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ABSTRACT

A computer program s developed to optimize a
double-effect LiBr-H,0Q absorption refrigeration
system. Optimum coefficient of performance (COP)
aof the refrigeration system is sought for a fixed
cooling load capacity of a system and fixed upper
cycle pressure (pressure of Generator 1) and lower
cycle pressure (pressure of Evaporator/Absorber),
For any fixed upper cycle pressure and lower cycle
pressure, the intermediate pressure (pressure of
Condenser/ Generator 2) of the system is varied
until the optimum COP is obtained.

The effect of increasing of the femperature of
Generator I on the COP of the system is also
analysed. Pure water vapor is considered to be
generated in both generators at the respective
prevailing pressure and temperature combinations.
Specific enthalpies of pure water vapor at outlet
Jfrom the respective generators and the condensate
water leaving the Condenser are automatically
determined by the developed programme at the
prevailing saturation temperatures. Concentrations
at all state points in the cycle are also obtained from
the programme ar the respective state point pressure
and temperature values. In the analysis, steady-state
conditions and no pressure losses are assumed, The
effect of the effectiveness of the heat exchangers on
the COP of the system are also analysed using the
developed program.

INTRODUCTION

One possible way of greatly increasing the COP of
an absorption refrigeration system is incorporating a
second-effect or second-stage generator. Due to its
higher COP, the deuble-effect generation system has
an improved potential for applications in absorption
cooling systems than the single-effect system.

In the doublc-effect generation absorption cooling
system, three pressure Zones exist: (i) The low
pressure, prevailing in the Evaporator and Absorber
which is determined at the Evaporaror temperature,
(i) The medium pressure in the Condenser and
Generator 2, and (iii) The high pressure in Gererator
I which is determined at the prevailing temperature of
Generator 2.

In the double-effect LiBr-H,O absorption
refrigeration cycle, weak solution leaving the
Absorber is pumped to the pressure of Generator 1,
Fig. 1. External heat supplied to the weak solution in
Generator 1 rcleases water vapor from the solution.
To reduce the quantity of external heat required by
Generator 1 and thus improve the performance of
the system, two heat exchangers (Heat Exchanger 1
and Heat Exchanger 2) arc introduced as indicated.
Heat transfer in Heat Exchanger 1 to the weak
solution pumped to Generator I cools the strong
solution entering the Abserber. The lower the
temperature of the solution, the better the absorption
rate and the lower will be the heat of absorption
developed in the Absorber.

More refrigerant (water vapor) is vaporized in
Generator 2 by the heat of condensation of the
refrigerant vapor generated in Generaor I. The
condensate Icaving the Condenser is throttled to the
Evaporator pressure, After taking the cooling load
in the Evaporaror, the refrigerant vapor enters the
Absorber to complete the cycle.

Thermal Modeling of Double Effect Generation
Cycle

In the thermal modeling of the double-effect
generation cycle the following assumptions are
considered. The intermediate pressure of the system
is in equilibrium pressure corresponding to the
temperature of the Condenser while the low
pressure and high pressure of the system correspond
to the equilibrium saturation temperatures of the
Evaporator and Generator I, respectively. These
assumptions along with the mass, material and
energy conservations and the thermodynamic state
cquations lead to the complete analysis and
optimization of the absorption cooling cycle.

The thermodynamic analysis of the cycle has been
carried out using state equations for LiBr-H,O
system available in the literature and generated
expressions. At each operating point, the LiBr-H;O
system is assumed to be in steady state at the
prevailing conditions in the respective components
of the cycle.
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Figure 1: Double-effect generation LiBr-H2Q absorption refrigeration cycle

The analysis of the ¢ycle is started at the Condenser
where temperature T¢ is used to determine the
Condenser saturation pressure pe and thus the
pressure of Generator 2, pg,. The temperature at the
Evaporator gives the low side pressure in the
Evaporator and the 4bsorber. From the Absorber
temnperature and the low pressure of the system, the
equilibrium weak solution concentration s
evaluated. The temperature in Generator 1 and the
high-pressure of the system furnish the
concentration of the strong solution leaving
Generator 1. The intermediate (medium) pressure
Pz and temperature T of Generator 2 are used to
evaluate the concentration of the strong solution
leaving Generator 2.

The acquired concentrations, pressures and
temperatures at different state points, the mass,
material and heat balances for each component
along with the effectiveness expressions of the heat
exchangers provide mass flow rates and enthalpies
at cach state point.

Concentrations at Various Points in the Cycle

Prevailing pressure and temperature values at each
state point of the cycle are used to determine the
respective concentrations. Concentration of the
weak solution between state 1 to statc 4 remains
constant. Similarly, concentrations of the strong
solution between state points 5 to state point 7 and
state point 8§ to state point 10 are, separately,
constant. These are indicated in Eqs. (1) to (3).
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Concentration of the weak solution leaving the
Absorber is determined at the pressure p, and
temperature T, of the Absorber:

§= 8y T ) = &=&6=¢,=¢, M

Concentration of the strong solution Ileaving
Generator I at state point 5 is obtained at pg; and
temnperature Tgy of Generator],

6= 80 T51) = &= &= &, ¥))

Similarly, the concentration of the stronger solution
leaving Gemerator 2 at state point 8 is obtained at
Poz and temperature T; of Generator 2.

&= &gy T, ) = &= &= &, &)

where: £, t and &, are concentrations of weak
solution leaving the Absorber, strong
solution leaving Generator 1 and stronger
solution leaving Generator 2, respectively.

Specific Enthalpies af the Various State Points
Specific enthaipy values at the various state points
are determined as follows.

a) Saturated Liquid (Refrigerant)

The refrigerant leaving the Condenser at state
point 15 is assumed to be saturated liquid at the
Condenser temperature.
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h=h

sl [T = h16 (4)
The vapor refrigerant leaving Generator 1
(state 11} has to be completely condensed on
leaving Generator 2 (state 12), if the double-
effect generation absorption system is to yield
the maximum COP. Accordingly,

h,=h = h, )

27 gay Ter

b) Saturated Vapor (Refrigerant)

Refrigerants leaving the Evaporator, Generator
I and Generator 2, at state points 17, il and
14, respectively, are assumied to be saturated
vapor at the temperature of the corresponding

component.
Ry =h .y Tp =Ry ITg, ;
(6)
and h,~h_, Tes

¢} LiBr-H,0 Solution

The specific enthalpies of the LiBr-H,0
solution at the warious state points are
determined at the respective prevailing
temperatures and concentrations.

h=h_l|. . =h, )

5ol {Tq.Lw

where:

q 4
hmt' TL =;An‘f" +T;Bngn

(8
4
+T2 Y C,&" [k /kg]
0
where: Tin°C and & in % LiBr

and .

A, =-202433 B, = [8.2829 C, = -3.7008214E-2
A, = 163309 B, =-1.1691757 C, = 2.8877666E-3
A, =-48816] B, =~ 3.24804]E-2 C, = -8.1313015E-5

A, = 6.302948E-2 B, = 4.034184E4 €, = 9.9116628E-7
A, =-2.9/370SE-4 B, = 1.8520969E-6 C, = -4.4441207E-9

Concentration range: 40 <& < 70 % LiBr
Temperature range: 15 < T < [65°C

h_‘f: hm! Tai.Ce1 (9)
hy=hoy Te2iaz (0
hy=h,~&,(hy—hy,)=h,, (11}

where: ¢; = Effectiveness of Heat Exchanger 1

h,—h
g,:{L—E—} (12)
hs“hn
and * hg; = LiBr-H,O solution enthalpy

concentration of state point 9 and
temperature of state point 2

hy; = hy, Tedss (13)
Energy balance for Heat Exchanger 2 yields:
h=h, +| 22 [ hy—h, | (14)

mz
hy=hy—€,(h,~hy)=h, (15)

where. €; = Effectiveness of Heat Exchanger 2

€, :{M} (16)
hj - hzi:}
and hgy=LiBr-H,0Q  solution  enthalpy at

concentration of state point 6 and
temperature of state point 3

by, = h, Ty kol (7
and
m
hy=h, + [ bk, ] (18)
mq
Mass Flow Rates

The mass flow rate of the refrigerant through the
Evaporator can be obtained from the given load of
the system and the specific enthalpy values at the
Evaporator, as:

v . . . QE

Mmr=mMp=Mis=Mpy————= (19)

(hn _hid)

Mass flow rate of weak LiBr-H,O solution at inlet
of Generator 1 is obtained from:

r;i,-=r;13=r;13=r;14=—-ﬂr—:r;lw (20)
)
s
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The following relations are obtained from material
balance at Generator I-

r;u=r;u [‘é‘]‘—'f;lﬁ:f;l? (21)

r;lu =r;l |:]— {é‘-}}=r;lu =r;u: (22)
&s

Material balance at Generator 2 yields:
mg=ms [i]= mq [éil=7?19=??1.'0 (23)
58 L) .

Using mass and energy balances at Generator 2, the
following relations are obtained:

prie=ma H%} - {%H (24)

Mass balance at the Condenser gives:

r;!.'5=r;lr =r;u |:] —{—{i}}=l;lm =r;1:7 (25)
&

Pressure-Temperature-Concentration Relations

The following expressions are applied for the
determination of the pressure, temperature and
concentration of LiBr-H;O solution:

‘= }:B, &+t iA, £*: Solution tempercture ["C]
2 0

=[t—‘;8. é"J (26)

'y 5 ; Refrigerant temperature [" C]
ZA. én r
[
Log P=C+DJT'+DfT*; Pin[kPa} and T'in{K]
, -2E
T B as
D+{D* ~4E(C- Log P)}
where:
A, =-2.00755 B, = 124.937 C =705
A, = 0.16976 B, = -7.71649 D= -1596.49
A, =-3.133362E-3 B, = 0.152236 E = -104095.5
A, = L97668E-5 B, =-7.95090E-4
where:

45 <& <70%LiBr
5<t<175°
d5< < 110°C

Concentration range:
Temperature range:
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The concentration at any particular state point with
specified pressure and temperature is determined
through a process of iteration. The iteration
procedure is exemplified considering the
determination of the concentration of the weak-
solution leaving the Absorber. At the Absorber
pressure p,, which is held constant during the
iterafion process, and solution temperature T,, an
initial concentration value &, within the range (45 <
E < 70 % LiBr) is assumed. For a fixed pressure p,
and the assumed sofution concentration £, ¢’ in °C
and solution temperature ¢ are determined from
Eq.(26). The calculated solution temperature ¢ is
then compared with the actual soluticn temperature
T, If|T, -4 is not less than 0.0001 (set érror limit),
then the assumed concentration is adjusted by
+0.0001 and a mean walue of the previous .
concentration and the new value of concentration is
applied to calculate a new value of ¢ from Eq. (26).
The process of adjusting the concentration and
determination of the solution temperature ¢ from
Eq.(26) is repeated until the difference between the
actual solution temperature T4 and the calculated
solution temperature ¢ is within the set error limit.
The concentration wvalue thus obtamed is the
concentration of the solution at pressure p, and
solution temperature T,. This procedure is aiso
applied in the determination of the strong-solution
concentrations &; and &, at outlet from Generator
1 and Generator 2, respectively, Fig. 3.

Heat Transfer Duties and COP of the Sysiem

The heat transfer duties of the various components
of the double-effect LiBr-HyO system are
determined from application of energy balance.

a) Absorber:
The heat of absorption in the Absorber is given by:

Q‘=Mahm+m”h”—m:h,

@n
= m [x—‘:lh, +mish, —-mh
xl
b) Generator 1:
Energy balance at Generator 1 gives:
ém=l;'ls h5+!;'!uhh.— r;uh, (28)

¢) Generator 2:

The quantity of heat released by the vapor leaving
Generator 1 and absorbed by solution in Generator
2 is given by:

éc;: = ';'” (hH = "n) (29)
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dj Condenser:

Energy balance at the Condenser gives:

Q- =my hyy +mu h,— mys by, (30)
The coefficient of performance (COP) of the
double effect absorption cycle is given by

cop = L= GD

{oh

A double-effect generation LiBr-H;O absorption
refrigeration cycle is represented on a P-T-£ in
Fig.2. The numbers on this figure correspond to the

57

model is given in Fig. 3.

Discussion of Results

The LiBr-H,O absorption refrigeration cycle model
is analyzed based on values chosen from the actual
ranges over which the machine is expected to
operate. Accordingly, the following data are
considered for the analysis.

Q. =I10kW; p.=p, =2.0kPa;
Do = P, =3kPa; pg, =15kPa;
£, =6, =90%; &, =45%; &, =50%;

- 0,
state points indicated on the double-effect S5 3
absorption cycle, Fig. 1.
System Optimization Flow Chart
A flow-chart illustrating the optimization process of
the double-effect LiBr-H»(O absorption refrigeration
4
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Figure 2 P-T-E Representation of Double-Effect Generation LiBr-H20 Absorption Reftigeration Cycle

Using the sieady state equations for the
thermodynamic properties of LiBr-H,0, the effects
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varying parameters on the coefficient of
performance (COP) of the system were analysed.
The maximum COP of the double effect absorption
refrigeration system of the cxample considered
(1.855) is about twice that of the COP of a single
effect absorption refrigeration system (0.901). The
effect of increasing the temperature of Generator 2
and thus its pressure and the pressure of the
condenser, keeping the concentration of the strong

Start
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Input data
Qe Pe Pz Ta Por Tor Taz &, &,

v

Evsluaie the evaporafor lemperaure
Te=Tou &P i Pa = P EQ (26)

Y
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Te= Tt 8Pc: Par® P Eq.(26)

v

Solve for tha concentration of the weak
solution €, at T, & p,; Eq.26)
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\

Satve for t from Eq. (26)

solution leaving it constant at £; = 55%, increases
the COP of the system until the heat of condensation
of the refrigerant vapor generated in Generator 1 is
equal to the energy absorbed by the solution in
Generator 2, Fig. 4. The COP of the double-effect
absorption refrigeration is optimum, for the
specified fixed upper cycle pressure (pressure of
Generator 1) and lower cycle pressure (pressure of
Evaporator/Absorber), at about Tz = 60.5°C.
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Figure 3 Flow Chart for Computer Simulation of the Double-Effect Generation LiBr-H20 Absorption

Refrigeration Cycle
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Figure 3 Flow Chart for Computer Simulation of the Double-Effect Generation LiBr-H2(Q Absorption

Refrigeration Cycle (Continued)
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COP of the System Mass Flow Rate and Heat Transfer Rates
The effect of increasing the temperature of
Generator I on the COP of the system, for fixed
cvaporator and condenser pressures, is shown in
Fig.5. Increasing the temperature of Generator I
increases the generator capacity. And as may be
expected (Eq. (31)), for a fixed cooling load,
increasing the generator capacity rcduces the COP
of the system. The effect of increasing the
temperature of Generator I is performed for twe
cases, In the first case, the temperature of Generator
1 and its corresponding pressure are varied while the
concentration of the solution leaving Generator I is

The effect of varying the cooling load on the mass
flow rate of the refrigerant and the heat transfer
loads in the various components is shown in Fig. 6.
As cooling load in the evaporator increases, the
mass flow rate of the refrigerant in the system
increases. The rate of heat transfer in the various
components thus increases proportional to the
increcase in the refrigerant mass flow rate,

A decrease in the COP of the system is observed
with increasing values of Evaporator pressure pg,
for fixed pressures of Condenser and Generator 1,

maintained constant. In the second case, the pressure Fig. 7.
of Generator 1 is maintained constant and the "
temperature of Generator I and concentration of the 19
solution leaving Generator I are varied. The latter 18 R
case shows a drastic drop in the COP of the system . ]
while the drop in COP is insignificant for the first 17 Pe= 5 kPaand Py = 15 kPa 7
case, Fig. 5. 14
2
15|
w
18 0N O NTTTTTmemm - E: 14
Eoy=50% and T, & Py varied 8 il
16 Poy=I5kPa and Toy & & varied 4
: 12
~ 11 — : .
214 ] 2 25 3 35 4
% . Evaporaior Pressure pg [ kPa |
U E
12 o= kb0 ond PC- o \ i Figure 7 Effect of Varying Evaporator Pressure pg
] The effect of solution heat exchangers effectiveness

b m E m B M % %W

is depicted in Fig. 8 The cffectiveness of heat
Temperature of Generator | Tgy f9C] ——

exchangers markedly affect the COP of the syster.
Keeping all other parameters fixed and varying the
cffectiveness of Heat Exchanger I from the original
value of & = 90% to & = 65% rcduces the COP of
the system from 1.851 to 1,825. The effect of Heat

Figure 5 Effect of Temperature of Generator | on
COP of the System
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Exchanger 2 on the COP of the system is more
pronounced as its value reduces from 1.851 to 1,755
for the same range of effectiveness drop, &= 90% to
& = 65%. The reduction in the COP of the system
would even be lower if the effectiveness of both
heat exchangers is simultaneousty reduced from &,
=90% to E27 65%.

€ ma? o -
1.8 F ~ =
HXZ T P
i P ///
1.97 [ e - .
~ 7 - - ///
S 174 -
1.74 é Pe=2kPaand Pg, =15 kPa h
S . /’\ £ Gi
L £ Hyr & HA2 Pe= 5kPa
L7 .
1.68 :
65 70 75 80 85

Heat Exchanger Effectiveness e %] ———=

Figure 8 Effect of Heat Exchangcr Effectiveness on
COP of the System

NOMENCLATURE

COP = Coefficient of performance of double-
effect absorption refrigeration system [-]

h = Specific enthalpy [kJ/kg]

m = Mass flow rate [kg/s],

P+ = Absorber pressure [kPa]

pc = Condenser pressure [kPa]

Pr = Evaporator pressure [kPa]

Ps; = Generator 1 pressure [kPaj

Pa: = (Generator 2 pressure [kPa)

5. = Heatrejected in the Condenser [kW],

éE = Heat absorbed by refrigerant in the
Evaporator (Cooling load of the system)
[kW],

ng = Heat of absorption in the Absorber

[kW],

g, = Heat received by weak solution in

Generator 1 [kW],

g, — Heat released by water vapor in
Generator 2 [kW],

90

T,
Tc

€p €2

(1]

(2]

(3]

[4]

(5]

= Absorber temperature [°C)

= Condenser temperature [°C]

= Evaporator temperature [°C]

= Generator 1 temperature {°C]

= Generator 2 temperature (°c

= Concentration of LiBr-H;O solution [%]

= Concentration of solution leaving
Generator 1 [%)]

= Concentration of solution leaving
Generator 2 [%]

= Concentration of weak solution leaving
- Absorber [%]

= Effectiveness of Heat Exchanger 1 and
Heat Exchanger 2, respectively [-]
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