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Abstract. The refrigeration has wide application in industry, commerce and residences. In an absorption refrigeration
system was carried out an analysis of energy and exergy in an plant. The system has refrigeration capacity of 23.5 kW
for production of ice using the ammonia-water mixture. The exergy analysis allows to indentify where the system must
be optimized. A model was constructed to obtain the operating parameters such as heat transfer rate, coefficient of
performance of the system, overall heat transfer coefficient, effectiveness of heat transfer, irreversibilities of the
components. The evaporator works in a cyclical manner during 9 minutes of ammonia vapor flows into the tube to
formice and during 1 minute, steam of water flows to defrost the ice. The experimental data were used and compared
the results. The model permited indentifeid which equipaments has higher irrevesibility or with wost performance.
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1. INTRODUCTION

The refrigeration system has high importance inzBrdue to owner extension tropical territory arukits
applications in industry and commerce. The appateritilization of electrical energy requires tlevelopment of new
more efficient equipment to reduce energy demandir&nmental factors also require the developmémefrigerants
that are lower degradation to the ozone layer (©@DBBone depletion potential) and has lo@dobal warming potential
(GWP).

An alternative are the absorption refrigerationtsys These systems do not have the compressocdhatimes
much electrical energy. However operate with aigefant solution pump, the absorber and a heateairlow cost
and can use waste heat as exhaust gases from €ogiary type of fuel and even solar source.

Absorption refrigeration systems are one of theesidcooling methods. The pairs most commonly useithése
systems are water-ammonia mixtures and water-fithimomide. In the absorption refrigeration systemes used two
fluids (pairs), one of them as refrigerant anddtieer as absorbent. The most common are the amr{lghig - water
(H20) (ammonia operate as the refrigerant and watéhesbsorbent), and the water@ - lithium bromide (LiBr)
(water as the refrigerant and lithium bromide &sadhsorbent).

An absorption system was initially designed to aperwith gases from internal combustion boat. Cjmral
problem happened that change the boat’s systetngimand. The system was donated to UNICAMP fodgtiseveral
works have studied this system and propose impremésras Silva (1994), Milanés (1997). One of thprowements
of these systems consist at exergy analysis basétecsecond law of thermodynamics.

The exergy analysis permits to identifier whereh@ppening the greatest loss of available energyak¢1985)
describes exergy balance in plants. Szargut (1888) Tsatsaronis (1993) described important metlogis of the
exergetic analysis.

In this paper were evaluated the exergy destrusti@ach system’s equipment with ammonia water.

The subject of study is a equipment builted by MveDEF S.A company with several heat exchanger alagsn
flow recirculation. The experimental unit use tlergmmonia-water pair as refrigerant and has nahfrigeration
capacity of 23.5 kW and evaporator temperatureli® ¢ C. The heat source uses process steam (0.2, MPa
approximately at 130 ° C with a heat generatioa odt46.5 kW. The evaporator type flooded proddizde ice with a
nominal capacity of 20 kg of ice per cycle (10 mifipe cycle time is 10 minutes and the defrostingealized with hot
gas (condenser) during 1 minute. The ice thickie5s6 mm.

The unit description is as follows: The steam flosmtsgenerator between points 22 and 23, heatingniture
strong (ammonia and water solution) that leaverdletfier. This strong mixture receives heat, biegkhe equilibrium
condition and separate saturated ammonia vaporimgtat the rectification column of a weak solutiof liquid
ammonia at point 18. At rectifier happened a heatsfer and mass that increases the concentrdti@mmonia vapor
upward and reduces the concentration of ammonia wakition downward. The steam leave at the topneolrectifier
almost pure and after it's cooled at condenser enadjve leaving as saturated liquid or subcooletlsdbcooler, the
liquid ammonia rejects heat to the ammonia vapaning from the evaporator. The liquid ammonia isanged in
expansion valve leaving with quality before entgrat the evaporator. In it the ammonia evaporatsigé the tubes for
9 minutes to produce ice that is growing outsidehef tube. The ammonia vapor is superheated inosléd before
enter to the absorber. This vapor mixes with thaekasolution of ammonia, point 9. The weak soluttoming from the
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generator at point 18, is expanded and cooleddgW®paments: at preheater of strong solution ardaer of wake
solution, leaving at point 21 before enters atghsorber. A liquid strong solution in ammonia lesatlee absorber and
enters at the set of filters. The strong solutianehowner pressure rises until the pressure irgémerator at pump
before that enters at the rectifier at point 130 of solution at column is recirculated at poiri and heated in the
preheater of the strong solution entering the calanpoint 16. The rectifier separates the satdrbdgid at point 17
and the saturated steam at point 2, starting thie @gain. Observe a schematic of system in thedig
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Figure 1. Absorption System with pair ammonia-wdngiited by the Madef S.A company

The areas of each equipments are shown in the habiev.

Table 1. Area thermal each equipment

Equipament Thermal total aredm
Generator 10.6 m
Rectifier 2.4
Condenser 10
Evaporator 6
Absorber 3
Preheater strong Solution 3.12
Subcooler 2.60
Cooler wake solution 2.50

This study used experimental data from the thebiMitanés (1997). During the test, data of tempematand
pressure at various points through a system ofategaisition were collected. There were also meaktire mass flow
through an orifice plate and ammonia concentratibime strong concentration were measured by evaporatf
ammonia in a recipient and wake concentration weeasured by the temperature and density data. ghrthe
temperature and density values the concentratiomarofmonia is determinate. The data were collectddr af
approximately 2 hours from start the system indstestate. Data are represented in the table below
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Table 2. Experimental data for the System Absorptiith par water-Ammonia from Milanés (1997)

Point | Temp | Pressurg conc | fxmass | Point | Temp | Pressure| conc | fx mass
[C] | [kPa] (0] | [kg/h] [’C] | [kPa] [%] | [kg/h]

1 111.01 1407 92.17 14 50.0p 1407 3B 727(82
2 40.05 1407 99.97 73.86 15 50.02 1407 38 727.82
3 28 1297 99.97 73.86 16 92.08 1407 38 727]82
4 28 1297 99.97 73.86 17 - 1407 38 72782
5 13 1297 99.97 73.86 18 111.01 1407 31 653{95
6 -9.0 301 99.97 73.86 19 105 1407 3L 653)95
7 -8.5 301 99.97 73.86 20 55 1407 31 65395
8 20 271 99.97 73.86 21 41.9 1407 31 653]95
9 - 271 38 727.82 22 127.7 252 96.06
10 39.5 271 38 727.82 23 1277 252 96.06
11 39.5 271 38 727.82 24 22.4 101 172(8
12 39.5 1407 38 727.82 25 0.0 101 172(8
13 39.5 1407 38 727.82

With the experimental datas were developed masanba) conservation of chemical species, energyeardyy
within each device.

The characteristic of system are: The temperatdréh® condenser and evaporator are 28 °C and -9 °C,
respectively. The pump is isoentropic. The tempreeabf the mixture leaves the absorber is 39.5 Tl vapor
ammonia leave the rectifier with concentration 99.Bhe strong and wake solution concentration &% a&nd 31%
respectively.

The exergy analysis has already become an esseptshmeter for the equipments’ and thermal
systems’optimization to reducing the detected ersibilities (Bejaret al., 1996).

The Irreversibility rate for control volumes foestdy-state was defined for the equation below:

. . . T . .
lov =(Z Min €, = Mou .eoutj+2[1—_l_—°J.QW—WCV @
i
According to (Van Wylen at al., 2003) the rate érgy destruction is equal rate of exergy tranafehe inlet and
exit of the control region (E) accompanying massvfpblus rate of exergy associated with rate of heatsfer on the
boundary at temperature glus rate of exergy transfered by work.
The specific flow exergy (e) can be representesl ¢onvenient form as:

2

e=(h—h0)—To.(s—so)+VE+g.z )

Where h and s represent the specific enthalpy abtoy, respectively. The subscripts o represeatvidiues of
these properties at the dead state. The kinetipatehtial energy effects are ignored.
The Coefficient of performance of the absoptionleyf€OP) is defined as:

refrigeration _ capacity 3)
heat _ generation+ pump _ work

COP =

The overall heat transfer coefficient is detemtgnby the temperature difference between thegefint and the
cooling fluid is represented by the LMTD (log magamperature difference) and thermal surface areweth at table 1.
The following equation represents the overall heat transfer.

q=U.ALMTD @)
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The heat exchange effectiveness may be expressed as

= 4 - (m.c,) AT

(®)

qmax (m-Cp)min 'ATmax

At thesis of Silva (1994) and Milanés (1997), th®perties of the mixture were used AQUAMAR program
developed by Jordan (1996). The properties of atdrliquid and vapor and owner mixture can berdgted only by
three properties (pressure, temperature and caatienf). The program does not allow estimation psscis isentropic
isoentalpicos. The properties of subcooled liguid auperheated steam are approximate using datemoation and
pressure. The reference is saturated liquid of amierat -40C.

At this paper, the properties of the mixture wesgneated using the software EES (Engineering Eqoéasiolution)
through Correlations from Ibrahim and Klein (19@®ud Tutorial of ESS software.

2.RESULTS

The heat transfer between the equipment and agexealysis were performed. There are comparedahes of
this paper with data from Milanés (1997). In theagarator, preheater and subcooler have 2 refrigerdowing,
therefore were estimated rate of heat transfdreatwo refrigerants. The comparisons of rates af transfer are in the

table.

Table 3. Comparison of heat transfer rate

Equipments Heat Changer [kW] | Heat Changer [kW]
from author from Milanés (1997)

Pump 0 0.174

Column 0 -

Group generator-columr] 0 -5.42

Condenser -24.05 -24.00

Evaporator +24.32 -20.55 +24.16 -20.53

(ammonia/Water-ice)

Generator 51.48 57.92

Preheater strong solution +37.97 -40.18 +38.52 -40.22

(solution strong/wake)

Cooler wake solution -10.59 -10.56

Sub cooler -1.464 +1.72 -1.464 +1.677

(liquid/vapor ammonia)

Absorber -34,4 -35.57

The comparison of heat transfer equipment betwieemwto studies were very similar. There were soifferdnces
due to lack of experimental data at some point@odedure to determine the enthalpy at each pdh#.heat transfer
rate at pump is null due the supposition of isgritr@ump. At this paper is possible to determinésantropic process,
different the thesis of Milanés (1997) that haveuse as input data pressure, temperature and doatéem The heat
pump rate for Milanes (1997) produces a positiveivandicating that the effect of heat is enterthg pump. This
value is inconsistent due the temperature of tHetisa after the pump increases slightly by arouhd °C. The
temperature sensor does not detect this increlasejaiue of enthalpy of compressed liquid at thié @xthe pump is
inaccurate.

There is no experimental measure at point 17, thexeghe author conducted a global balance on #reemtor-
column considering adiabatic. This balance wasoperéd to estimate their concentration and postéhigir properties.
Soon the steam leaves the generator at point 28quidlity 0.11. Milanés (1997) considers, at p@8t that all steam
condensed, becoming saturated liquid water, themytbup generator-column is not adiabatic. Theelstrdifference of
the heat transfer in the generator was due to ttiéfseent hypotheses.

The system shows in both cases that have a loBsatfin the equipments: evaporator, pre heatedgtsolution
and subcooler. Where the greatest loss occursievhporator. According to Silva (1994) that lossuss due to lack
of isolation and loss of water from a reservoiicef generator.

The Irreversibility rates for each equipment watedwrinate from equation (1) and also were compaiig values
of Milanés (1997). For estimating of the irreveiiip at this paper, were used the higher valuekedt transfer of the
evaporator, preheater and subcooler. Comparisoreotrsibility data are in the table.
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Table 4. Comparison of Irreversibility rate

Equipments Irreversibility [kW] | Irreversibility — [kW]
from author from Milanés (1997)
Pump 0.0 0.14
Column 1.029 -
Group generator-column 3.004 5.15
Condenser 0.949 0.881
Evaporator 1.337 1.439
Generator 1.975 -
Preheater strong solution 1.171 1.159
Cooler wake solution 0.7644 0.7658
Sub cooler 0.4082 0.1136
Absorber 2.935 3.25
Expansion valve ammonia 0.119 0.180
Expansion valve wake solution 1.09 -

The evaluation of irreversibility shows a differenoetween the two works. The largest irreversibdibccur on the
generator-column and the absorber. Different ofwlbek of Milanés (1997), the largest irreverssti@b occurs on the
generator-column. Milanés (1997) affirm that thsults of other authors find that the generator apsbrber were the
equipment with higher irreversibility rate, in ahses. To understand such differences, the diffesem properties
enthalpy, entropy and exergy in the 25 points pagiter with the thesis of Milan (1997) were indeetf There values
are shown in the figure.
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Silva (1994) and Milanes (1997) determinated thapprties of saturated liquid, and vapor and itstamé utilizing
AQUAMAR program. Between the points 1 to 8, thesevapor or liquid and mixed with saturated concaign of
nearly pure ammonia. There is a difference betvibermproperties due to be different of the referemicéhe programs
AQUAMAR and ESS. Milanés (1997) did not measuredlperimental data at point 9 and 17.

Among the points 10 to 16 and 18 to 21 are, at hsoktcooled liquid, except at point 18 and 19 which saturated
liquid and mixture of vapor and liquid, but theibrzentrations of ammonia are 38 to 31%. It is okekithat the
difference between the properties are reduced, hewdifferent of points 1 to 8.

Among the points 22 to 24 this difference is zeoo énthalpy and entropy for the fluid is water. fiehés a
difference in point 23 due the hypothesis at tlaiggyr to make global balance in generator-columrrevtiet point was
estimated with quality 0.11. and Milanés (1997)siders this point as saturated liquid. At exerggré are difference
due at different reference And g in equation (2).

The coefficients of performance (COP) were deteethinsing the eq. (3). Their value at absorptiotesyss 0.47,
while the value of Milanés(1997) is 0.42. The difiece is due the different hypothesis at Group iggoecolumn that
is adiabatic in this paper and has heat transfende for Milanés (1997), as explained earlier.

The overall heat transfer coefficient (U) andeefivenesse) were determinate at table.
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Table 5. Comparison of effectiveness, log mean &ratpre difference and overall heat transfer

By author By Milanés (1997)
Equipment Effectiveness LMTD U Effectiveness LMTD U
(&) [°C] | Wim*°C] (&) [°cl | wimec]
Evaporator - 9.1 449 0.016 17.8 192
Preheater 0.909 8.35 1540 0.901 8.41 126(
Subcooler 0.780 13.7 48.4 0.780 11.6 46

The values of effectiveness for preheater and salbrcovere equals, however for evaporator that it ibeat
exchanger with phase change at both refrigerantaptimake sense to utilize the methodology of ifpdweat constant
due phase change. This fact explains the low vafl@waporator effectiveness.

The values of mean temperature difference for @eheand subcooler were almost equals again, hawfeve
evaporator, Milanés utilized all experimental datanput and output temperature. Therefore for kee@hanger with
phase change utilized the constant temperaturead eefrigerant (Z=-T¢). At this paper were used the constants
temperature.

The overall heat transfer coefficients are veryedént at evaporator, the different procedure torede the LMTD
explain the values. At Preheater, there is a disarey due Milanés (1997) utilized the low heatdfanat evaluation at
preheater. At Subcooler the values are almost edua low difference at estimative of heat transbérthese
equipments propagates a low discrepancy.

3. CONCLUSION

An energetic and exergetic analysis were perforim&ach equipment of absorption system for ice &iom at the
Hospital das Clinics, Unicamp. The dates were caagpaith the thesis of Milanés (1997).

The heat transfers in each component were similze in the generator due the different hypothekthe state of
steam leaving the generator.

The exergy analysis indicates that the equipmeiitstihve higher irreversibility are the group gereracolumn and
absorber. According Milanés (1997) the equipmerihaigher irreversibility is group generator-colunithere were
differences at values of the irreversibility of thguipment due to different procedures of estintiageproperties of
water-ammonia solutions.
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