on the MEASURE screen, 2 contents can be arbitrarily allocated to the 1st and 2nd
stage. Allocation is accomplished by selection of “UNIT”.

If the flow rate is displayed when water flow stops, refer to page 9-3, “ZERO ADJUST” and page 9-5,
“CUT OFF”.

If the flow display fluctuates, refer to page 9-3 “RESPONSE SET”,

Integrated flow rate

- When the integrated flow rate is displayed, “+TOTAL” and ““TOTAL” are fixed on the third stage and 4th
stage, respectively.

- Integrated flow rate value is available in the range from 0000000 to 999999. If the value exceeds 9999999,
it reset to 0000000,

Battery alarm
@ ¥ @Clock @ Indicator
Instantaneous flow rate, . -
flow velocity, etc. (® Unit of indication
! value

- 1 -06- -490) BE
How to view display B0 2.

LOW RATE ‘ N, mah g
10 L/imin

Lih
Mantissa  Exponent 0 000 0 ML/
@ i x10 m3/s
x10 Q) = tme VEL(}E{TY ’ WT m i
¢ m/s
x10 1 =10 times s e
% flow rate
X10 2 =100 times St
%10 BBL/s
Example) 1 200 x101 : 88L/min
corresponds to +TOTAL ‘ UNIT: mL BBL/
1.2X10=12. N MBBL/d Instantaneous
sToP mis ——— flow velocity
’ 00 00 00 0 Al % ———Analog input
When the cursor points to / RESET A0 % ——Analog output
tie "NEASURE (ToTAL ’ T mi- ]
Tab as displayed, use @ Unit of totalize

care since the measure- SToP |
ment value will not ® Status display of

changs. RESET totalize

Move the cursor within /‘0@%

the screen by pressing \

the ®key. (@ Status display Resetting of integrated flow rate

Integrated flow rate in forward direction

Integrated flow rate in reverse direction
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“Indicator™

Shows the intensity of ultrasonic receiving signal.

Check if 2 or more indicators are displayed.

If one or less indicator is displayed, raise the transmission voltage level as shown on page 6-12.
‘When the sensor is not connected, the indicator may be lighted by sensing noises. But, this is not

€rror,

“Status display”
Check if “NORMAL?” is displayed.
This is not an error.

If the sensor is not connected, other messages may be displayed.

In case other message is displayed after installing and connecting the sensor, take corrective actions

according to page 9-33, “System check function”.
If “NORMAL” is not displayed when 1 or less indicator is display,

measured value”.

“Battery alarm”

When activating this instrument on the built-in battery,

refer to page 11-2, “Error in

check if the BATTERY ALARM ( {51 ) is not

displayed. If “BATTERY ALARM?” is displayed, the power is turned OFF in about 20 minutes,
When charging the battery, refer to page 4-1 “To charge the battery”.

Unit of integration

When changing the unit of integration, refer to page 9-6,

integration process of measured data (totalize)”.

Unit of indication value

To change the units of flow rate and flow
velocity on the MEASURE screen;

@ Move the cursor to “UNIT” by pressing the
@ or@ key.

@ Press the key, and the screen
appears, enabling the unit of flow rate to be
selected. Select any unit by pressing the
@or @ key and press the @ key.

Status display of integration
Meaning of display
STOP: Not totalized
RUN: Totalizing in progress
To start the action of integration, refer to page
9-6, “TOTALIZE”.

“Clock set”

This instrument has a timer function. For the
timer to set the time, refer to page 9-15,
“CLOCK SET”.

The timer function should be used based on this
watch.

Reset

The integration value can be set to 0 or “any
other numeric value”. To reset the integration
value, point the cursor to “RESET” by pressing
the @or @ key, and then press the @
When you want to reset to any value or 1000 for
example, refer to page 9-7, “To set reset data”.

key.

MEASURE

MEASURE

RESET
~TOTAL m

FLOW RATE T
0. 0 0 0x10 0 ‘
VELOCITY UNT s

0000 0
+TOTAL UNIT ml
0000000

0000000

NORMAL

0.000.. 0
0.000.. 0

+TOTAL UNT. il

stop
0000000

-TOTAL UNIT ml

0000000
Lo |

NORMAL

“TOTALIZE: when performing the

Point the cursor 1o
UNIT of flow rate
and press the

key, and Menu
screen is displayed.

Lis
L/min
L/h
MLrd
m3/fs
m3/min
Mm3/d
BBL/s
BBL/min
BBL/h

MBBL/d
mis

Al %
AO %

Point the cursor to
RESET and press
the &) key,

and lotalize is
reset,
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APPENDI X F: Tabulated Reciprocating Machine Data

All of the recorded and processed data for thestpstformed on the reciprocating
chiller are given in the tables below. The sameéreddations for the tables of

Appendix D are used below and a description afhalterms is given in Table D1.

Table F1 contains all of the temperature data tierdvaporator and condenser inlet

and outlet water flows. The recorded temperatargstheir SI conversions are given.

Table F1: Reciprocating Temperature Data

TaR TaiS! TR | TeoS! TeR TSI TeoR | TeSl
[°C] (K] [°C] (K] [°C] (K] [°C] (K]
2402 | 297.17 | 27.54| 300.69 | 10.14 | 283.29 7.24 | 280.39
2402 | 297.17 | 2755| 3007 | 10.13 | 283.28 7.26 | 280.41

24.02 | 297.17 27.53 | 300.68 10.15 283.3 7.25 280.4
24.02 | 297.17 27.54 | 300.69 10.14 | 283.29 7.27 | 280.42
24.02 | 297.17 27.55 300.7 10.13 | 283.28 7.23 | 280.38
24.02 | 297.17 27.57 | 300.72 10.17 | 283.32 7.25 280.4
24.02 | 297.17 27.56 | 300.71 10.16 | 283.31 7.24 | 280.39
25.07 | 298.22 28.76 | 301.91 10.43 | 283.58 7.23 | 280.38

25.07 | 298.22 28.77 | 301.92 10.45 283.6 7.26 | 280.41
25.07 | 298.22 28.77 | 301.92 10.42 | 283.57 7.24 | 280.39
25.07 | 298.22 28.78 | 301.93 10.44 | 283.59 7.23 | 280.38
25.07 | 298.22 28.78 | 301.93 10.45 283.6 7.24 | 280.39
25.07 | 298.22 28.79 | 301.94 10.46 | 283.61 7.29 | 280.44
25.51 | 298.66 29.44 | 302.59 10.67 | 283.82 7.34 | 280.49
25.51 | 298.66 29.45 302.6 10.66 | 283.81 7.33 | 280.48
25.51 | 298.66 29.43 | 302.58 10.68 | 283.83 7.37 | 280.52
25.51 | 298.66 29.45 302.6 10.65 283.8 7.34 | 280.49
25.51 | 298.66 29.45 302.6 10.68 | 283.83 7.38 | 280.53
25.51 | 298.66 29.45 302.6 10.67 | 283.82 7.37 | 280.52
25.51 | 298.66 29.45 302.6 10.66 | 283.81 7.35 280.5
26.02 | 299.17 30.19 | 303.34 10.75 283.9 7.23 | 280.38
26.02 | 299.17 30.18 | 303.33 10.77 | 283.92 7.26 | 280.41

26.02 | 299.17 30.2 | 303.35 10.78 | 283.93 7.27 | 280.42
26.02 | 299.17 30.14 | 303.29 10.74 | 283.89 7.24 | 280.39
26.02 | 299.17 30.16 | 303.31 10.73 | 283.88 7.25 280.4
26.02 | 299.17 30.21 | 303.36 10.77 | 283.92 7.24 | 280.39
26.02 | 299.17 30.18 | 303.33 10.78 | 283.93 7.28 | 280.43
26.54 | 299.69 31.03 | 304.18 11.16 | 284.31 7.28 | 280.43
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T R TSI Teo R TcoSlI Tg R TgSI Teo R TeoSI
[:Cl [K] [:Cl [K] [cl [K] [cl [K]
26.54 299.69 31.01 304.16 11.14 284.29 7.24 280.39
26.54 299.69 31.05 304.2 11.17 284.32 7.27 280.42
26.54 299.69 31.05 304.2 11.15 284.3 7.23 280.38
26.54 299.69 31.02 304.17 11.14 284.29 7.26 280.41

26.54 | 299.69 31.02 | 304.17 11.12 | 284.27 7.23 | 280.38
26.54 | 299.69 31.03 | 304.18 11.14 | 284.29 7.24 | 280.39

27.03 | 300.18 31.47 | 304.62 11.17 | 284.32 7.28 | 280.43
27.03 | 300.18 31.45 304.6 11.14 | 284.29 7.24 | 280.39
27.03 | 300.18 31.47 | 304.62 11.15 284.3 7.23 | 280.38
27.03 | 300.18 31.47 | 304.62 11.16 | 284.31 7.27 | 280.42
27.03 | 300.18 31.49 | 304.64 11.19 | 284.34 7.28 | 280.43
27.03 | 300.18 31.49 | 304.64 11.19 | 284.34 7.27 | 280.42
27.03 | 300.18 31.47 | 304.62 11.17 | 284.32 7.26 | 280.41
27.42 | 300.57 32.04 | 305.19 11.27 | 284.42 7.28 | 280.43
27.42 | 300.57 32.05 305.2 11.3 | 284.45 7.26 | 280.41
27.42 | 300.57 32.04 | 305.19 11.31 | 284.46 7.26 | 280.41
27.42 | 300.57 32.07 | 305.22 11.3 | 284.45 7.24 | 280.39
27.42 | 300.57 32.06 | 305.21 11.31 | 284.46 7.23 | 280.38

27.42 | 300.57 32.08 | 305.23 11.33 | 284.48 7.24 | 280.39
27.42 | 300.57 32.07 | 305.22 11.31 | 284.46 7.24 | 280.39

Table F2 below contains the power supply data Herreciprocating machine. The
voltage, current and power factor values are akmiand these are used to arrive at

the value for power drawn.

Table F2: Reciprocating Power Supply Data

VR IR cosd R Power
vl [A] (w]

396.2 283.1 0.78 | 151530
394.4 281.8 0.79 | 152080
397.1 283.3 0.78 | 151990
393.9 282.2 0.79 | 152100
395.1 283.4 0.78 | 151270
395.1 281.9 0.79 | 152400
394.9 281.3 0.79 | 152000
395.6 280.1 0.79 | 151620
394.3 278.3 0.8 | 152050
394.8 279.9 0.79 | 151210
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VR IR cosd R Power
vl [A] (w]

394.5 279.7 0.79 | 150980
395.6 279.9 0.79 | 151510
394.8 278.9 0.8 | 152570
394.9 283.4 0.8 | 155070

394.2 280.4 0.81 | 155070
394.1 281.8 0.81 | 155810

395.6 282.2 0.8 | 154690
395.4 281.1 0.81 | 155930
396.2 283.2 0.8 | 155470
395.8 282.4 0.8 | 154880
394.1 296.5 0.81 | 163940
395.6 300.2 0.8 | 164560
396.1 300.9 0.8 | 165150
395.7 299.3 0.8 | 164110

392.1 297.8 0.81 | 163820
392.7 297.9 0.81 | 164130

393.4 298.9 0.81 | 164970
392.6 301.4 0.81 | 166010
393.6 303.1 0.8 | 165310
392.7 302.1 0.81 | 166440
393.1 303.4 0.8 | 165260
391.9 302.5 0.81 | 166320
392.8 303.2 0.8 | 165030
391.2 301.8 0.81 | 165640
391.4 303.6 0.81 | 166710
392.6 304.6 0.8 | 165700
392.2 304.5 0.8 | 165480
391.7 301.6 0.81 | 165740

391.6 303.6 0.81 | 166800
390.4 300.7 0.82 | 166730
392.6 301.8 0.81 | 166230

393.8 305.7 0.81 | 168900
393.9 305.2 0.81 | 168660
394.2 305.2 0.81 | 168790
395.3 307.1 0.8 | 168210
398.1 305.4 0.8 | 168470
396.4 306.4 0.8 | 168300
394.1 305.2 0.81 | 168750
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The evaporator and condenser inlet and outlet vipmessure data is given in Table F3

below.

Table F3: Reciprocating Pressure Data

Pgi Pco APcR Pei Peo APg R
[kPa] [kPa] [kPa] [kPa] [kPa] [kPa]
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
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Pg; Pco APcR P Peo AP: R

[kPa] [kPa] [kPa] [kPa] [kPa] [kPa]
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91
400 378 22 460 369 91

The first set of processed data for the recipragatiachine is given in Table F4. The
data listed are mainly used to calculate the femdlof processed data listed in Table
F5.

Table F4: Reciprocating Processed Data 1

TEave TCave Vg Ce Ve Cc mgE m;C
[°C] [°C] | [m°/kg]l | [}/(kg.K)] | [m°/kg] | )/(kg.K)] | [kg/s] | [kg/s]
281.84 | 298.93 | 0.0294 4205 | 0.0346 4179 29.2 34.7
281.845 | 298.935 | 0.0294 4205 | 0.0346 4179 29.3 34.5
281.85 | 298.925 | 0.0294 4205 | 0.0346 4179 29.2 34.8
281.855 | 298.93 | 0.0294 4205 | 0.0346 4179 29.3 34.4
281.83 | 298.935 | 0.0294 4205 | 0.0346 4179 29.3 34.8
281.86 | 298.945 | 0.0294 4205 | 0.0346 4179 29.6 34.3
281.85 | 298.94 | 0.0294 4205 | 0.0346 4179 29.4 34.5
281.98 | 300.065 | 0.0294 4205 | 0.0346 4179 29.6 34.9
282.005 | 300.07 | 0.0294 4205 | 0.0346 4179 29.3 34.7
281.98 | 300.07 | 0.0294 4205 | 0.0346 4179 29.3 34.5
281.985 | 300.075 | 0.0294 4205 | 0.0346 4179 29.1 34.8
281.995 | 300.075 | 0.0294 4205 | 0.0346 4179 29.3 34.6
282.025 | 300.08 | 0.0294 4205 | 0.0346 4179 29.4 34.5
282.155 | 300.625 | 0.0294 4205 | 0.0346 4179 29.4 34.5
282.145 | 300.63 | 0.0294 4205 | 0.0346 4179 29.4 34.7
282.175 | 300.62 | 0.0294 4205 | 0.0346 4179 29.3 34.8
282.145 | 300.63 | 0.0294 4205 | 0.0346 4179 29.3 34.6
282.18 | 300.63 | 0.0294 4205 | 0.0346 4179 29.4 34.4
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TEave TCave Ve Ce Ve Cc mqE m;C
[°C] [°C] | [m°/kg]l | [}/(kg.K)] | [m°/kg] | [)/(kg.K)] | [kg/s] | [kg/s]
282.17 | 300.63 | 0.0294 4205 | 0.0346 4179 29.2 34.5
282.155 | 300.63 | 0.0294 4205 | 0.0346 4179 29.3 34.3
282.14 | 301.255 | 0.0294 4205 | 0.0346 4179 29.4 34.5
282.165 | 301.25 | 0.0294 4205 | 0.0346 4179 29.2 34.3
282.175 | 301.26 | 0.0294 4205 | 0.0346 4179 29.4 34.6
282.14 | 301.23 | 0.0294 4205 | 0.0346 4179 29.5 34.4
282.14 | 301.24 | 0.0294 4205 | 0.0346 4179 29.3 34.5
282.155 | 301.265 | 0.0294 4205 | 0.0346 4179 29.2 34.2
282.18 | 301.25| 0.0294 4205 | 0.0346 4179 29.4 34.6
282.37 | 301.935 | 0.0294 4205 | 0.0346 4179 29.3 34.5
282.34 | 301.925 | 0.0294 4205 | 0.0346 4179 29.4 34.4
282.37 | 301.945 | 0.0294 4205 | 0.0346 4179 29.5 34.6
282.34 | 301.945 | 0.0294 4205 | 0.0346 4179 29.4 34.3
28235 | 301.93 | 0.0294 4205 | 0.0346 4179 29.7 34.5
282.325 | 301.93 | 0.0294 4205 | 0.0346 4179 29.5 34.4
282.34 | 301.935 | 0.0294 4205 | 0.0346 4179 29.4 34.2
282375 | 302.4 | 0.0294 4205 | 0.0346 4179 29.5 34.5
28234 | 30239 | 0.0294 4205 | 0.0346 4179 29.5 34.4
28234 | 3024 | 0.0294 4205 | 0.0346 4179 29.4 34.3
282365 | 302.4 | 0.0294 4205 | 0.0346 4179 29.3 34.5
282.385 | 302.41 | 0.0294 4205 | 0.0346 4179 29.4 34.5
28238 | 302.41| 0.0294 4205 | 0.0346 4179 29.5 34.6
282365 | 302.4 | 0.0294 4205 | 0.0346 4179 29.5 34.4
282.425 | 302.88 | 0.0294 4205 | 0.0346 4179 29.5 34.3
282.43 | 302.885 | 0.0294 4205 | 0.0346 4179 29.4 34.5
282.435 | 302.88 | 0.0294 4205 | 0.0346 4179 29.5 34.5
282.42 | 302.895 | 0.0294 4205 | 0.0346 4179 29.5 34.4
282.42 | 302.89 | 0.0294 4205 | 0.0346 4179 29.6 34.6
282.435 | 302.9 | 0.0294 4205 | 0.0346 4179 29.3 34.3
282.425 | 302.895 | 0.0294 4205 | 0.0346 4179 29.5 34.5
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Table F5 contains the final set of processed datthe reciprocating machine. These

data sets constitute the main outcomes of the empat.

Table F5: Reciprocating Processed Data 2

Ta R QE Qc 1/QE | COP alpha beta 1/COPP | COPP | balance | bal% | diffCOP%
[Cl | wl | [w] |[kw™ W] [w] w]

24.02 | 356080 | 510440 | 0.0028 2.35 130210 | 8105500 0.4193 2.385 2830 0.554 -1.489
24.02 | 353600 | 508940 | 0.0028 2.325 130950 | 8105700 0.4233 2.362 3260 0.641 -1.591
24.02 | 356080 | 510460 | 0.0028 2.343 130680 | 8105700 0.4201 2.38 2390 0.468 -1.579
24.02 | 353600 | 506030 | 0.0028 2.325 130960 | 8105400 0.4241 2.358 330 0.065 -1.419
24.02 | 357300 | 513370 | 0.0028 2.362 129870 | 8105500 0.4173 2.396 4800 0.935 -1.439
24.02 | 363450 | 508860 | 0.0028 2.385 130650 | 8105700 0.4127 2.423 -6990 1.374 -1.593
24.02 | 360990 | 510380 | 0.0028 2.375 130390 | 8105700 0.4144 2.413 -2610 0.511 -1.6
25.07 | 398300 | 538180 | 0.0025 2.627 126270 | 8130100 0.3876 2.58 -11740 2.181 1.789
25.07 | 393030 | 536540 | 0.0025 2.585 127080 | 8130000 0.394 2.538 -8540 1.592 1.818
25.07 | 391800 | 533450 | 0.0026 2.591 126300 | 8129800 0.3937 2.54 -9560 1.792 1.968
25.07 | 392790 | 539540 | 0.0026 2.602 125960 | 8129800 0.3922 2.55 -4230 0.784 1.998
25.07 | 395490 | 536440 | 0.0025 2.61 126380 | 8129900 0.3906 2.56 -10560 1.969 1.916
25.07 | 391900 | 536330 | 0.0026 2.569 127700 | 8129800 0.3971 2.518 -8140 1.518 1.985
25.51 | 411680 | 566610 | 0.0024 2.655 128390 | 8140900 0.3873 2.582 -140 0.025 2.75
25.51 | 411680 | 571340 | 0.0024 2.655 128370 | 8141100 0.3866 2.587 4590 0.803 2.561
25.51 | 407810 | 570080 | 0.0025 2.617 129460 | 8141100 0.3923 2.549 6460 1.133 2.598
25.51 | 407810 | 569700 | 0.0025 2.636 128290 | 8140800 0.3903 2.562 7200 1.264 2.807
25.51 | 407970 | 566400 | 0.0025 2.616 129590 | 8140900 0.3928 2.546 2500 0.441 2.676
25.51 | 405190 | 568050 | 0.0025 2.606 129280 | 8140900 0.3944 2.535 7390 1.301 2.724
25.51 | 407810 | 564760 | 0.0025 2.633 128480 | 8140700 0.391 2.558 2070 0.367 2.848
26.02 | 435170 | 601210 | 0.0023 2.654 134800 | 8164100 0.3664 2.729 2100 0.349 -2.826
26.02 | 430980 | 596290 | 0.0023 2.619 135730 | 8164200 0.3711 2.695 750 0.126 -2.902
26.02 | 433930 | 604400 | 0.0023 2.627 136170 | 8164300 0.3697 2.705 5320 0.88 -2.969
26.02 | 434170 | 592280 | 0.0023 2.646 135010 | 8164000 0.3677 2.72 -6000 1.013 -2.797
26.02 | 428760 | 596890 | 0.0023 2.617 135140 | 8163900 0.3721 2.687 4310 0.722 -2.675
26.02 | 433430 | 598840 | 0.0023 2.641 135090 | 8164100 0.3682 2.716 1280 0.214 -2.84
26.02 | 432690 | 601510 | 0.0023 2.623 136050 | 8163900 0.3712 2.694 3850 0.64 -2.707
26.54 | 478040 | 647350 | 0.0021 2.88 133150 | 8175000 0.3456 2.894 3300 0.51 -0.486
26.54 | 482150 | 642600 | 0.0021 2.917 132100 | 8175100 0.341 2.933 -4860 0.756 -0.549
26.54 | 483790 | 652120 | 0.0021 2.907 133180 | 8175300 0.3417 2.927 1890 0.29 -0.688
26.54 | 484620 | 646460 | 0.0021 2.932 131910 | 8175200 0.339 2.95 -3420 0.529 -0.614
26.54 | 484570 | 645910 | 0.0021 2.913 133030 | 8175400 0.3407 2.935 -4980 0.771 -0.755
26.54 | 482540 | 644030 | 0.0021 2.924 131790 | 8175000 0.3402 2.939 -3540 0.55 -0.513
26.54 | 482150 | 641720 | 0.0021 2.911 132440 | 8175400 0.341 2.933 -6070 0.946 -0.756
27.03 | 482540 | 640140 | 0.0021 2.894 132750 | 8187700 0.346 2.89 -9110 1.423 0.138
27.03 | 483790 | 635410 | 0.0021 2.92 131540 | 8187700 0.3431 2.915 -14080 2.216 0.171
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Ta R QE Qc 1/QE | cop alpha beta 1/CcoPP COP P | balance | bal% | diffCOP%
[Cl | wl | [w] |[kw” Wl | [w] [w]

27.03 | 484620 | 636430 | 0.0021 2.929 131230 | 8187600 0.3421 2.923 -13670 2.148 0.205
27.03 | 479270 | 640140 | 0.0021 2.892 131950 | 8187200 0.3474 2.879 -4870 0.761 0.45
27.03 | 483380 | 643020 | 0.0021 2.898 132750 | 8187700 0.3456 2.894 -7160 1.113 0.138
27.03 | 486270 | 644890 | 0.0021 2.917 132440 | 8187700 0.3434 2.912 -8110 1.258 0.171
27.03 | 485030 | 638280 | 0.0021 2918 132020 | 8187600 0.3435 2911 -12980 2.034 0.24
27.42 | 494950 | 662230 0.002 2.93 133380 | 8198800 0.3415 2.928 -1620 0.245 0.068
27.42 | 499450 | 667530 0.002 2.961 132770 | 8198800 0.338 2.959 -580 0.087 0.068
27.42 | 502390 | 666090 0.002 2.976 132690 | 8198700 0.3365 2.972 -5090 0.764 0.134
27.42 | 503630 | 668470 0.002 2.994 131970 | 8198600 0.3348 2.987 -3370 0.504 0.234
27.42 | 507830 | 670910 0.002 3.014 131920 | 8198800 0.332 3.012 -5390 0.803 0.066
27.42 | 503910 | 667960 0.002 2.994 132040 | 8198600 0.3346 2.989 -4250 0.636 0.167
27.42 | 504870 | 670420 0.002 2.992 132400 | 8199000 0.3341 2.993 -3200 0.477 -0.033
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APPENDI X G: Experimental Uncertainty Formulae

The Universal Thermodynamic Model predicts the pemial of a refrigeration
machine’s COP according to Equation [3.5]. Thisrfola is reproduced below in
Equation [G.1].

= -1+ + [G.1]

The difference between measured and predicted C@d3s calculated for each
recorded data set and these results were discusSsdtion 6. One way to relatively
ascertain the reliability of the calculated expental data is to perform a check

between the deviations in COP and the inherentrerpatal uncertainty.

The COP of a machine was defined by Equation [3aAfl it is reproduced in
Equation [G.2]. Qis the heat transfer at the evaporator and Peipthwer drawn by

the chiller.

Qe [G.2]
FJ

COP =

The corresponding uncertainty for the COP is caledl via Equation [G.3] below.

scoP = |5Q 2(acmm)2+ apz(ampjz [G.3]
v N ags ar
Where:
dcopP 1
Q. P
acoP Q.
ap  p?
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Therefore Equation [G.3] can be rewritten as EqueliG.4]

2 (12 5 5
§COP = ||5QE‘1E) + 59*(—5—?)* [G.4]

\

Since @, the rate of heat transfer at the evaporator washgn Equation [3.6] above
as Q = mye.Ce.ATg, which can be rewritten ase@& nmye.Ce.(Tgi-Teo) the termdQe

can be calculated as follows:

| 2
= | 2( 9% 2 5‘& 2 2 _5‘& 2
6Qg N| Gmgg (amﬂg + ITg " ( ang'j + 0T, ( aTgoj

Replacing the derivatives in the above resultsqodfion [G.5]

|
6Qz = ‘\,||| Emf!Ez (CelTe — Te ) + 5TE='2 [mf,ECE]E +0Tg, " (_mfzzcgjz [G.5]

The term P in Equation [G.4] is the power consufmgthe refrigeration machine and
was given in Equation [3.8] as P\3.V.l.co®. The termdP can then be calculated

as follows:

|| ~_¢dP
sp= |av? (—)
1} av

2 P,
ﬂmsﬂ)

L, 0P . .
+ ﬁ;‘(ﬁj‘+:’i’ﬂnwﬂ‘(

143



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Analysis and Validation of the Universal ThermodynaModel

Replacing the derivatives results in the aboveltesuEquation [G.6]

I 2 r r -
5P = w'l 8v2(V3lcos@)” + S12(V3Vcos)? + Scos0?(V3VI)? [G.6]

The experimental uncertainty can be calculated dyplgning Equations [G.4] to

[G.6] and the computed results are given in Appehti
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APPENDI X H: Tabulated Uncertainty Data

The formulae used to obtain the uncertaintiestierdifferent experiments have been
presented in Appendix G. The tabulated resultghef uncertainty analysis are

presented below.

The evaporator heat transfer uncertainty valuestlier centrifugal chiller under

normal operation are given in Table H1 below.

TableH1: Evaporator Heat Transfer Uncertainties, Normalr@gen for Centrifugal Chiller

3QE/am 3QE/8TEi 3QE/aTeo AQE

14171 | 225390 | -225400 7769
14423 | 226230 | -226200 7889
14381 | 224970 | -225000 7863
14465 | 224550 | -224500 7899
14465 | 226650 | -226600 7911
14507 | 225810 | -225800 7925
14507 | 226230 | -226200 7928
14465 | 226650 | -226600 7911
14549 | 224550 | -224500 7937
14381 | 226230 | -226200 7870
14549 | 224970 | -225000 7940
14591 | 226230 | -226200 7966
14802 | 225390 | -225400 8058
14549 | 226650 | -226600 7949
14675 | 224550 | -224500 7995
14802 | 225390 | -225400 8058
14675 | 226650 | -226600 8007
14760 | 224970 | -225000 8037
14802 | 226230 | -226200 8063
14844 | 225390 | -225400 8078
14886 | 223710 | -223700 8087
14718 | 224550 | -224500 8015
14718 | 226230 | -226200 8024
14591 | 225390 | -225400 7961
14886 | 225810 | -225800 8099
14928 | 224970 | -225000 8114
15096 | 226650 | -226600 8200
14928 | 227070 | -227100 8126
14844 | 225390 | -225400 8078
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3Qc/om | 9Q:/aTe | 9Qc/aTeo | AQe
14844 | 226650 | -226600 8084
15138 | 226650 | -226600 8220
15390 | 226230 | -226200 8334
15096 | 225810 | -225800 8196
15432 | 225390 | -225400 8348
15390 | 223710 | -223700 8320
15474 | 225810 | -225800 8370
15264 | 225390 | -225400 8271

The values for the COP uncertainty for the cengalumachine under normal

operation are given below in Table H2.

Table H2: COP Uncertainties, Normal Operation for Centrifughiller

dCOP/aQg | dCOP/oP APower | ACOP | BCOP (%)
5.167E-06 | -2.028E-05 | 14938 0.306 7.798
5.138E-06 | -2.048E-05 | 14998 0.31 7.775
5.133E-06 | -2.027E-05 | 14989 0.307 7.774
5.107E-06 | -2.014E-05 | 14998 0.305 7.731
5.063E-06 | -1.998E-05 | 15059 0.304 7.702
5.062E-06 | -1.996E-05 | 15038 0.303 7.683
5.078E-06 | -2.013E-05 | 15104 0.307 7.745
5.153E-06 -2.07E-05 | 14978 0.313 7.79
5.16E-06 | -2.069E-05 | 15003 0.313 7.807
5.116E-06 | -2.025E-05 | 14993 0.306 7.731
5.11E-06 | -2.033E-05 | 15079 0.309 7.768
5.076E-06 | -2.023E-05 | 15112 0.308 7.729
5.092E-06 | -2.057E-05 | 15018 0.312 7.723
5.076E-06 | -2.021E-05 | 15087 0.308 7.737
5.168E-06 | -2.093E-05 | 14957 0.316 7.802
5.118E-06 | -2.079E-05 | 15033 0.315 7.757
5.127E-06 | -2.079E-05 | 15031 0.315 7.768
5.1E-06 | -2.054E-05 | 15085 0.313 7.771
5.108E-06 | -2.078E-05 | 14879 0.312 7.67
5.112E-06 | -2.079E-05 | 14846 0.311 7.647
5.111E-06 | -2.069E-05 | 14963 0.312 7.709
5.075E-06 | -2.024E-05 | 15068 0.308 7.721
5.069E-06 | -2.034E-05 | 15110 0.31 7.725
5.087E-06 | -2.024E-05 | 15055 0.307 7.716
5.103E-06 | -2.081E-05 | 15009 0.315 7.722
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dCOP/dQ¢g | dCOP/aP APower | ACOP | 8COP (%)
5.076E-06 | -2.057E-05 | 14952 0.31 7.647
5.09E-06 | -2.108E-05 | 14934 0.318 7.679
5.033E-06 | -2.042E-05 | 15192 0.313 7.715
5.049E-06 | -2.028E-05 | 15147 0.31 7.717
5.036E-06 | -2.029E-05 | 15208 0.311 7.719
5.137E-06 | -2.153E-05 | 14818 0.322 7.681
5.147E-06 | -2.194E-05 | 14879 0.329 7.719
5.144E-06 | -2.145E-05 | 15120 0.327 7.842
5.138E-06 | -2.184E-05| 15161 0.334 7.859
5.143E-06 | -2.166E-05 | 15100 0.33 7.837
5.118E-06 | -2.176E-05 | 15058 0.331 7.783
5.121E-06 | -2.146E-05 | 14977 0.324 7.733

The various uncertainty values involved in obtagnithe evaporator heat transfer
uncertainty for the centrifugal machine under ttiedt conditions are given in Table
H3 below.

Table H3: Evaporator Heat Transfer Uncertainties, Throt@gmkration for Centrifugal Chiller

3Qe/om | 8Qe/aTe | 0Qe/dTeo | AQe
15008 | 242990 | -224100 8200
14924 | 242990 | -223200 8159
14756 | 242990 | -223700 8084
15050 | 242990 | -223700 8218
15008 | 242990 | -224500 8201
14966 | 242990 | -222400 8176
15050 | 242990 | -224100 8219
15092 | 242990 | -224500 8239
15134 | 242990 | -224100 8257
15218 | 242990 | -224100 8296
15050 | 242990 | -223700 8218
15176 | 242990 | -224100 8277
15176 | 242990 | -224500 8278
15176 | 242990 | -224500 8278
15471 | 242990 | -224900 8414
15387 | 242990 | -224500 8375
15345 | 242990 | -225300 8357
15471 | 242990 | -224500 8413
15471 | 242990 | -224100 8412
15471 | 242990 | -225300 8415
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3Qc/om | 9Q:/aTe | 9Qc/aTeo | AQe
15429 | 242990 | -224100 8393
14546 | 242990 | -222800 7985
14714 | 242990 | -223700 8064
14756 | 242990 | -223200 8082
14798 | 242990 | -223700 8103
14588 | 242990 | -223200 8006
14588 | 242990 | -223700 8007

The details of the COP uncertainty calculationstli@ centrifugal machine operating

with the throttling valve tightened are given inbl@H4 below.

TableH4: COP Uncertainties, Throttled Operation

dCOP/dQg | aCOP/aP APower | ACOP | 8COP (%)
4.988E-06 -1.99E-05 | 15789 0.317 7.945
4.988E-06 | -1.972E-05| 15839 0.315 7.969
4.981E-06 | -1.948E-05| 15736 0.309 7.903
4.998E-06 -2E-05 | 15685 0.316 7.896
4.996E-06 -2E-05 | 15839 0.319 7.967
5.013E-06 -1.99E-05 | 15735 0.316 7.962
5.008E-06 | -2.012E-05| 15775 0.32 7.964
5.006E-06 | -2.019E-05 | 15834 0.322 7.982
5.014E-06 | -2.028E-05 | 15758 0.322 7.962
5.004E-06 | -2.031E-05 | 15838 0.324 7.982
5.004E-06 | -2.005E-05 | 15838 0.32 7.986
4.999E-06 | -2.022E-05 | 15929 0.325 8.037
5.016E-06 | -2.039E-05 | 15752 0.324 7.97
4.99E-06 | -2.018E-05| 15883 0.323 7.987
4.987E-06 | -2.058E-05| 15867 0.329 7.97
4.987E-06 | -2.044E-05 | 15891 0.327 7.98
4.965E-06 | -2.028E-05 | 15986 0.327 8.007
5.006E-06 -2.07E-05 | 15884 0.331 8.005
4.975E-06 | -2.041E-05 | 15907 0.327 7.972
4.964E-06 | -2.044E-05| 15915 0.328 7.967
4.968E-06 -2.03E-05 | 15927 0.326 7.978
5.106E-06 -2.01E-05 | 15645 0.317 8.052
5.109E-06 | -2.043E-05 | 15689 0.323 8.077
5.067E-06 | -2.011E-05 | 15844 0.321 8.086
5.1E-06 | -2.048E-05 | 15764 0.325 8.095
5.078E-06 | -1.998E-05 | 15806 0.318 8.083
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dCOP/dQ¢g | dCOP/aP APower | ACOP | 8COP (%)

5.074E-06 | -1.998E-05 15744 0.317 8.05

The values associated with the evaporator heatsfeanuncertainty for the

reciprocating chiller are given below in Table H65

Table H5: Evaporator Heat Transfer Uncertainties, Recipingd¥lachine

3Qc/om | 9Q:/dTe | 9Qc/aTeo | AQe

12194 | 122790 | -122800 6339
12068 | 123210 | -123200 6281
12194 | 122790 | -122800 6339
12068 | 123210 | -123200 6281
12194 | 123210 | -123200 6341
12279 | 124470 | -124500 6387
12279 | 123630 | -123600 6384
13456 | 124470 | -124500 6955
13414 | 123210 | -123200 6930
13372 | 123210 | -123200 6909
13498 | 122370 | -122400 6967
13498 | 123210 | -123200 6970
13330 | 123630 | -123600 6890
14003 | 123630 | -123600 7216
14003 | 123630 | -123600 7216
13919 | 123210 | -123200 7174
13919 | 123210 | -123200 7174
13877 | 123630 | -123600 7155
13877 | 122790 | -122800 7153
13919 | 123210 | -123200 7174
14802 | 123630 | -123600 7605
14760 | 122790 | -122800 7582
14760 | 123630 | -123600 7584
14718 | 124050 | -124000 7565
14633 | 123210 | -123200 7521
14844 | 122790 | -122800 7622
14718 | 123630 | -123600 7564
16315 | 123210 | -123200 8342
16399 | 123630 | -123600 8384
16400 | 124050 | -124000 8385
16484 | 123630 | -123600 8425
16315 | 124890 | -124900 8347
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3Qc/om | 9Q:/aTe | 9Qc/aTeo | AQe
16357 | 124050 | -124000 8364
16399 | 123630 | -123600 8384
16357 | 124050 | -124000 8364
16399 | 124050 | -124000 8385
16484 | 123630 | -123600 8425
16357 | 123210 | -123200 8362
16442 | 123630 | -123600 8405
16484 | 124050 | -124000 8427
16442 | 124050 | -124000 8406
16778 | 124050 | -124000 8570
16988 | 123630 | -123600 8672
17030 | 124050 | -124000 8694
17072 | 124050 | -124000 8714
17156 | 124470 | -124500 8757
17198 | 123210 | -123200 8774
17114 | 124050 | -124000 8735

Table H6 gives the values for the uncertainty oé timeasured COP for the

reciprocating chiller.

Table H6: COP Uncertainties, Reciprocating Machine

dCOP/aQg | dCOP/oP APower | ACOP | 8COP (%)
6.599E-06 | -1.551E-05 9719 0.156 6.638
6.575E-06 | -1.529E-05 9631 0.153 6.581
6.579E-06 | -1.541E-05 9748 0.156 6.658
6.575E-06 | -1.528E-05 9632 0.153 6.581
6.611E-06 | -1.561E-05 9703 0.157 6.647
6.562E-06 | -1.565E-05 9651 0.157 6.583
6.579E-06 | -1.562E-05 9626 0.156 6.568
6.595E-06 | -1.733E-05 9602 0.173 6.585
6.577E-06 -1.7E-05 9509 0.168 6.499
6.613E-06 | -1.714E-05 9576 0.17 6.561
6.623E-06 | -1.723E-05 9562 0.171 6.572
6.6E-06 | -1.723E-05 9595 0.172 6.59
6.554E-06 | -1.684E-05 9542 0.167 6.501
6.449E-06 | -1.712E-05 9698 0.172 6.478
6.449E-06 | -1.712E-05 9579 0.17 6.403
6.418E-06 -1.68E-05 9624 0.168 6.42
6.465E-06 | -1.704E-05 9674 0.171 6.487
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dCOP/dQ¢g | dCOP/aP APower | ACOP | 8COP (%)
6.413E-06 | -1.678E-05 9632 0.168 6.422
6.432E-06 | -1.676E-05 9723 0.169 6.485
6.457E-06 -1.7E-05 9686 0.171 6.494
6.1E-06 | -1.619E-05 | 10125 0.17 6.405
6.077E-06 | -1.592E-05 | 10291 0.17 6.491
6.055E-06 | -1.591E-05 | 10328 0.171 6.509
6.093E-06 | -1.612E-05 | 10262 0.172 6.5
6.104E-06 | -1.598E-05 | 10118 0.168 6.42
6.093E-06 | -1.609E-05 | 10137 0.17 6.437
6.062E-06 -1.59E-05 | 10189 0.168 6.405
6.024E-06 | -1.735E-05 | 10253 0.185 6.424
6.049E-06 | -1.764E-05 | 10337 0.189 6.479
6.008E-06 | -1.746E-05 | 10280 0.186 6.398
6.051E-06 | -1.774E-05 | 10335 0.19 6.48
6.013E-06 | -1.752E-05 | 10272 0.187 6.419
6.06E-06 | -1.772E-05 | 10320 0.19 6.498
6.037E-06 | -1.757E-05 | 10230 0.187 6.424
5.998E-06 | -1.736E-05 | 10297 0.186 6.427
6.035E-06 | -1.762E-05 | 10362 0.189 6.473
6.043E-06 -1.77E-05 | 10348 0.19 6.487
6.034E-06 | -1.745E-05 | 10237 0.186 6.432
5.995E-06 | -1.737E-05 | 10302 0.186 6.418
5.998E-06 | -1.749E-05 | 10173 0.185 6.342
6.016E-06 | -1.755E-05 | 10267 0.187 6.408
5.921E-06 | -1.735E-05 | 10431 0.188 6.416
5.929E-06 | -1.756E-05 | 10417 0.19 6.417
5.925E-06 | -1.763E-05 | 10425 0.191 6.418
5.945E-06 -1.78E-05 | 10519 0.194 6.48
5.936E-06 | -1.789E-05 | 10535 0.196 6.503
5.942E-06 | -1.779E-05 | 10524 0.194 6.48
5.926E-06 | -1.773E-05 | 10422 0.192 6.417
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