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Abstract

In this study, a modified ecological function is presented. for -feonperature-leve
absorption refrigerators, and an absorption refrigerator has beenizeptirasing this
function. An equivalent system was initially identified, followed thg application of th
first and second laws of thermodynamics. Next, the optimization resultswengréted. Th
results of the optimization process, optimum pointpig, a4, andag, were defined as 0.8
0.58, 2.41, 0.25, respectively. In addition to that, the effects, ok, an, ar, Ta, Tc, Te, andTy
were shown according to exergy destruction, ecological functiondeetfof performance,
and cooling load. As a result, it was understood that especially;thearameter, and the
generator temperatures are the variables of the systémethare special attention because,
at some points, they cause that generator and absorber traestfén the opposite direction
they need to do.
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Background

Absorption refrigerators may provide a cooling effect usingowsrienergy resources in the
system such as waste heat and renewable energy. Howeveagctbe that makes them
attractive is not only the diversity of energy resources usedlbaittheir economic aspects
and minimal pollution effect on the environment. In addition to theseast demonstrated
that absorption refrigerators are more economic when they ageatee with the combined
heat and power stations. Finite-time thermodynamics have been uskd @gtimization of
thermal systems since the 1970s. The ecological criterion [1] steggey Angulo-Brown is

another optimization method. This criterion is shown EBsW-T, o for the finite-time
Carnot machines. Her&, is the cold reservoir temperature, ani$ the entropy production
of the system. However, Yan demonstrated that showing the ecdlagiterion as

E :W—Tod would be more reasonable [2]. Hellg,is the ambient temperature. There are
many studies in the literature for the optimization of irrevdesabsorption refrigerators.
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Bhardwaj et al. optimized absorption refrigerators using fitme- thermodynamics [3,4].
Huang et al. examined the surface area, coefficient of peafaren(COP), and ecological
criteria for the irreversible four-temperature-level absomptrefrigerator and used an
ecological function based on energy analysis [5]. The ecologiradtibn they used is

E*=Q_-¢.T, 0. Here, gc is the Carnot COP of the systef, is the cold reservoir

temperatureQ; is the cooling load, and is the entropy production. Chen offered models
for the optimization of absorption refrigerators, heat pumps, and gaolathines [6,7]. Sun
et al. examined the optimization of the relation between heltathand entropy production
of the internal heating heat exchanger [8]. Chen et al. offered a model for thesaaafgur-
temperature-level absorption refrigerator cycles [9]. Chen amdnYade an optimization on
the irreversible absorption heat exchangers for ecologicaliontgt0]. Yan and Chen [11]
and Yan and Lin [12] optimized the three-temperature-level absorptiolescfor the
ecological criterion on the basis of energy and exergy output of thergiteleeCarnot cycles.
Fathi et al. offered a model for irreversible and solar absorptohing [13]. In addition to
these, except for the ones stated here, there are manynpart& optimization studies for
absorption refrigerators [14-17]. In addition, new optimization methodsdcé&ldvanced
exergy-based analysis methods’ [18,19] or ‘exergy-entropy aakdtip’ [20] of the system
can be investigated for the future studies. Contrary to other stadidsich cooling load is
the only evaluation criteria, this study aimed to_provide maximumirgpébad, minimum
operation input, and minimum entropy production in the system. Due to ¢asom, a
modified ecological function was presented. Considering the ereqyirements of the
world, the purpose of this study is to contribute to the more effecfieeation of absorption
refrigerators by presenting a modified ecological function.

Methods

In this study, a four-temperature-level absorption refrigera&s optimized using a modified
ecological function, and.the results were presented. A vapor alosorpfrigeration system
consists of four components as generator, absorber, evaporator, and coNderigeg fluid
in the system is made of a refrigerant and a solution that absafrigerant. Refrigerant
vapor comes from the evaporator and goes to the absorber, and drisedbs a liquid. The
liquid is sent to the generator and is boiled out of the solution, takengenerator’'s heat
reservoir. It is sent to the condenser and becomes a refezetb the environment. Finally,
working fluid comes back to the evaporator, and the cycle is complEtedsystem is the
general absorption refrigerator (seen in Figure 1). Temperattiresat reservoirs ark, Tc,
Te, andTg in absorber, condenser, evaporator, and generator, respecliyély.Te, and Ty
are working fluid temperatures in absorber, condenser, evaporator, aretatge
respectively. In Figure 2, an equivalent system is defined. In dbevadent system, the
absorber-generator assembly can be considered as heat engiaagamilarly, condenser-
evaporator part can be considered as refrigerator part.

Figure 1 Generalized four-temperature-absorption heat pump systen].

Figure 2 An equivalent system for generalized four-temperature-absorption hegtump
system[3].
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Thermodynamic analysis of system
Thermodynamic analysis and optimization were established foeghwalent system, and

previous formulas offered by Chen et al. were used in the catmda21l]. The ambient
temperature was assumed as 300 K.

Thermodynamic analysis of the absorber-generator assembly (heat engine part)
According to the first law of thermodynamics,
QGE - QAB —W =0. (1)

Here,Q'GE (heat input from the generator heat source)@m (heat output to the absorber
heat sink) may be defined as

Qce = @Agp (Tg — Tg)andQAB = BApR(Ty — Th). (2)
According to the second law of thermodynamics,

@_%SOWQZIH%_ (3)
Ty Ty Ty Tg

Here,ly is the internal irreversible parameter for absorber-genesasamblyly > O for the
irreversible cycles, anld; = 0 for the reversible cycles. Working fluid temperature ragi, (
heat transfer surface area ratiay)( and total heat transfer surface aréay) for the
absorber-generator assembly can be defined as following:

X4 :%, a, :ﬂ, andA.,, = Ay A, are define (4)
g Age

Ty Ta, andQgg can be defined using Equations (1) to (3):

_ IyaTgxyg+agBTa
Tg= xp(angf+iga) (5)
_ IyaTgxg+pBayTa
T2 =" an+ina ©)
: _ aAry (Bau(Tcxu—Ta)
QGE - 1+ay ( xH(ﬁaHHHa) ). (7)

Thermodynamic analysis of the condenser-evaporator assembly (refrigerator
part)

According to the first law of thermodynamics,
Qco— Qev — W =0. (8)

Here,Qco (heat rejection from the condenser) @@Q (heat input to the evaporator) are
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Qco = Aco (T, — Tp)andQgy = 0Agy (Tg — Te). 9)

According to the second law of thermodynamics,

@—@SOOTQﬂ:IR@ (10)

TC e TC Te

Here, | is the internal irreversible parameter for conéemevaporator assembliz > O for
the irreversible cycles, arg = 0 for the reversible cycles. Working fluid temgieire ratio
(xr), heat transfer surface area raté)( and total heat transfer surface ardagj for the
condenser-evaporator assembly can be definedlawiiad):

_T
% =7
- Ao (11)
" A
AT,R = ACO + AEV'

Te, Tg Qco » andQgy can be defined using Equations (8) to (11):

Tcuxrar+0TEgIR

Te = = @ tman) (12)
= e 9
%0 =35 o)) a4
Oov = Tooe (s ) 1)

Optimum ecological function of the system

The modified ecological function, including the was of maximum cooling load in the
absorption cooling system, maximum power outputlierheat engine, and maximum energy
destruction of the system is defined below:

E= (QEV) + (QGE) - (QAB) — T (% — Qe + Qo _ @) (16)

Ta Tg Tc Tg

Substi_tuting (3) to (15) in (16) and setting Eqoat{16)'s derivation to zero with respect to

ay (;TE = 0) , the value for which the optimum heat exchangernavas detected for the
H

assembly of the absorber-generator and which qoynels to such area is as below:

aO‘H = ’IHTOI (17)
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Similarly, the optimum heat rate of the qperatidauids is detected by decreasing the
derivative of the ecological function toy (:TE = 0) for the assembly of the absorber-
H

generator, and the value corresponding to thisisads below:

_ | TaTa(Tg+To)
XoH = \/ TGlIuTg(Ta+To)" (18)
By applying the same calculations for the assembfy the condenser-evaporator

aR(%=O),

)4
XR (W = 0) values are detected, and these values are ag,belo
R
IR0
aO‘R = RT (19)
_ TeIRTeTo 2
XoR = \[TcTe(Tg+To) (20)

Substituting (17) to (20) in (16), the optimizedkagical function is calculated as

_ uOAT (IRTTETo+ T Te(TE+To) — 24/ IRTETe To TcTc (TE+T,))
- 2
(VOIg+yu) TETc

@At B(ITaT 6 (TA+ToATATE(TG+To)=2 [T T GTaT A(T6+To) Ta+To) )

(VB +Jaln) TaTg

E

(21)
+

Optimum COP of the system

The COP of the absorption system can be defined as

¢ = & (22)

Qe

The COP of the system is described by substitimgations (7) and (15) into (22)

6AT RAR(uaR(TE —xRTc))

_ Qﬂ __ 1+ag \ pap+lIg
¢ = Qe “AT,HfﬁaH(TGxH—TA)) ) (23)
1+ag \ xg(Bag+Iga)

The optimized COP value is calculated as belowpbtging the values in their places in
Equation (23):

AT,Rue(JEWE\/E)Z\/TATa(TG+To)(TCJIRTETeTo—TeJTCTc(TE+To))

Arn@B(VEHBTR) TTCTE+To) (Ta [INT6Tg(TA+To)~Tgy TaTACT G +To)

Prc = (23)
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Optimum cooling load of the system

The optimum cooling load of the system is calculdig putting the optimized values in their
places in Equation (15):

AT RUO (Tey TcTe(TE+T) ~Ter/IRTETeTo)

(VA+/BIR) TcTe(Tp+Tg)

QrvEc =

(24)

Results and discussion
This section presents an implementation for themribi®n. The performance characteristics
used for the numerical calculations are given ibl@d. The calculated optimum parameters
for the system are listed in Table 2.

Table 1Fixed values for cycle

Data Unit Value
o’ KW m? K™ 2.30
i KW m? K™ 0.4
P kW m?K™ 3.265
& kW m?2 K™ 0.195
Ang m’ 60
Aco m’ 20
Aev m? 150
Ace m? 45
In kKW K 1.05
I kW K™ 1.05
Ts K 290
Tc K 360
Te K 250
Ty K 354
Ta K 315
Tc K 300
Te K 285
T K 365

®Data from [22]
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Table 2 Calculated optimum parameters for the system

Data Unit Value

a0 Dimensionless 241
ar.c Dimensionless 0.25
XH.0 Dimensionless 0.87
XRc Dimensionless 0.58

The ecological function and exergy destruction e Bbsorption cooling system and its
change according to CQdp are given in Figure 3. Here, it can be seen thaha COP value
ay increases, it decreases logarithmically, anddteseses to the value of 2.6 for the optimum
ay value. However, this value is quite high for therently used absorption cooling systems.
In addition, it can be seen that thg value is not very effective for the exergy dediarc
While theay value changes between 0.1 and 03, the increaseaethe exergy destruction
is 3 kKW.

Figure 3 Effect of ay (age = 0.25,x4 e = 0.87,Xgr e = 0.58) on the systenE, ecological
function; ExD, exergy destructiod, COP.

The ecological function, exergy destruction, analiog load of the absorption cooling
system and its change according to GRRre given.in Figure 4. Here, it can be seen tiat t
ecological function, exergy destruction, and capliimad increase logarithmically until
optimum point with the increase of thg parameter.

Figure 4 Effect of ar (ay e = 2.41,x4 e = 0.87,Xr e = 0.58) on the systenk, ecological
function; ExD, exergy destructiom, COP;Qg, cooling load.

In Figure 5, the change of absorption cooling systecording toxy is evaluated for the
ecological function, exergy destruction, and CO®ét.the values ok lower than 0.82, it can
be seen that the generator radiates heat to theoement instead of removing heat from the
environment, and the absorber removes heat frorarthieonment instead of radiating heat to
the environment. In other waords, the heat machare gpnsumes power instead of producing
power, and the system becomes unusable with tlasesy The COP of the system decreases
with the increase oky, and it requires an approximate value of 2.6 far dbptimumxy.
Exergy destruction also increases with the incredsg, and an increase of 300 kW is seen
with an exergy destruction Ky with a value of 0.2.

Figure 5 Effect of x4 (aye = 2.41,ag e = 0.25,Xg e = 0.58) on the systenE, ecological
function; ExD, exergy destructiod, COP.

In Figure 6, the change of the absorption cooliygjesn according teg is evaluated for the
ecological function, exergy destruction, coolingadp and COP. The COP of the system
decreases with the increasexqf and it approximately takes a value of 2.4 for dpgmum

xr. Exergy destruction and ecological function chanigastically together withxgz. The
cooling load decreases with the increase of thaevaf xg. While the cooling capacity is
4917.49 kW when thex value is 0.05, it decreases to 339.317 kW whengtvalue is 0.65.

Figure 6 Effect of Xg (ay e = 2.41,ar e = 0.25,xy e = 0.87) on the systenk, ecological
function; ExD, exergy destructiod?, COP;Qg, cooling load.
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The effects of the absorber temperature on thesyate given in Figure 7. As the absorber
temperature increases, it can be seen that whgledblogical function and exergy destruction
values decrease, the COP value increases.

Figure 7 Effect Ta (aye = 2.41,ar e = 0.25,xy e = 0.87,Xg e = 0.58) on the systent,
ecological function; ExD, exergy destructiah,; COP.

The effect of the generator temperature on therpbea cooling system is given in Figure 8.

For temperatures lower than 335 K, the generathates heat to the environment instead of
removing heat from the environment, so it cannotused in lower temperatures. In addition
to this, while the increase of the generator teaipee increases ecological function and
exergy destruction, it decreases the COP.

Figure 8 Effect of Tg (aue = 2.41,are = 0.25,x4 e = 0.87,Xre = 0.58) 0on the systent,
ecological function; ExD, exergy destructiah; COP.

The effect of a condenser on the system is givefigare 9. As seen here, as the condenser
temperature increases, the ecological functionrggxdestruction, cooling load, and COP
values decrease.

Figure 9 Effect of Tc (aq e = 2.41,ar e = 0.25,x4 e = 0.87 Xg e = 0.58) on the systent,
ecological function; ExD, exergy destructiah;, COP;Qg, cooling load.

In Figure 10, COP, ecological function, exergy d&ston, and cooling load increase linearly
with the increase of evaporator temperature.

Figure 10Effect of Te @@y = 2.41,8g e = 0.25,x4 e = 0.87,Xgr e = 0.58) on the systent,
ecological function; ExD exergy destructiah, COP.

Conclusions

The optimization. of four-temperature-level irreubls absorption refrigerator was
researched for modified ecological function in tstisdy. By this method, it was attempted to
establish a balance between the cooling load,dhé supplied to the system, and entropy
production. The effects @&y, ar, X4, andxg parameters and operation fluid temperatures on
the system were studied, and the results were showigures 3, 4, 5, 6, 7, 8, 9, and 10.
Considering these results, the criteria that shdnddobserved in designing an absorption
cooling cycle were determined, and the paramelatsshould be observed were shown. This
study will hopefully be a model for absorption rgérator designs.
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Abbreviations

Nomenclature

a, ratio of heat exchanger surface ardadieat exchanger surface ared)(r@OP, coefficient

of performanceE , ecological function (kW); ExD, exergy destrocti(kW); I, internal
irreversibility parameterm, ratio of environment temperature to absorber;ratio of

environment temperature to generat@r, heat (kW);T, temperature (K)W , work (kW); X,
ratio of temperaturesy, ratio of environment temperature to condensgr;ratio of
environment temperature to evaporator.

Subscripts

0, environment; 1, inlet, 2, outlet; a, absorberki fluid temperature; A, mean absorber
heat source temperature; AB, evaporator; c, cormlensrking fluid temperature; C, mean
condenser heat source temperature; CO, condensragorator working fluid temperature;
EC, ecological; E, mean evaporator heat source @eatyre; EV, evaporator; g, generator
working fluid temperature; G, mean generator hearce temperature; GE, generator; H,
heat engine part; R, refrigerator part; o, optimiiniotal.

Greek letters

a, total heat conductance of generator (KW i 1); j8, total heat conductance of absorber
(kW m™ K™); @, coefficient of performance of system (COR)total heat conductance of

condenser (kW nf K™); 6, total heat conductance of evaporator (kW #™); o , entropy
generation (kW KY).
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