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ABSTRACT

EXPERIMENTAL INVESTIGATION OF REFRIGERATOR CONDENSERS
FOR POSSIBLE DESIGN IMPROVEMENTS

¥zsa-macé, Nejdet Yijit
M.S., Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Tuba
CoSupervisor: Prof . Dr . R¢knett

June 201483 pages

There is a continuous increase in the capacities of competitive markets in
refrigeration industry. Manwhile, new energy regulations for domestic appliances,

including refrigerators become operative day by day. Hence, there is a strong
requirement for improved performance of household refrigerators at reduced cost.

The condenser is the main heat rejectiomponent of the cooling cycle.

The objective of this thesis is to conduct an experimental investigation for possible
design improvements of wiandtube type refrigerator condensers. The experiments
were held in the | aborPataonti eéesn &S kAkedl irk
standard performance tests, charge exper
door opening (NDO) experiments were performed. Temperature and pressure
measurements were carried out with thermocouples and pressusucers,

respectively. The data collection was performed by a data acquisition system.



The correlations for the refrigerant side heat transfer coefficients are obtained from
the literature. Heat transfer rates are calculated with the help isobutgrertypro
tables andP-h diagram. Air side heat transfer coefficient is expressed in terms of
convection only. Insideand outside convective heat transfer coefficients are
calculated. The overall heat transfer coefficients are calculated and compared for

different condenser configurations. Radiative effects are not considered in this study.

In the scope of the thesis, three different sets of experiments have been conducted. In
the first and the third sets, a test chamber has been used to investigate thefeffects
different condenser configurations on refrigerator energy consumption. In the second
part of the study an experimental setup was used to investigate the performance
characteristics of a variety of whand tube type refrigerator condensers.

Experimenth studies indicated that it is possible to save material and reduce the
production cost by using shorter tubes of 4.76 mm diameter or tubes of 4 mm
diameter without any loss in the thermal performance or increase in the energy

consumption.

Keywords: Wireandtube type heat exchangers, natural convection, condenser,

refrigerator, vapor compression refrigeration cycle.

Vi
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CHAPTER 1

INTRODUCTION

1.1 Motivation

In recent years, with growing population and developing technology, energy
shortage around the world is being observed. In order to eliminate the shortage,
renewable energy sources are being investigated and the efficient use of energy has
gained importane. Considerable effort is spent on the efficient use of energy and its
sustainability. In order to survive in the global economy, companies must carry out
production with high quantity and high quality. While increasing or maintaining the
efficiency of the products, a small amount of costluctionincreases the profit and
market share. As an example, for a producer of ten million refrigerators per year,
decreasing the unit cost of the condenser by ten cents means a cost improvement

potential of a millionEuros per year.

In this study, refrigerator condensers are experimentally investigated for
possible design improvements with the aim of reduced cost and awgrgyymption.

The experimented household refrigerator is shown inlFig.



Figurel.1 Domestitype experimentally investigatedfrigerator

Electric Usage Ratios from Energy and Energy Efficiency Studies Report

Others Business
15,0% . /15,0%

Category
[ Business
Cous [ industry
ousing _| ;
24 0% [ Housing
[] others

Industry
46,0%

Figurel1.2 Energy ancenergyefficiency studiesreport about urkishelectric usageratios[1]



One of the most widely used forms of energy is electrical energy throughout
the world. As indicated in Fig. 1.2, according to the Energy and Energy Efficiency
Studies published in July 2010, in Turkey, 24% of the electrical energy production is
used in hores. [1]

According to the same repohpusehold appliancese responsible of about
55% of residential electricity consumption. When TV and air conditioning are added,
this value reaches 71%. A more detailed look at the grouqpudehold appliances
(Fig. 1.3) indicates that the refrigerator and freezer play an important role with an
electricity consumption of 31%.

The Bundesverband der Energied Wasserwirtschaft (BDEW) survey
conducted in2008; support this resulby statingthat coolers take a consutigm
share of 29% in domestic electricity usage [2]. Results of the survey are illustrated in
Fig. 1.4.

Electric Usage Distribution Ratios in Houses

Others
11,0%\

Washing Machine
9,0%

Refrigerator

31,0% Category
4 [ Refrigerator

[ Air Conditioner

Dishwasher [ Heating
5,0% v
Dryer [l Lighthing
3,0% [] Dryer

[] Dishwasher
[l Washing Machine
[l Others

Lighthing
14,0%

\Air Conditioner
9,0%

\
Heating
7,0% 11,0%

Figure1.3 Detailedhouseelectric usagedistributionratios[1]



Bundesverband der Energie-und Wasserwirtschaft Survey Results

Category
[ Lighthing
. TV, Connection, Computer
[ Heating
[] Water Heating
[l Food, Ironing , Dryer
[] Cooling (Refrigerator, Freezer)

8,0%

29,0% 12,0%

15,0%

17,0%

Figurel.4B u n d e s v survdy abodddnestichomeelectricity consumptiorratios|2]

Refrigerator is usually the appliance that consumes the most energy in the
household while household electricity consumption constitutes an important portion
in the overall energy consumption. In order to obtain A++, A+++ and A£420
energylevel products, the cooling cycle has to be improgatergyefficiency index
and their relation with energy leware explained ichapter threeA wide variety of
choices exist for making household refrigerators more efficient. So far, the energy
saving performances of refrigerators can be improved by: a) Using high efficiency
compressor, which has a direct impact on the coefficient of performainttee
cooling system; b) Optimizing the match and control of the system by adopting
advanced circulation; c¢) Improving the thermal insulation of refrigerators by
thickening the insulation or using other advanced thermal insulation techniques; d)
Optimizing the heat transfer of the evaporator and the condenser. However, these
improvement techniquesre limitedby various design constraints and eogs. The
refrigerator condenser is the main heat rejecting part of the cooling cycle. Heat is
transferred fronthe refrigerant inside the condenser to medium outside. As a result
of losing heat to the surroundings, the initially superheated refrigerant cools down to

4



saturation state and then condenses. Mainly, two types of condensers are used in the

design of homappliances.

1. Natural circulation aicooled condensers
2. Forced circulation aicooled condensers

1.2 Air-Cooled Condensers

Air cooled condensers use air as the cooling medium. In the natural
circulation, since the air circulation around the condenser isddarge condensing
section is required. The condensers could be made of copper, steel or aluminum
tubing with attached fins to improve the air side heat transfer. In the cooling system,
the refrigerant flows inside the tubes and air passes over the fareadof the
condenser.Wire-andtube type condensers consist of tubes and wires used as
extended surfaces. The wires are spot welded to the tubing, on both sides
perpendicularly. The wirandtube type condensers are generally mounted on the
back side ofthe refrigerator. A few different designs also exist in which the
condenser can be mounted on the top or bottom of the refrigerator. A typical wire

andtube type condenser is shown in Figure 1.5.

(TN } TECHOE REEETTERVTTEY
\
\
1]

it \}
\
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UL RREEEPTRELY )
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|
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Nad N/ N/ N NS N N N N )

()

(a)

Figure 1.5Experimentally investigated condensers (a: zantal tubes, b: vertical tubes, c: shortened
horizontal tubes)



1.3 Present Study

The main objective of this study is to test and evaluate different types of air
cooled, wireandtube type refrigerator condensers, in order to suggest possible

performance andost improvements.

For the experiments, two different experimentalget have been used. For
the refrigerator performance tests, (the first and the third parts of the,study)
climatic test chamber has been prmovided by
Eskikehir. For the solo condenser tests (t
exchanger characteristics measurement test room has been provided by the Fluid
Mechanics Laboratories of Ar-el iCenteA. k. Cent i
in Ks t a nAbreview of the literature revealed thaimilar studieshave been
completed with hot waterR22 and R134aas the working fluid The refrigerant
isobutane(R600a) however,has notbeeninvestigated beforen all three pad of

the present studgobutanehas beerused to determinthne condenser performances.

As a result oforty refrigeratorperformance testandtwenty fourcondenser
experimentsa vast amount of data have beenollected. The experimental
measurementdiave been performed imround 6 monthsUtilizing the data,
refrigerator performance comparisons, heat transfer rates, inside and outside heat

transfer coefficients, and overall heat transfer coefficieat® beenetermined.
1.4 Thesis Outline

The following chaptepresents a datled literature review. Chapter 3 focuses
on the perimentalsetups andoroceduresand explains theneasurement methods
and techniques. Theffects of different parameters on energy consumptiongakee
reduction methodsind correlations to determitiee overall heat transfer coefficients
are given in Chapter 4. The results of the experimametpresented and discussed

Chapter 5The summary, conclusions and future work are stat€haptert.



CHAPTER 2

LITERATURE REVIEW

Air-cooled condensers are widely usedhauseholdefrigeration appliances.
However, despite the widesjpik use of these heat exchangers, only a few detailed
studieswhich deal with heat transfgrerformanceare availablan the literature.n
this chapter experimentastudies orabout wireandtube type condenselgave been
summarizedThe experimentsdicatedthatthe condensergapacityand costcould

beimprovedby changingthe condensetubeand wire diameter

In 1957,Witzell and Fontained] performed an experimental study and tried
to find out heat transfer characteristics of warettube type condensers. They have
testedthe condenserswith their tubesin horizontal position. Their ainwas to
investigatethe effect ofthe wire-andtube geometry on heat exchanger performance.
They have definethe characteristic dimension of the condensettlierevaluation of

theNusseltand Gashof numberas

(¢) h__*R 2.1)

where Ao : Tube outer surface area{m
A, :Total wire area (f)
Diout : Tube outer diameter (m)
Dw : Wire diameter (m)
Reduction otheexperimental data resulted in the correlation expressed by

66 @ x ¢oi® (2.2)



There are some drawbacssthe studyof Witzell and Fontaing3]. They did
not measure the surface temperature of the condemseldid not use wire spacing

(Sy) or tube spacingS) in the definition of characteristic length.

In 1959, Witzellet al [4] realized that the data obtained in the previous
studies were questionable. They improved the techniques for meagteng
temperature anthe mass flow rates. They have used a cell which was designed to
providethe necessary control of the environméefe cell allowedhe measurements
to be more precise. The wall aathbienttemperature measurements were utilized to

determingheexistence of a steady state condition.
Theexperimentatesults for the vertical tesyseldedthe correlation
06 T8O (2.3)

which implied that heat exchanger was acting like a flat plate. The characteristic

dimension for this studwasgiven as

(¢) _h (2.4)

whered is the fin efficiency, and it was assumed that CD™** for the cylinders in

natural convection in the same medium and temperature.

For the effect of boundary layer interferencettud wires, it is necessary to
modify the correlatiors using ageometrical factor. Since the tube playsmall part
in the total heat transfer from the condenser, the geometry factor should be
dependent on the wire configurationitzell et al. [4] improved thecorrelationfor
the Nusselt numbexs

06 TToIe —— (2.5)

whereS, is the wire spacing.



In 1995, Hokeet al [5] investigaed the air sideonvective heat transferdim
wire-on-tube heat exchangers in fodcow. They have constructed an induced flow
wind tunnel to testhewire-andtube heat exchanger in a wdkfined flow field. An
electronically controlled bath supplied constant tentpeea hot water to the
exchanger. The mass flow rate during the experiments was adjusted by changing the
supply pressuréWVaterwas circulated througthe condensers. In order to separate
the convective heat transfer from the total, the radiative heafdramase was also

evaluated considering that all of the surfaces are diffuse and gray.

Hoke et al [5] investigatedthe air-side convection heat transfer for seven
different forced type condenseendsuggesteaorrelatiors for the Nusselt number.
Their experimentshowed that wirandtube heat exchangers whieahe cooled by
forced convection should be designed with ceréeaamgle of attack. The convective
heat transfer from the wiandtube heat exchangers increases with increasing air

velocities and/or angle of attack in the forced convection regime.

In 1997, Tagliafico and Tanda6] experimentallystudied the effectsof
radiation and natural convection betwe@ondenserouter surface andthe
surrounding air. In this study, theexchanger was vertically oriented without
confining walls. Heat exchangers were coated with a low emissivityrfo v paint
to minimize the radiant heat transfer. The radiation part was calculated analytically
using diffuse, gray body assumptiof®r thefree-convection partasemiempirical
correlation was developed by changihg condensetube and wire geometryThe
water mass flow rate was measured dyurbine flow meter and temperature
difference across the wirewas measured by infrared thermographfhe fin
efficiency was defined assuming uniform heat transfer coefficient along the wire

surface as
— _ (2.6)

They have also calculatédefin efficiency using one dimensional fin analysis as

2.7)



TQ (2.8)
QQ

where § : Tube spacing (m)
ks : Thermal conductivity of wire material (W/mK)
Dy : Wire diameter (m)
h, : Outside convective heat transfer coefficient (\iKin

Experiments showed thatnfiefficiencies calculated from two different
methods diffeed only by 4 percent hence, theonedimensional fin model

assumption for the evaluation lofwas stated to bguitable.

Tagliafico and Tanda [6have also studied flow visualization. For this
purposecolor Schlieren technique was used. This technique is baséteeariation
of refraction index of a transparent medium with density. At the ienah artificial
way, a colored pictureis obtained around the exchangeltswas stated that the
boundary layer is laminar within 20 cm of the leading ed@ier whichintermittent
flow disturbances become importarf@n the upper sidefully turbulent flow

observed $eeFigure2.1).

For all of the varied parameters they created comparison téinethe

measured and predicted results (See Figure 2.2)
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Figure 21 Schlieren technique qualitative sketches of the boundary layer around heat excf@ngers
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Figure 22 lllustration of measured and predicted total heat transfes matenalizedby qq of the tubes

against varied geometrical fact¢f.

In [6], the effect of the main geometrical and operating parameters on heat
transfer performance waeparately investigated. In the experimghtst waterwas
used to simulate the refrigerant flow inside the exchangers. The temperature
difference between tube wall attte surrounding airangedf r om 15 t o 50AC,
is high for household refrigeration systems.

In 1999, Okutucu [7] hasoostructed a tessetup for the experimental
evaluation of refrigerator condensers. A wanmedtube type condenser was tested in
order b determine its performance characteristics. Hot water was used inside the
tube of the wire-andtube type condensenn the experimentsthe following
parameters were changetthe mass flow ratethe inlet temperature of watethe
spacing betweerthe refrigerator andthe condenser,the spacing betweerthe
condenser antheroom wall Finally, the totalcapacity ofthe condenserthe overall
heat transfer coefficienaindthe outside equivalent heat transfer coefficient including

convective and radiative componentsre determined.
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In 2002,Bansal andChin [8], createda modelto optimize wireandtube type
condensers.They developed simulatisnusing finite element techniques and
conductance approaciihe condensecapacities were analyzed by changitng
distance betweethe condensetubesand the wire diameter.The geometry of the

condenser they used is illustrated-igure2.3.

In order to validate the model thegerformed experimentson real
refrigeratorsand measured thiemperature, pressure, mass flow rate thiegpower
consumption ofthe refrigerator. In terms othe condenser capacity for different
saturation temperatures they showed that the reetilteke modelagree with the

experimental r eassHowndrFigure2.4wi t hin N10 %

Figure 23 Schematiaepresentation of wirandtube condenser, elemental unit of condenser and
parameters of theondensersd].
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Figure 24 Comparison ofhe results of thenodelng andthe experimers for the wire-andtube

condensef8].

In the conclusion part d a n s a | a studly [8F h was 6étated that the
condenser capaciipcreasedvith increasing wire diameter arkde number of rows,
but their optimization factor ,) showed the opposit&hat means the optimization
processrevealedtwo improved designs, one optimized five condenser capacity
and the other optimized for decreasendenser weight.

In 2002, Dirgin [9]experimentally investigated variety of aircooled wire
and tube type condensers in order to determine their performance charactévistics.
similar setupto that ofOkutucu [7] was used for different condenser geomettes.
water was used inside the waedtube type refrigerator condensé&he rumber of
wires, the wire spacing and therefotle tube and wireareawere the experimental
variables.The capacity ofthe condenserthe overall heat transfer coefficient atite
outside equivalent heat transfer coefficiemtere determined. The mdiative

calculations wer@erformedheoretically.

Using the calculated outside heat transfer coefficjéméssariationof Nusselt

number with respect to Graslofumber was invegated.

In Dirgin [9], all three condensefsadthe samenumber oftube passsand
the samespacing, buthey differed by the number of wires arttie wire spacing It
was observed thaplacing the wires to one side of the condenser wlidlwver wire

13



spacing had more positive effect than placinthe wires on both sides of the

condenser with greater wire spaciumjngthe same number of wires.

In 2008, Meloet al [10] studied natural draft wirandtube condensers. In
their study a dimensionless correlation to estimate the combined (radiation and
natural convection) heat transfer coefficient between the external surfatkee of
wire-andtube condensers artie surroundingair was developedThe correlation
took into account seventyo different combinations ahetube outer diametedy),
the number of tube rowsl;), the number of wire pairsNy), the wire pitches )
andthetube pitchesyt) (See Figure 2.5)

,—|

e

Figure 25 Wire andtube type heat exchanger geometrical paramgtéts

In the experimentshot waterwas usedinside the condenseand thetotal
heat rejection ratevas calculated fromthe water flow rate measurements atte
temperature difference frotheinlet tothe exit through the exchanger. The radiation
hed transferrate wascalculated bya simplified process and subtracted from the total

heat transferateto obtainthe convective part of the heat transfer.
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The testswere conductednside a temperature and humidity controlled
chamber constructed according to ISO 15502 (2005) standards. The tesvasom
mai nt ai ned at 32 AC hewstrsectiogs showns Figurep.& r i ment

B 750 0 Test Chamber
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! Experimental Aparatus

ot | it | ot it | A B
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H |
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|
| o
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Bla Side View
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]
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Figure 26 Schematic of the test section ahd facility [10].

The BuckingharrPi theorem was used to derive dimensionless parameters for
the working temperatures arttie heat exchanger geometry variations. Althotigg
correlation factor gives 90% precisiathe averagetemperaturelifference between
theair andthewater at the inlet of the condenseask e pt at ar owasd 30AC

notrealistic

In 2012, Hofmanas and Paukstaitid 1] numerically investigated external
heat transfer ofvire-andtube condenses. By usingthe ANSYSCFX program they
simulated 1/5 ofthe condenser,they have chosen the air temperature in the
condenser QGgndtlree empe2&tAur e of t heandonden:
adoptedheboundary conditions.

Thermo visional images from numerical simulatidrdeveloped model were
also obtainedas shown inFigure 2.7. It was observed thahe local air speedby
natural convectiomvasonly about 0.05 m/s. In order incredbe local airspeed a
fan motor was used and mixed convection was credtedas stated that naturally
rising air gets warmer and reduces the efficiency of the heat transi@mixed

convectionprovides an improvement the performancef the refrigerators.
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Figure 27 The images oflistributionof temperatures and velocity of the air surrounding the

condenser element by natural convection conditibhk

In the refrigerator industry 4.76 mm outer diameter steel tubes are well
known, but recently 4 mm outer diameter steel tubes has startekletpart inthe
market. As can be observed from the literature surveyeral studies have been
performed on condensers and condenser optimizattmwever, none of them
covered the effect of tube dimensjoas well as condenser inclinatiamn the
condemser performanceln addition, no correlations have been suggested in the
literature for theheat transfer coefficient for vertical tube orientatiBy handling
different tube outer diameters, condenser inclinations, and tube orientations, the

present work focuses on what is missing in the literature.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Experimental Setupfor the Refrigerator Tests

A 4252 model Ar-eli k static type A+ e
for theenergy performancetesssn d put i nto a test d&hamber
Refrigerator Planin Es ki ke hi r . Thermocoupl es, air V

transducersand relative humidity sensors were locaiadaccordance withHEC
62552 standards which contain characteristics and test methods for household
refrigerating appliances By an instrument panethe temperature and relative
humidity of the test chambewere set. The neasured temperaturand power
consumption data wenecordedby a data acquisition system ardPC. Below, a
detailed description of thexperimentaketupis provided.

In order toplace therefrigerator and makthe necessariests,a climatic test
chamberis used. The chamber is constructertording tolSO 15502standardsn
terms of temperature, air velocity, relative humidsyrface radiative propertissich
astheemissivity, and geometric factors such separators and dimensiofi$ere are
six stations in one chamber. A photograph frolimatic ted chamber isshownin
Figure3.1.

17



(b)

Figure 3.1 Photographs of the test room from outside (a) and inside (b).

The emperature of thelimatict e st chamber can be set

with 1AC control ,teettepnp.er Atuseeatihewanat e

relative Humidity (RH) ofthe climatic test room can be changed between 0%
95% by the control unit. The deady staterelative humidity allowance is $%.
Sample pages of the climatic room calibration report and penalysisreportare

sharedn Appendix A.

In order to balance the atmospheric pressure inside and outside the test
chamber, there is a damper at the backside of the chamber. The chamber is cooled
and heated by homogenously distributed air circulation. For heainglectrical
heater is used anfbr cooling there is an R2 refrigerant cooling system. Air
velocity in the test chamber & maximum of 0.2 m/s in every direction. Data
acquisition system useswultimetersto record the dataThe tst chambers are

calibrated twicea year.

In order to each A++ energy level fomaAr - el i k 4 2 i&fligeratorat i c
of 450 liter capacity andLl83x70x63 cm outer dimensiohsis beerselected for the
experiments, andis shown in Figure 3.2 The refrigerator hasthe freezer
compartment at the top atiie fresh food compartmeratt the bottomThe @ndenser
is placedon the back side of the refrigerats usual

18
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Figure3.2 3D Image of 425todelAr-elik refrigerator anatondenser.

TenT type thermocouple@N/N-24-TT IEC) have beerused to measure the
temperatures of specified locations on the refrigerator. In the energy consumption
tests,eight measurement packaghave beerused inthe freezer compartment and
four thermocouplefiave been placeith the fresh food compartment. Additmally,
the inlet andthe outlet temperatures of the condenkave beermeasured bywo
thermocouplesln order todetermine thghase of the refrigerant inside of the tubes,
at the inlet and exit of the heat exchangeo pressure transducensave beerused.

An air velocity transducehas beemsed to measurfe air velocityin the test room
and a relative humidity transmitter measdrehe relative humidityin the room.
Photographs of thermocouples, measurement packages, air velocity transducer,

pressue transducemndrelative humidity transmiér are givenn Figure 3.3
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(b) (c) (d) (e)

Figure3.3 Photographs ofreM-package thermocouple (a), a pressure transducer (b), a thermocouple
(c), an air velocity transducer (d), relative humidity transmitter (e)

Figure3.4 Theinstrumenipanel,dataacquisitionsystem andiserinterface.

The wer interface displays botthe set and measured temperature and
relative humidity of the test room. The temperatoreasurements are performed
continuously andlisplayed and storeasinga PC. In Figure 3.4, a photograph of the

data acquisition system atitk user interface is given.

3.2 Experimental Procedure forthe Refrigerator Tests

In the performanceanalysis of different types of refrigerator condenstrs

following experimental parametenave beernvestigated
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The ®ndensetubeouter diameter
The ®ndensemclination,

Orientation of the tubewertical orhorizontal)

= =/ =4 =4

Amount of refrigerant

In the refrigerator industry .46 mm outer diameter ste¢lbes are well
known, but recently 4nm outer diameter ste@ibes hasstared to takepart inthe
market. In the pastseveral studies have been performed ooondensers and
condenser optimization, but none of theovered the effect aube dimension on
condenseperformance

The condenser inclinatiocould affectthe performance of the appliance. In

the experimental studyarallel or inclined condensehsive been investigat§&ee
Figure 3.5.

0000000 et e e e |
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“ 400000000
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y
e

Parallel Condenser

) N Inclined Conderer
without Inclination

Figure 35 Condenseinclinationchange (parallel antl . #olined)

The orientatiorof the condensetubes is als@elected aanimportant design
parameter in the study. In Aglik products condensers oboth horizontal and

verticaltubesare useas illustrated in Figure 3.6
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Figure 3.6Condensers ofdrizontal and verticaiubes

The tube inner and outer areas, the total wire area, and the total outer area of
thecondensecan be calculated via equations-3.4, respectivelyTheresults of the
geometriccalculations are given in Table 3.1.

oOp “0Op0 (3.1)
0§ “Op 0 €& 0 (3.2)
0 “€ 00 (3.3)
0 Op 0 (3.4)
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Table 3.1Geometric parameters thetested ondensers.

For the evaluation of multiple interactions a@he four different parameters
mentioned above, aaxperimentalmatrix has beercreatedas shown inTable 3.2
The eperimental procedure started withgas charge optimization test for every

interaction. Afterdetermining the optimized gas chasgthe energy measurement

Horizontal Vertical

4mm | 4.76mm] 4mm | 4.76mm)|
Tube Outer Diametdd , (mm) 4 4.78 4 4.79
Tube Inner DiametdD ; (mm) 3 3.36 3 3.36
Tube Spacin®; (mm) 60| 60| 75 75
Number of Passes), 22 22 10 10
Total Tube Length. ; (mm) 15850 15850 13460 1346(
Wire DiameteD , (mm) 1.3 1.3 1.3 1.3
Wire LengthL ,, (mm) 1260 126(Q 630 630
Number of Wiresn, 108 108 232 232
Wire Spacing,, (mm) 10 10 10| 10
Wire PerimeteP ,, (mm) 4084 4.084 4.084 4.084
Width of the Condens&t (mm) 630 630 630 630
Height of Condensdtl (mm) 1260 126(Q 123( 123(
Total Tube Inner Ared ; (n12) 0.1 0.164 0.127 0.142
Total Tube Outer Ared , (rr12) 0.16 0.19 0.131 0.15€6
Total Wire AreaA,, (nf) 0.55 0555 0.5917 0.597%
Total Outer AreaAo (Mm2) 0.714 0.744 0.724 0.753

tests havdeencompleted foeachinteraction.

Table 32 Experimenal Matrix

Tube Outer Condenser - Amount of
Diameter (mm) Inclination | Tube Orientation| Refrigerant(gr)
(1.5A
4 Yes Horizontal 48
4 Yes Horizontal 56
4 No Horizontal 48
4 No Horizontal 56
4.76 Yes Horizontal 50
4.76 Yes Horizontal 57
4.76 No Horizontal 50
4.76 No Horizontal 57
4 Yes Vertical 48
4 Yes Vertical 56
4 No Vertical 48
4 No Vertical 56
4.76 Yes Vertical 50
4.76 Yes Vertical 57
4.76 No Vertical 50
4.76 No Vertical 57

23




3.2.1 Optimization Test for the Amount of Refrigerant

In the gas charge optimization testgfrigeratorswith different design
parametersare p | ac e d , 55 hdnBdidyCtest chamber to determirtbe
optimized gas charge initially. In order perform thegas charge testa special
productis made duringhe trial production. At the inlet and exit of the refrigerator
evaporatorsthermocouplesre placedDuringthe teststherefrigerator compressors
arerun at 100% capacity The minimization of the temperature difference between
the inlet andthe exit of evaporator is aimedVhenthe steady stateonditionsare
reached additionaltwo or three grams of refrigeranis addedto the systemThis
procedurestartswith a low refrigerant chargeand continuesuntil zero difference
betweenthe inlet and exittemperature®f the evaporatorgs achieved Then,from
the power and temperature graphso different optimizedgas chargefor minimal

energy consumpticaredetermined
3.2.2 Refrigerator Energy Efficiency Index Calculation

In the calculation of the Energy Efficiency IndexEKl) of a household
refrigerating appliancets annual energy consumption is compared to its standard
annual energy consumptidt?]. The Energy Efficiency IndexEEl) is calculated

using the followingormula.
OO0 0—oprnm (3.5)

where

AE: : Annual energy consumption of the household refrigerating appliance

SAE: : Standard annual energy consumption of theuskbold refrigeratin

appliance.

The annual energy consumptigkE) is calculated iierms ofkWh/year

00 O ogou (3.6)
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where

E.an : Daily energy consumption of the household refrageg appliance
(kwh/24h.

The standard annual energy consumpti®AR) is calculated ikkWh/year as

YOO wOD 0O 060 (3.7)

where

CH: Chiller compartment bonus of 3Wh/year addedor appliances withstorage

volume of at least 15 litres.

Vegq : the equivalent volume of the household refrigerating appliance

M andN values are selected@ording to the household product categoge®n in
Table 3.3.

Table 3.3Household Refrigerating Appliance Categorie?][1

Category Designation

1 Refrigerator with one or more fre¢bod storage compartments
2 Refrigeratorcellar, Cellar and Wine storage appliances

3 Refrigeratorchiller and Refrigerator with a§tarcompartment
4 Refrigerator with a onstar compartment

5 Refrigerator with a twestar compartment

6 Refrigerator with a threstar compartment

7 Refrigeratotfreezer

8 Upright freezer

9 Chest freezer
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The investigatechousehold product beloago the 7" category, which is
refrigerator freezer with four stafreezercompartmentM and N values for all

categories are given in Table 312].

Table 3.4M andN Values for Household Refrigerating Applianceg][1

Category M N
1 0.233 245
2 0.233 245
3 0.233 245
4 0.643 191
5 0.450 245
6 0.777 303
7 0.777 303
8 0.539 315
9 0472 286

Equivalent volume is calculated withe followingformula.
W B w —— 0006 & O (3.8)

where

n: Number of compartments

V.. The storage volume of the compartments

T.: Nominal temperature of the compartmentsvdkbe given in Table 3

FF., CCandBI are the correction factors given in TaBl&.
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Table 3.5 Correction Factors

Correction factor | Value Conditions
FF (frost-free) 1.2 | For frostfree frozenfood storageompartments
1 | Otherwise
CC (climate class) 1.2 |For T class (tropical) appliances
1.1 |For ST class (subtropical) appliances
1 | Otherwise
Bl (built-in) 1.2 | For builtin appliances under 58 cm in width
1 |Otherwise

The energy efficiency level of the household appliaisogeterminedbased

on its Energy Efficiency IndexEEl) given byEquation 3.5. The energy efficiency

levels of household refrigerating appliancesstadedn Table 3.6.

Table 36 Energy EfficiencyLevel of Household Refrigerating Appliances

Energy efficiency class Energy Efficiency Index

A+++ (most efficient) EEl< 22

A++ 2 2 EFD< 33
A+ 3 3 EE)<42
A 42 OEEI< 55

B 55 EED< 75
C 7 5 EED< 95
D 9 5 EB)< 110
E 1 1 OEEKX 125
F 1 2 5EEKX 150
G (least efficient) EEIO 150
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The perimentally investigated refrigeratisr SN'T climate class, static type
(not frost free), and freestanding (not built in) produténce,the respective-F,
CC andBI correction factors are 1, 1.2 and 1orage volumef eachcompartment
equivalent volume, standard annual energy consumption and energy efficiency index

are given in Table 3.

Table 37 Experimentally Investigated Refrigerating Appliance Energy Consumption Limits

Freshfood Compartment Storage Volu¥e(lt) 340
Freezer Compartment Storage Voluwg (It) 106
Category of Product 7
Equivalent Volume/eq (It) 681.48
Standard Annual Energy Consumpti®AE:

(kWhlyear) 832.51
A+ Energy Level (42 Index) Energy Consumption

Limit (kWh/year) 349.65
A+ Energy Level (42 Index) Energy Consumption

Limit (kWh/day) 0.958
A++ Energy Level (33 Index) Energy Consumption

Limit (kWh/year) 274.73
A++ Energy Level (33 Index) Energy Consumption

Limit (kwh/day) 0.753

3.2.3 Refrigerator Energy Measurement Testand Standard

Refrigerators and freezers (and their combinations) are regulated for energy
labeling all over the worldased ordifferent standards. Fdhe presenstudy the
European standardas beerfollowed. The efrigerator energy asumption levels
and volume measurementdiave beencalculated with the help of ISO 15502
standard$13].

According to the standards, thefrnigerating appliancés placed on a wooden
platform painted black and open for free air circulation under the platform. The
ambient temperature is measured at two poiRtsandT,,, located at the vertical and
horizontal centerline of the sides of the refrigerating appliance and at a distance of
350 mm from the refrigerating appliance. The air temperatireeasured using
copper or brass cylindepglaced30 mm below the bottom ohé platform. The
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t e nDPCe The tmeaswremdit

point mustbe on the vertical axis through the geometramiterof the refrigerating

temperaturevalue indicates thea mb i e nt

appliance. The structurena the dimensionsare shown in Figure 3. Ambien
temperaturesrek e pt ¢ o n s t & i tbothwduringhtherperidtds @quired for
obtaining stable operating conditions and during the tests. Unless otheéswise
specified therelative humidityshouldnot exceed 75%.
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Figure3.7 Prevention ofir circulation and temperature measuremeninis[13, 14].
The refrigeratn processneed tobe capable of maintaining, simultaneously,
the required storage temperatures in different compartments as given ir88dble

different types of refrigerating appliances and for appropriate climate classes.

Table 3.8 Energy measurementtess: minimum required storage temperatures indifferent
compartment$l3, 14]

°C
Fresh-food storage Food freezer Two-star One-star Cellar Chill
compartment and three-star | compartment/ | compartment | compartment | compartment
compartment/ section
cabinet
Lime ‘!‘Qm' 3m 'rma o r r Icrrl rcc
0 <ty o fam = 8 < +4 =-183 =122 - —6 B ry=+14| 21, <43
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The lected refrigerator for the experimental sthdgfresh food, chiller and

freezer compartments. Ftre fresh food compartment the thermocoueslocated

at points labeled ag;, T,, Tz as shown in Figur8&.8, halfway between the rear
internal wall of the appliance and the internal wall of the closed door. For
determiningthe temperatures in trehiller compartmentastorage plams organized
according to the standards. The temperatwdcooling compartmeth is always
measured in Mpackagegmeasurement packaggsjsitioned or suspended with their
largest surface horizontal at least 25 mm away from all walls and ceilings and from
the other packages of the test load. theffreezer compartmenthe temperatresare
measured in Mpackages, which are distributed throughout the load of test packages
created fotthe refrigerator (Figure3.9). The exact load othe test packages is given

in Figure 3.D. The above measurements made during an operating ayele
recorded at intervals not greater than 60 s.
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Figure3.8 Temperature measurement points in frésmbd storage compartmerjts3, 14].

Figure3.9 Sampleoading plan for fozenstorage compartment without unventilated, refrigerated
walls and doorlselves[13, 14]
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