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Abstract. This paper presents an experimental analysis oélasorption refrigeration system. The experimerggew
performed in a domestic refrigerator. Two differegmergy sources were analyzed: the original enesgyrce
(combustion gases of Liquefied Petroleum GasesG) lahd exhaust gases from an internal combustigiinen(ICE).
Temperature and humidity were evaluated during Bxptal tests. The energy requested, the coolagacity and
the coefficient of performance (COP) were deterhifoe the energy sources and the results were costpa
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1. INTRODUCTION

Technical, economical, strategic and environmentaisiderations brought a new interest for the gefation
systems feed by thermal sources, sometimes cherzacteas residual of processes (Falconi Filho, 2G&kowski
Janior, 1999; Limaet al, 2002; Pereirat al, 1998). A considerable research effort has beessted in the study of
this kind of refrigeration system in the last ye@&phornratana and Eames, 1995; Cheengl, 1996; Mcquiston and
Parker, 1994; Meuniest al, 1996; Moran and Shapiro, 1999; Pereiral, 1998; Reis and Silveira, 2002; Santtsl,
2001; Srikhirinet al, 2001; Wyleret al, 1998).

The interest is mainly because of the inferior cosll quality of the energy requested (Aphornratamé Eames,
1995; Horuz and Callander, 2004; Meungtral, 1996; Pereirat al, 1998; Reis and Silveira, 2002; Sangisal,
2001; Stoecker and Jones, 1985; Varani, 2001).

An important factor to be mentioned while discugsihe research development dedicated to the uaesmirption
refrigeration systems is the necessity of substitutor alternative refrigerants to chlorofluorobans (CFC’s) used in
the compression refrigeration systems, which wemvicted, in 1974, as the majors responsible ferdhone layer
damage, and that are becoming gradually substitutecsponse to the Montreal Protocol signed in718§ 46
countries that assumed the compromise to reduceatmsume of these refrigerants. This Protocol \eased in 1990
when were approved more restrictive measures thttigated the total elimination to 2000. Howevée fast
elimination of CFC’s would bring a substantial gthvin the production costs due to the necessityesf technologies
and the abandoning of investments done in techreddgr the production of them (Aphornratana andh&s, 1995;
Ashrae, 1997; Atwood and Hughes, 1990; Braswel881%arimella, 2003; Kern and Wallner, 1988; Lorent and
Pettersen, 1993; Meuniet al, 1996; Moran and Shapiro, 1999; Peraital, 1998; Reis and Silveira, 2002; Riffeit
al., 1997; Santost al, 2001; Varani, 2001; Wyleet al, 1998).

It's proper to note that ammonia appears as onkeofmost potential refrigerants to be used in lagge (Braswell,
1988; Moran and Shapiro, 1999; Peratal, 1998; Reis and Silveira, 2002; Wylenal,, 1998).

Recently, many advanced cycles for absorption systhave been investigated. Then, the potentiatidief
application of absorption systems are growing (Aphatana and Eames, 1995; Braswell, 1988; Meuwtied, 1996;
Reis and Silveira, 2002; Varani, 2001; Ziegler &ielsch, 1993).

Among the several works from literature, some resamrks can be commented. Jiangzkoal (2003) presented
an adsorption air conditioning system used in m@ecombustion engine locomotive driver cabin. Blistem consists
of an adsorber and a cold storage evaporator dhdyehe engine exhaust gas waste heat, and empdojise-water as
working pair. The mean refrigeration power obtairfesin the prototype system was 5 kW, and the dahikkér
temperature was 1&. The authors described the system as simpletntste, reliable in operation, and convenient to
control, meeting the demands for air conditionifithe locomotive driver cabin.

Quin et al. (2006) developed an exhaust gas-diéwgomotive air conditioning working on a new hyaripair. The
results showed that cooling power and system adeffi of performance increase while the minimunrigefation
temperature decreases with growth of the heat somperature. System heat transfer propertidsnstiided to be
improved for better performance. Finally, Huangfuak (2007) designed and developed an experimgntdbtype of
an integrated thermal management controller (ITN&E)nternal-combustion-engine-based cogeneratystesn. Based
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on the principle of variable conductance heat gW€HP), the authors presented the concept of ITMCIE engine
based cogeneration system application. Througrestt@blishment of the ITMC experimental prototyge working
principle of ITMC was verified, providing referender a future practical device. It was shown tHaz¢ teveloped
prototype could effectively control the temperatureariable working conditions.

The main objective of the present study is to eat@lihe performance of the refrigeration systemsictering some
variables like the energy requested, the refrigmmatooling capacity, the coefficient of performan@COP) and the
general transient behavior of domestic refrigerattarnal temperature.

2 - Absorption refrigeration
2.1 - Historical

Before the advent of mechanical refrigeration tleewwas maintained cold being stored inside obp®iceramic
vessels. By infiltration, it penetrated into theamaic and evaporated. The evaporation caused ipatissm of heat and
then the water was refrigerated. The Egyptians ladéans from North America used this system. Mainyes the
natural ice of lakes and rivers was cut during ¢hang and kept in caves to be used later. The Rertransported
snow from Alphes to Rome and it was used to refagethe drinks of the imperators (Elonka and Minit978).

Although theses refrigeration methods employed rahfphenomena, they were used to keep the temperatwer
in a space, being called refrigeration (Elonka lsfigich, 1978).

The refrigeration is defined as a branch of scighaédeals with processes involving temperatuczadses and the
conservation of a space below the ambient temperédossat, 1961).

The absorption refrigeration was discovered by Nairl777, although the first commercial refrigeradf this type
only became constructed and patented in 1823 kgirkaerd Carré, which already got many patents betvi®&9 and
1962 by the introduction of a machine using the amim- water pair (Cheungf al, 1996; Costa, 1982; Pereieaal,
1998; Srikhirinet al, 2001).

The absorption refrigeration system experimenteddgand bad moments, being antecessor of the cosipnes
refrigeration system in the XIX century when thesteyns using the ammonia - water pair had greaticgbioin in
domestic refrigerators, as well as in chemical anocesses industries. The systems that used ther wdithium
bromide elements were commercialized in the foudias fifties (Costa, 1982; Perez-Blanco, 1993).

Considering many factors, including the constaotwgng of energy cost, energetic rejects of low terature that
were left in atmosphere in chemical and processstaliations are now frequently used to operateorg@iion
refrigeration systems (Horuz and Callander, 200&avii, 2001).

Although the first application of the ammonia - eraabsorption refrigerator has been in the refatien field, as in
ice production, actually it founds application ppednantly in air conditioning (Lazarriet al, 1996).

2.2 - Absorption refrigeration system

The absorption and compression refrigeration systane similar, being different fundamentally by taeergy
source: the first uses thermal energy and the aleetrical energy.

In the absorption refrigeration systems are usesl fluids, one of them as refrigerant and the ottembsorbent.
The most known are the ammonia ()IH water (HO) pair (ammonia as the refrigerant and water asatisorbent),
and the water (KD) - lithium bromide (LiBr) pair (water as the rigferant and lithium bromide as the absorbent).

The limitation of the water - lithium bromide péé due to the fact that as water is the refrigefiaid, the system
cannot operate at low temperatures (lower than .0B&sides, the lithium bromide crystallizes in maded
concentrations, and in high concentrations thetigolus corrosive to some metals and very expen@iieruz, 1998;
Srikhirin et al, 2001).

Figure 1 shows a diagram of the basic cycle ofdaimmonia - water absorption refrigeration systemthin next
paragraphs it is presented a short descriptiontaheir working principle.

In this refrigeration system, high-pressure ammorapor enters into the condenser and releases thetite
neighborhood, getting condensed. The ammonia, moliquid phase, but still at high-pressure, passalthrottling
device where its pressure is reduced until the niagtion pressure. So it enters into the evaporata receives heat
from the space to be refrigerated, becoming vagainabut now at low pressure.

Then the ammonia goes to the absorber, where a satation of water and ammonia (low ammonia conediain
mixture) absorbs this ammonia vapor, rejecting heathe neighborhood. The solution, now strong l{hégnmonia
concentration mixture), is pumped to the generaibere receives heat from the external thermal soufben, it
evaporates getting separated from the water athoWiolg to the condenser, running the thermodynaryide again.
The weak solution that leaves the generator get& ba the absorber to absorb ammonia vapor cormiom fthe
evaporator.

Between the absorber and the generator exists tackebanger that provides the energy transfer flloenweak
solution that comes back from the generator tostheng solution that follows to the generator. Téhévice increases
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the performance of the system due to the fact tfratenergy necessary from the thermal source tcatheonia
vaporization is lower. Experimental studies showuleat the coefficient of performance (COP) couldifereased in
60% when the heat exchanger is used between tbebalipsand the generator.
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Figure 1. Diagram of the basic cycle of the ammeniater absorption refrigeration system (Stoeeket Jones, 1985)

Ammonia vapor that follows to the condenser pagsrbedy a rectifier where the water vapor is intgamdensed,
getting back by gravity to the generator. Being amim and water volatile, the cycle needs this fiectibecause
without it the water would be accumulated in theparator and would reduce the performance of teesy There is
yet the possibility of the presence of an analyftar the rectifier, which works as a heat excharigat condenses the
water vapor that still have not been condensedhéydctifier.

The ammonia - water system has the disadvantagegafring extra components and the advantage afatipg at
pressures above the atmosphere. The water - lithitomide system, in other way, operates below thespheric
pressure, resulting in air infiltration in the systthat has to be periodically purged.

2.3 - Absorption refrigeration versus compressionefrigeration

The main difference between the absorption and cessjpn refrigeration systems is related to thegsnsource
that allows the refrigerant to circulate in thecait. While in the compression system the compressased, in the
absorption system an absorber and a generatoritatdst (Fig. 2). While the energy requested bg tompression
system is supplied by mechanical work from the c@sgor, the energy requested by the absorptioamyistsupplied
by a thermal source (Dossat, 1961).
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vapor
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1 - Compressor =

Absorption:
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Figure 2. Vapor compression in the compressionadnsrption systems (Stoecker and Jones, 1985)
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A comparison between the absorption and compressietems shows the advantages and disadvantagbs of
absorption system (Table 1) (Chehal, 1996; Costa, 1982; Dossat, 1961; Elonka and Mjni®78; Horuz and
Callander, 2004; Mcquiston and Parker, 1994; Manash Shapiro, 1999; Pirani and Venturini, 2004; Radeher and
Kim, 1996; Reis and Silveira, 2002; Smirnetval, 1996; Srikhirinet al, 2001; Wyleret al, 1998):

Table 1. Advantages and disadvantages of the afmogystem compared with the compression system

Advantages Disadvantages
1) Inexistence of mobile parts 1) Lower performance
2) Operation with working fluids environmentallyendly | 2) Lower applicability
3) Simplicity of operation and control systems BKiCity (ammonia has toxicity)
4) Elimination of electrical supply (use of cheaped ofl 4) Complex installation, being necessary speciatetion
lower quality energy)

3 - Experimental setup and procedures

The main objective of this study is to evaluate fleeformance of the refrigeration system, considgisome
variables like the energy requested, the refrigmmatooling capacity, the coefficient of performan@COP) and the
general transient behavior of the domestic absamp&frigerator internal temperature.

For the experimental tests a domestic absorptifsigeeator was considered. The energy source wasdimbustion
gases of Liquefied Petroleum Gases (LPG) and exklgases from an internal combustion engine. Thigefitor had
215 liters of internal space. The system workedth wie ammonia - water pair as working fluid (Fiy. 3

a) LPG energy source b) Exhaust gases source
Figure 3. Domestic absorption refrigerator usethaexperimental tests.

Temperature inside the refrigerator was monitofedugh two Pt100 thermometers. A barometer andjwadiin-
bulb thermometer were used to measure ambientyreeasd temperature. Ambient pressure was kepfagg 0.007
bar, while ambient temperature was maintained & 8® K. Air humidity was measured with an uncertainfy+
0.06%. Cooling capacity and coefficient of perfonoa were evaluated with uncertaintiestof.84 W andt 0.0014,
respectively.

3.1 — Experimental set-up using the LPG source

The experiments were carried out with the ambiemperature kept constant during the tests. Injtialis installed
a rotameter to measure the quantity of fuel conslubyethe refrigerator and thermocouples to meashed¢emperature
inside it (Figure 3-a). It was also measured thatike humidity inside the refrigerator. The prouegs to the tests are
described below.

Approximately 30 minutes before the tests the r@ntonditioning was connected and the door ofréfegerator
was opened to keep the temperature homogeneoushwitmmbient. After that, the door was closed dedréfrigerator
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was turned-on. The data acquisition acquired theviing variables: temperature inside the refrigergthree sensors),
relativity humidity, atmospheric pressure, ambitrhperature, LPG flow rate, LPG pressure and LR@pézature.

These parameters were taken every 30 seconds.nfine &sts took approximately 14.5 hours, and vwmssible to

take parameters during all the time intervals.

3.2 — Experimental set-up using the internal combu®n engine

A production 1.6-liter, 8-valve, four-cylinder amtotive engine with multipoint electronic fuel injan was used
for the tests. The engine also featured compregsito 9.5:1, 86.4 mm bore and 67.4 mm stroke. &hgine was
tested in a hydraulic dynamometer of maximum po2&¥ kW and maximum speed 6000 rev/min. The dynarteme
was equipped with a load cell of measuring ranggoug224 N and uncertainty af 0.4 N, and a magnetic speed
sensor, which uncertainty was3 rev/min. Fuel consumption was measured by arterBow meter, of measuring
range 0.038 to 100 liters per minute and accur&®y846 of the reading.

A computer-based data acquisition system was useabhitor temperature inside the refrigerator, evafor inlet
and outlet temperatures, and fuel flow rate. Allcemainties of measurements were evaluated acaprtbn
ABNT/INMETRO [23] (similar to NIST TN 1297), for a@onfidence level of 95%. Measurement of the exhgast
temperature was made through two K-type thermoesuppistalled in the refrigeration system heat emgbainlet and
outlet.

When powering the refrigerator with the engine emfiagas it was verified that, for engine speedsr @300
rev/min, the temperature in the refrigerator wasreased. At such condition there was excessiveggnieeing
transferred from the high temperature exhaust galset refrigerant, not allowing its condensatiortha condenser due
to the elevated sensible heat to be removed. Assegjuence, the refrigerant temperature in thecgatgr was above
that inside the refrigerator. Thus, it was decitiegherform the tests at a fixed engine speed oD 189/min to avoid
increasing temperature inside the refrigerator. fdsalts were obtained from the absorption refdtien system using
the engine exhaust gas as energy source for wigde-epgine throttle valve. More than 800 data poivese used to
build each curve shown by the figures at ResultdiG®

4. Results and discussion

An experimental study of the behavior of an absomptefrigeration system has been carried out. frio¢otype was
a domestic absorption refrigerator that uses cotithugases of Liquefied Petroleum Gases (LPG). Eshgases from
an ICE were also evaluated as energy source. Itesite performed, the speed engine was 1500 rpnthandngine
throttle valve was wide open.

Figure 4 shows a temporal variation of the tempeestinside the refrigeratory,TT; and T, represent the values of
temperature on the top of the refrigerator, belog évaporator and on the bottom of the refrigeraempectively. 7,
represents the average of these temperatures.

It can be noticed that the temperature inside #fiegerator decreased until the steady state washesl. At this
point, the energy source was turned off and theésatures started to increase. The temperatures measured until
a new steady state was reached. After the startupeorefrigerator, the temperature inside theigefator took 23
minutes to start to decrease. The lower temperatae reached 5 hours and 20 minutes later. Aftergériod, the
system took 7 hours and 40 minutes to reach thestedy state condition.

25,0

200 4

4
=3

Temperature ('C)

0,0 T T T T T T T T T
00{00 01:30 03100 230 06:00 07:30 09100 10:30 12:00 13:30 15/00
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Figure 4 — Temperatures inside the refrigeratargisPG
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When the temperatures inside the refrigerator ampared, it can be seen that the lowest temperatoerred
below the evaporator, as expected. This is bedause internal space of the refrigerator existtural circulation of
the air from the top to the bottom region. In féw air is intensively cooled in the evaporatofate, becoming denser
and moving then to the bottom region. In this moeetrthis cold air passes through the sensor positidelow the
evaporator, where it is recorded the lowest tenipegavalues.

Figure 5 presents a comparison between the aveeaggeratures inside the refrigerator using LPG exithust
gases of an ICEs energy source. LPG provided lower temperatuwbgh where attained in much more time in
relation to the ICE system. This phenomenon caexXptained due to the fact that heat release fro® cBmbustion
gases was more suitable to the refrigeration systéroe this is the original source of energy cdasad in the project
of the employed domestic refrigerator. Since that fflex from LPG is lower than that from exhausses of ICE, the
refrigerator operating with exhaust gases as ensogyce took less time to reach steady state gondit3 hours and
36 minutes to the first condition and 5 hours a@drnutes to the second condition).

300
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250 4 —— Exhaust gases

20,0 4

15,0 A

Temperature ("C)
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0,0 . . . T . . . . T
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Time (h)
Figure 5 — Comparison between the average temperaside the refrigerator using LPG and exhausega

Figure 6 shows the cooling capacity of the systeah;ulated according to Manzela (2005). The cootiagacity
increases when the temperature inside the reftijedeecreases. The maximum value was 17 W for LRG18.4 W
for ICE exhaust gases. It can be observed thasyseem operating with LPG required more time tovjate the
maximum cooling capacity, justified by the lowerahdlux from LPG. It is important to mention thdtet values
obtained agree with those mentioned by Srikhetial. (2001).
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Figure 6. Comparison between the cooling capaditherefrigerator using LPG and exhaust gases

Figure 7 shows the coefficient of performance (COP)he refrigerator, calculated according to Mdaz2005).
The general behavior of the COP is similar to theliag capacity general behavior. The maximum CQ@QRie was
0.047 for LPG and 0.011 for exhaust gases. AccgrttinChen et. al. (1996), the very low COP of asoaption
refrigeration system can be explained because géhwdratures of the source energy are about 200Rie whe
evaporator operates with temperatures around -Z@9€Lilting in a low Carnot COP), the auxiliary gasgjuires a
portion of the refrigeration load and because tdifier losses heat directly to the environmerite Treat difference
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between the COP of the refrigerator is possiblyiarpd by the fact that the temperature of the eghgases was not
suitable for the system.

0.05

— Exhaust gases
0.04 GLP

CcoP

0.01 /\
T T

0.00
00:00 01:30 03:00 04:30 06:00 07:30 09:00 10:30 12:00 13:30 15:.00

Time (h)
Figure 7. Comparison between the COP of the rafitige using LPG and exhaust gases

5. Conclusions

It was performed an experimental analysis of a diimeefrigerator operating with two energy sourdhe original
(LPG) and energy of exhaust gases from an intearabustion engine. It was observed that the exrgasss provided
an amount of energy greater than the required.rm&i@ consequences of this exceeded energy wet@gher values
of temperature and relative humidity inside theigefator and the time required to reach the mimntemperature.

Regarding the available energy, the exhaust gases &n internal combustion engine represent arrdstiag
potential to be used as energy source for absorpgdrigeration systems. A specific project of athexchanger
involving the refrigeration system and the exh@astes pipes could improve the results.
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