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Abstract

Vapor absorption refrigeration system is interesting to be developed in advance due to prospect of
this system that could be operated using lower temperature heat source. Two fluid types are
normally used in the systems, i.e. one fluid works as refrigerant to transport energy from
evaporator to condenser, and a secondary fluid or absorbent is used to circulate the refrigerant.
The binary systems of water-lithium bromide (H,O-LiBr) and ammonia-water (NH3-H,O) were
well known as working fluid to be applied in absorption refrigeration system. This research is to
conduct thermodynamic performance simulation and analysis on single-stage vapor absorption
refrigeration system for several varied operational parameters. The operating temperature
conditions of the generator, condenser and evaporator are ranged respectively from 60 to 90°C,
20 to 40°C and 2.5 to 12.5°C. For the considered operating conditions, the simulation result of the
coefficient of performance (COP) could reach from 0.386 to 0.885 for H,O-LiBr mixture and from
0.282 up to 0.597 for NH3-H,O mixture. It can be concluded that the system using H,O-LiBr as
working fluid gives better performance than that of using NH3-H,O.
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1. Introduction

In recent years, the absorption refrigeration system has attracted to the researchers due to the two
followings reasons. Firstly, the use of ozone-depletion refrigerants can be easily avoided and, secondly,
this system can be powered by waste thermal energy, solar energy, geothermal energy or renewable
energies. It means that both the electricity demand and the dependency on fossil fuel can be reduced
significantly. At the same time the negative impact of conventional energy utilization on environmental
aspect can also be decelerated. Many theoretical and experimental researches for developing alternative
refrigeration system and finding the better refrigerants applicable for the vapor absorption refrigeration
system, such as carbon tetrachloride, methyl chloroform, hydro-chlorofluorocarbons (HCFs), and methyl
bromide have been conducted. VVapor absorption refrigeration system is one of the developed systems that
can use natural refrigerants which are classified into environment-friendly refrigerant.
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The basic thermal principle of the vapor absorption refrigeration system (VARS) is similar with

the vapor compression refrigeration system (VCRS). But they have the difference of compressing the
refrigerant. A unit consists of absorber, generator, pump, heat exchanger and pressure reducing valve in
the absorption refrigeration system replaces the compressor function on vapor compression system.
Due to the possibility of this VARS powered by low temperature heat source, this system can be applied
in automotive system where the exhaust gas and/or engine cooling water could be used as main heat
source. In the tropical countries where solar energy is available more intensively than other countries, this
system could also be applied in combination with solar water heater. It is the aim of this study to simulate
thermodynamic performance of absorption refrigeration cycle powered by low temperature heat source
with two different refrigerants such as H,O-LiBr and NH3-H0.

2. Absorption Cycle System

Figure 1 shows the main components in the simple vapor absorption system. High-pressure zone
is started since refrigerant vapor leaving from generator (1) up to the condenser. Liquid refrigerant (2)
from the condenser passes into the evaporator (4) through an expansion valve (3) where its temperature
drops significantly to give refrigeration effect in the evaporator. The liquid refrigerant (3) vaporizes in the
evaporator by absorbing heat from the material being cooled and then low-pressure vapor (4) passes to
the absorber.

The process in generator and absorber for H,O-LiBr system are the same as NH3-H,O system.
Since water evaporated in H,O-LiBr mixture, the solution in the generator becomes strong solution (8).
This solution flows through valve (10) into absorber. The cooling process in absorber causes water vapor
from evaporator dissolves to the H,O-LiBr mixture and the mixture becomes a weak solution. Similarly
the process is occurring for NHz-H,O where ammonia works as absorber agent.

Qc Qac
Condenser 1 Generator
7 8
Heat exchanger
Hll_h pressure
Lovs pressuire
Evaporator 7 > Absorber
Qe Qi\

Figure 1: Schematic diagram of vapor absorption refrigeration system
The operation conditions during simulation process conducted in this study are limited and some

assumptions are considered. The following assumptions are applied in the study such as hot vapor
refrigerant leaving from the generator is pure refrigerant, heat transfer from the system to surrounding or
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vice versa is neglected. Operating temperature at the generator, condenser and absorber are varied
respectively from 60°C to 90°C, 20°C to 40°C and from 2.5°C up to 12.5°C. The different between liquid
temperature leaving from the absorber and the generator temperature is assumed around 15°C. The hot
liquid temperature leaving from the generator entering into the absorber is 10°C higher than the absorber
temperature. Other data and assumptions taken for simulation include:

- mass flow rate of refrigerant is 1.0 kg/s;

- effectiveness of heat exchanger is taken equal to 0.9 and

- isentropic efficiency of pump is assumed equal to 0.7

3. Calculation Procedure

Mass and energy conservation equations are used in the thermodynamic analysis and applied for each
component of the cycle. The mass and energy balances for the generator has been derived and the results
are given in Egs. (1) — (4) [1]:

m, =m, + Mg < my =m,« +m,s (NHz-H20)  (2)
m; X, =y Xy + Mg Xg 3)

Qgen = Myhy +mMghg —m7hy; (4)

Flow rates of the strong and weak solutions can be determined by Eq. (5)
MgXg =My X, (5)

The energy balance for the solution heat exchanger is determined by these following Egs. (6) — (7).
Que = 7emg € —hg (6)

_h, _Que
o =y~ 7)
The energy increase by pumping is:
W _ mﬁﬁes_hS/: meve Pe_Ps, (8)

pum,s =
n pump n pump

Finally, energy balances for the absorber, condenser and evaporator can be written in Egs. (9) - (10).
Qaps = Myhy +Myohyo —Mshg )

Qcon = r‘hl (ll - h2 : (10)

Qeva = rh1 64 - hs: (11)

COP of the system is calculated in accordance with a common definition as written in Eq. (12).

cop—— Qe (12)

Qgen +WPump

1992



SEMINAR NASIONAL TAHUNAN TEKNIK MESIN (SNTTM) - VIII

Universitas Diponegoro, Semarang 11-14 Agustus 2009

The evaluation of thermodynamic properties of the binary mixture as working fluid in VARS is based on
the following explanation. The units in the next empirical equations are referred to the citation papers.

Water-Lithium Bromide Properties

The H,O-LiBr refrigeration system can not operate in temperature less than 0°C because water works as
refrigerant while LiBr is the absorbent [6], so that the water will freeze at 0°C. If the concentration of
solution is more than 0.7 kg LiBr/kg, the liquid solution will be crystallized; the weak solutions from the
absorber go up to the generator by pump or thermo pump, while the strong solutions go down from the
generator to the absorber gravitationally. The concentration of LiBr can be found from these following
correlations [4]:

o 2904 +L125T e T
® T 134.65+0.47Ty,

49.04+1.125T, —T : -
= hl abs — ea kg LiBr/kg solution
134,65+ 0.47T 1,

kg LiBr/kg solution

When concentration of LiBr in the solution X and temperature are known, enthalpy of LiBr solution can
be calculated using Eq. (13) [2].

5 2
hliq(T’xa):ZZain;Tj (13)

i=0 i=0

The refrigerant in the H,O-LiBr system is water, the relations between enthalpies and temperatures are
given in specific mathematical form. Enthalpy for saturated liquid state is evaluated in accordance with

Eq. (14) [6].
hqu ( :: 4'19( _Tref B (14)

Where T, is the reference temperature.
Enthalpy of the saturated vapor state is evaluated in accordance with Eq. (15) [2].

1 5 LA
hygp (T) =2099.3 1+b,T3 +b, T +b;TE + D T (15)
i=4
647.3-T
- 16
R™ 6473 (16)

Ammonia-Water Properties

Ammonia works as a refrigerant and water works as the absorbent in the NH3-H,O system. Weak
solutions from the generator go down to the absorber, while the strong solutions go up from the absorber
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to the generator by pump or thermo pump. Concentration of NH3-H,O can be found from referring to
equation or figure [5]. The relation between the saturation pressure, solution temperature and
concentration of ammonia X in the solution is given as Eq. (17) [2]:

B
log P = A—? an

with
A=7.44-1.767X +0.9823X 2 +0.3627X 3
B =2013.8—2155.7X +1540.9X ? +194.7X°

Temperature of NH3-H,O mixture can be determined when pressure and mole fraction of liquid phase are
known. The relation is given in Eq. (18). Based on this temperature, enthalpy of saturated liquid can be
calculated in accordance with Eq. (19).

14 . ni
Tiig (P, X) =100 & (- X E'{In(&;oﬂ (18)
i=1
X i LIS (19)
hiiq (T, X) =100 ai( —1j X"
i "'\ 273.16
The relation between the ammonia mole fraction and mass fraction is given in Eq. (20).
< 17.03X (20)

T 17.03X +18.015€(- X _

4. Result and Analysis
Based on evaluation procedure and properties evaluation as mentioned in the previous section, several

study parameters were conducted during simulation process. Operating conditions limited by
environment that normally used in VARS application are concerned in this research.
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Figure 2: COP characteristics of H,O-LiBr with respect to condenser temperature at generator
temperature of 90°C and absorber temperature of 20°C
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Performance of VARS with NH3-H,0 and H,O-LiBr is compared and the results are shown Figs.
2 and 3. These comparisons of COP characteristic are obtained for the condenser temperature at 90°C, the
evaporator temperature varied from 2.5°C to 12.5°C, and constant absorber temperature at 20°C. When
higher condenser temperature and lower evaporator temperature, COP of the system will decrease.
Decreasing of condenser temperature and increasing of evaporator temperature cause COP of the VARS
increasing.

As shown in Fig. 2 for H,O-LiBr system, when the condenser temperature is at 20°C, COP is not

significantly affected by the evaporator temperature. COP of the system varies from 0.8139 up to 0.8746.
Higher condenser temperature will cause COP of the system decreasing.
On the other hand, Fig. 3 shows the result for the performance of the system at the same variation
operating condition using NHs-H,O. It seems that COP will increase when condenser temperature
decreases and evaporator temperature increases. The COP of this NH3-H,O can reaches from 0.4905 to
0.5846.
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Figure 3: COP characteristics of NH3-H,O with respect to condenser temperature at the generator
temperature of 90°C and the absorber temperature of 20°

Next two figures, Figs. 3 and 4 show the comparison of the effect of absorber and evaporator
temperature on COP. These figures are obtained for the generator temperature maintained at the same
condition as mentioned in Figs. 2 and 3 with the variation of the evaporator and the absorber
temperatures. The evaporator and absorber temperatures vary from 2.5°C to 12.5°C and 20°C to 40°C,
respectively. When absorber and condenser temperatures are low, COP of the VARS increases. Fig. 4
shows for VARS with H,O-LiBr. It can be seen that COP can reach from 0.7346 up to 0.8714. At the
same simulation parameter conditions using NH3-H,O, Fig. 5 shows that COP can vary from 0.4386 to
0.5686.
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Figure 4: COP characteristics of H,O-LiBr with respect to absorber temperatures at the generator
temperature 90°C
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Figure 5: COP characteristics of NH3-H,O with respect to absorber temperatures at the generator
temperature 90°C
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Figure 6: COP characteristics of H,O-LiBr with respect to condenser temperatures at the generator
temperature 80°C and the absorber temperature 20°C
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As indicated in Figs. 2 and 3, when generator temperature is higher, COP of the system is also higher.
Using lower generator temperature of 80°C with the same other operating conditions, the simulation
results of COP characteristic are shown in Figs. 6 and 7 for H,O-LiBr and NHs-H,O systems,
respectively. The same behaviors are obtained, but the values of COP are lower at this lower generator
temperature.
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Figure 7: COP characteristics of NH3-H,O with respect to condenser temperatures at the generator
temperature of 80°C and the absorber temperature of 20°C

Figs. 8 and 9 show the COP characteristics for varied absorber temperature at generator temperature of
80°C. Other parameters are maintained at the same conditions as indicated in Figs. 4 and 5.
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Figure 8: COP characteristics of H,O-LiBr with respect to absorber temperatures at the generator
temperature 80°C

As shown in Fig. 8, when it is compared to the results presented in Fig. 4, the COP at these conditions is
higher. Contrary, as shown in Fig. 9, COP of the system becomes lower than that resulted in Fig. 5. As
shown in the Figs. 8 and 9, COP of H,O-LiBr can be performed in the range of 0.7346 to 0.8714, while
the values of the COP for NH3-H,O are in the range of 0.4386 and 0.5686.
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Figure 9: COP characteristics of NH3-H,O with respect to absorber temperatures at the generator
temperature 80°C

Influence of condenser and evaporator temperatures in COP of the H,O-LiBr system for constant
generator temperature at 70°C is shown in Fig. 10. Characteristics of COP are influenced by condenser
and evaporator temperatures. In case of lower condenser temperature, evaporator temperature does not
significantly affect on the COP. In contrary, the variation of evaporator operating temperature will
significantly influence in the COP. Higher evaporator temperature will give higher COP of the system.
With the evaporator temperature considered at 2.5°C and the absorber temperature at 20°C, the studied
system performs of around 0.7616 until 0.8803. It seems that these COP values are lower than that if the
temperature of generator is higher than 80°C.
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Figure 10: COP characteristics of H,O-LiBr with respect to condenser temperature at the generator
temperature of 70°C and the absorber temperature 20°C
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Figure 11: COP characteristics of NH3-H,O with respect to condenser temperature at the generator
temperature of 70°C and the absorber temperature of 20°C

The same conditions as previous simulation parameters are implemented for NH3-H,O system.
Detail results are shown in Fig. 11. COP of the NH3-H,O system can reach 0.4533 up to 0.5900
depending on evaporator and condenser temperatures.

Fig. 12 shows comparison of COP affected by absorber temperature in which the generator
temperature is maintained at 70°C while the other conditions are kept equal to the previous data. Higher
condenser temperature and lower evaporator temperatures cause COP of the system to be lower. Some
conditions may not work in the system due to concentration of the weak solution is higher than strong
solution either for H,O-LiBr solution and NH3-H,O system. As shown in Figs. 12 and 13, the H,O-LiBr
system performs COP ranging between 0.3863 and 08737 while the COP of NH3-H,O system reaches
0.2829 to 0.5671.
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Figure 12: COP characteristics of H,O-LiBr with respect to absorber temperatures at the generator
temperature of 70°C
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Figure 13: Comparison of the effect of COP of NH3-H,O on absorber temperatures at generator

temperature 70°C

The generator temperatures are extended to 50°C in order to get more information of the trend on
performance characteristics of these two studied working fluid for VARS. The influence of generator
temperature on COP characteristics is especially shown in Figs. 14 tol7.

Effect of generator temperatures ranging from 50°C to 90°C on COP characteristics are
summarized in four last figures, Figs. 14 to 17. Other conditions are maintained at the same values as the
previous operating conditions. Higher generator temperature and both lower condenser and absorber
temperatures give higher COP. However, at the conditions where the generator temperature is lower
while both condenser and absorber temperatures are higher, the system provides lower values of the COP.
H,O-LiBr COP values are obtained in range of 0.685 and 0.873, NH3-H,O COP values are in range of
0.228 and 0.569. Detail simulation results showing effect of generator temperatures on COP are given in

Figs. 14 to 17.
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Figure 14: COP characteristics of H,O-LiBr with respect to generator temperatures at the absorber

temperature of 20°C and the evaporator temperature of 2.5°C
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Figure 15: COP characteristics of NH3-H,O with respect to generator temperatures at the absorber

temperature = 20°C and the evaporator temperature = 2.5°C
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Figure 16: COP characteristics of H,O-LiBr with respect to generator temperatures at the condenser

temperature of 20°C and the evaporator temperature of 2.5°C
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Figure 17: COP characteristics of NH3-H,O with respect to generator temperatures at the condenser

temperature of 20°C and evaporator temperature of 2.5°C
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5. Discussion and Application Opportunity

Based on the simulation results as presented previously, the range of generator temperatures that
support the operation of VARS using LiBr-H,O working fluid are suggested. At condition the evaporator
temperature of 2.5°C, the generator temperature should be at least 70°C. However if the evaporator
temperature at the range of 5°C to 7.5°C could be accepted, the system can be operated with the generator
temperature higher than 60°C. In the case of the evaporator temperature ranging from 10°C to 12.5°C, the
system could be operated even when the generator temperature at 50°C or more. In the case of VARS
using NHs-H,O system, at the conditions where the evaporator temperatures are ranging from 2.5°C to
5°C, the system can be supported normally by the generator temperature of 90°C or more. However if the
evaporator temperature are ranging from 7.5°C to 10°C, the generator temperature of 60°C or more could
be considered to operate the system. In the case where the evaporator temperature of 12.5°C could be
accepted, the system can be operated with the generator temperature of 50°C or more.

It should be noted that in the case where the generator temperatures ranging between 60°C and 90°C,
the COP of VARS using LiBr-H,O are normally higher than that reached by using NH3-HO. In order to
increase the COP of VARS using NH3-H,0 as working fluid, the system should be operated with the
higher generator temperature up to 200°C. It seems that for VARS using LiBr-H,O as working fluid can
be operated with reasonable COP value by generator temperature of about 100°C or lower, which is still
acceptable if the system is powered by solar energy or exhaust gas from automobile. Unfortunately,
VARS needs large space for installation due to the size of required equipments that are normally bigger
than vapor compression system. It is reason why VARS is not convenient to be applied in automobile
systems. However this system is still reasonable to be applied for building air conditioning powered by
solar energy or exhaust gas from boiler system in the case of hotels or hospitals.

For the tropical climate, the application of studied system is limited by the temperature of ambient
for cooling condenser. Normally the operation temperature of condenser should be at least 10°C higher
than ambient temperature. Based on the presented simulation results the condenser temperature higher
than 35°C is seemly still reasonable to apply in tropical climate countries.

6. Conclusion

In order to analyze and optimize the water-lithium bromide and NH3-H,O absorption systems, a
mathematical model describing the cycle together with equations for calculating the thermodynamic
properties of the H,O-LiBr and NH3-H,O binary mixtures based on correlations proposed by Fathi and
Quaskit [4] was applied. With the operation conditions varies within the consideration condition that
could be supported by exhaust hot gas and solar energy as heat source for operating the system, the
simulation results of considered VARS show that for H,O-LiBr mixture as working fluid gives the values
of COP of around 0.386 until 0.885 while for NH3-H,O mixture the COP can reach 0.282 up to 0.597.
The application of the studied system for domestic or buildings air conditioning powered by solar energy
or exhaust gas from boilers is still widely opened especially for LiBr-H20 as working fluid. VARS using
NH3-H,0 as working fluid is more suitable for industrial air conditioning application due to the higher
temperature heat source requirement.
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Notation Subscripts

COP Coefficient of performance abs Absorber, absorbent

h Enthalpy, ki/kg cond Condenser

P Pressure , kPa eva Evaporator

Q Thermal energy, kJ gen Generator

X Concentration of solution, % pump Pump

T Temperature, °C HE Heat exchanger

m Mass flow rate, kg/s lig Liquid phase

Mg Effectiveness of heat exchanger vap Vapor phase

7 pump Isentropic efficiency of pump ref Refrigerant _
SS Strong solution refrigerant
WS Weak solution refrigerant
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