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Abstract. This article presents a thermodynamic modelling of a single pressure absorption refrigeration system,
starting from the concepts of the 1% and 2™ Law of the Thermodynamics and from the cost exergetic and monetary
theory, that it allowed to evaluate the energetic, exergetic and exergoeconomic performance of this system through
parametric simulation. The cycle in study is the diffusion absorption one, operating with three working fluids:
ammonia as refrigerant, water as absorbent, and helium as auxiliary gas. The circulation of the working fluids is
driven by a bubble-pump and the pressure equalization throughout the cycle is provided by the auxiliary gas. The
computational code was developed at the EES (Engineering Equation Solver) Software for the energetic and
exergoeconomic analysis having been supplied as main entrance parameters the concentrations of the solution
ammonia-water in the input to the generator and in the input to the absorber of the system, condensation temperature
and heat supplied to the steam generator. Through the code, were evaluate COP, the irreversibilities and the degree of
perfection of each component.

Keywords: Absorption-diffusion refrigeration ammonia-water-helium, thermodynamic model and performance.
1. INTRODUCTION

The diffusion absorption refrigeration cycle, subject of this study, was invented by Platen and Munters and patented
in 1928 (apud Srikhirin and Aphornratana, 2002). It is operated by thermal energy, that can be powered by kerosene or
liquid petroleum gas and do not require electrical and mechanical energy. As it consists of no moving parts and not
presents noise and vibration during the operation, it is recommended to application in hotel rooms, offices, camping and
as recreative vehicle refrigerator. The working fluids are ammonia-water: ammonia as a refrigerant, water as an
absorbent. It uses hydrogen or helium as an auxiliary gas. The system is of single pressure and the circulation of the
working fluids is driven by a bubble-pump and the pressure equalization throughout the cycle is provided by the
auxiliary gas.

Beyond these advantages, the system exhibits good reliability, durability and minimum maintenance costs. It
operates without chlorofluorcarbons.

Recently, the system has been studied by every researchers to improve the current cycle performance. Chen et al.
(1996) modified the original system whit the inclusion of an heat exchanger at the generator. The working fluids are
ammonia-water-hydrogen. The system with the new generator demonstrated a significant improvement in the cooling
COP of as much as 50% compared to the original system.

Srikhirin and Aphornratana (2002) studied the cycle with the working fluids ammonia-water-helium. They
fabricated an experimental unity based on the Platen and Munters cycle. The results of their developed mathematical
model was compared with the experimental results, and showed that the system performance is strongly dependent upon
the bubble-pump characteristics and the absorber and evaporator mass transfer performance.

Zohar et al.(2005) developed a thermodynamic model for an ammonia-water diffusion absorption refrigerator,
manufactures by Eletrolux Sweden, whose inert gas was hydrogen or helium. The performance of the cycle was
investigated by computer simulation and their results showed that the best performance was obtained for a
concentration range of the rich solution of 0.2-0.3 ammonia mass fraction and the recommended concentration of weak
solution was 0.1. The results showed that the system operating with helium as auxiliary gas presented the coefficient of
performance up to 40% higher than a system working whit hydrogen.

Souza (2007) did an extensive review of technologies for cooling by absorption and thermodynamic models
developed for analyzing performance, optimization and provide identification of components that generate higher costs
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and irreversibility in cycles of absorption of single pressure, represented by cycles of diffusion - Einstein and the
absorption cycle.

Because of low efficiency and high temperature limit of the cooling cycles of the pressure has only limited
applications where features such as mobility, simplicity, portability, robustness, quiet operation and low cost are
important. Improved efficiency in open other potential commercial applications.

2. CYCLE DESCRIPTION

The description of the operation of the refrigeration cycle for absorption-diffusion can be found in the literature
(Chen et al., 1996, Srikhirin et al., 2002, Zohar et al., 2005a, Souza, 2007). The diffusion absorption refrigeration cycle
studied is showed in the Figure 1.
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Figure 1. Schematic diagram of the diffusion absorption refrigerator cycle.

In the generator of this system, vapor of ammonia is separated from the rich solution and the vapor bubbles then
rises inside the bubble pump. Weak solution and the ammonia-water vapor exit the bubble pump. In the rectifier, the
ammonia vapor is purified and flows to the condenser, and the water vapor condenses to joint the weak solution, that
flows to the absorver through solution heat exchanger. The condenser is cooled by air and the ammonia liquid flows to
the evaporator. Uncondensed ammonia flows to the reservoir through the gas bypass. At the evaporator entrance the
sub-cooled liquid ammonia meets helium arriving from the absorber after having passed through the gas heat exchanger
and its partial pressure drops. In the absorber, ammonia absorption takes place and turning into rich solution, which
flows into the reservoir and continues to the generator. The auxiliary gas is not absorbed and returns to the evaporator.

3. EXERGOECOMONIC MODEL

To developed the exergoeconomic model, the mass, concentration and energy conservation laws (First and Second
Laws of the Thermodynamics) (Bejan et al.,1996), and the theory of exergetic and monetary cost (Valero et al., 1986
and LOZANO et al., 1989), was applied in each component of the cycle, where the established control volume for each
one of them includes the external reservoir. Every element of the system was analyzed separately. The subscripts of the
various properties are relations to the locations indicated in Figure 1 and Figure 2.
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Figure 2. Flowchart of diffusion-absorption cycle for termoeconomic analysis.

Table 1 shows the input variables for computer simulation of the proposed model, which served as the basis of
input data in the parametric study platform developed in EES (Engineering Equation Solver).

Table 1. Input parameters for computer simulation of the refrigeration system through absorption-diffusion.

Parameters Chenetal. | Srikhirin et Z(();&;'S(;tsl. Adopted in
Papers (1996) al. (2002) 2005h) this study
Rich concentration of the solution 0.29 0.35 0.30 0.30
Poor concentration of the solution 0.15 0.10 0.10 0.10
Generator Temperature (°C) 180 180 200 195
Bubble pump temperature (°C) - - 195 190
Temperature of ammonia in the rectifier (°C) - 75a80 ~ 70 78

Absorber temperature (°C) - - 58 58
Temperature gas equalizer with residual ammonia

SHX entering (°C) - - 40 40
'(I;n(e:r;lperature, evaporation of ammonia in the freezer B _30a-18 35 34
Temperature, evaporation of ammonia in the food

. - -5 -5 -5
chiller (°C)
Total system pressure (bar)* 25.5 ~ 25 25 25
Partial pressure of ammonia in the freezer (bar) 1 1 1 1
Partial pressure of auxiliary gas in the freezer (bar) - 24 - 24
Partial pressure of ammonia in the food chiller (bar) 3 3 3 3
Power supplied to the generator (W) 175a 370 1000 a 2500 - 3000

This model was simulated in platform ESS, which allowed the use of termophysical properties intrinsic to the
software for both the ammonia-water pair as for the helium / hydrogen. In thermodynamic modeling, the following
assumptions were made:

« All components operate on a steady state;
* The control volume each component involves only the working fluid entry and exit;

! The total pressure of the system governing the temperature at which the capacitor operates. For pure ammonia, the temperature of the first drop of
condensate is determined by the load of auxiliary gas. If the system is filled to 25 bar, and the assumption is made that the rectifier all the water was
removed, then the temperature of the first drop of condensate correspond to the saturation temperature of pure ammonia at 25 bar (58 ° C).
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« Changes in kinetic and potential energy are considered negligible;
« disregards the load losses in pipes;
* There is no completion of work;

» Since the air is cooled, the temperature of the condenser is equal to the heat exchanger solution;

« In the output of the generator, solution and vapor bubbles of ammonia-water temperatures are equal;

« All processes are adiabatic, except those involving the generator, rectifier, condenser, evaporator and absorber;
* The properties of the gas equalizer were determined considering it to behave as ideal gas.

3.1. Control Volumes of the Cycle Absorption-Diffusion

The definition of controls volumes for the cycles of absorption-diffusion has been outlined so that all components
were involved, allowing circumvent the problems by applying the balance of mass, species and energy, lack of data and
measurements in the literature for some points of the cycles.

The control volumes were chosen: a steam generator, pump bubble, rectifier, condenser, solution heat exchanger,
evaporator, expansion chamber, absorber and heat exchanger for gas, Tab (2).

Table 2. Control Volumes and equating proposed for the cooling system of absorption-diffusion.

Equations®

Control VVolumes

Generator

1. m2 +m3 +m9 =m1+m8
2. m2X2 +m3y3 +m9X9 = mlxl +m8X8

m2h2 +m3h3 + mghg = mlhl+m8h8 +Qger

. . . . . Qger -
- S + M35 + Mg = Mysy +Mgsg +— +Sger ger
23
. Nger = (Mph +Mghg +Mghg — (Myhy +Mghg))/Qger

. . . . . To )
. gger = (m29X2 + m3eX3 + mgeX9 - (mlexl + mgeXS)%[l—TJQger
2

* * * * * *
EX2 + EX3 + EXg = EX]_ + EXg + EX28

* * * * * * 3
C2+C3+Cg =Cq +Cg+C2g + Zgerador

. . . . . To |-
= (mh,ex, + mgexs + mgexg/[mlexl +Mgexg + [1—_|_0]Qger]
2

Bubble Pump

- TThomba

- €bomba

. 68 bomba

m4+m5+m8:m2+m3+m7 e m7 :m4+m6
m4X4 +m5y5 +m8X8 =m2X2 +m3y3 +m7X7
m4h4+m5h5+m8h8 =m2h2+m3h3 +m7h7

. m454 +m555 +m858 = m252 +m333 +m7S7 +Sger,b0mba

fghy +Mghg —m5hy
yh, +Mghg —Mghg

M4ex 4 +MseXs —M7exy

mzeXZ + rh3eX3 —mgeX8

M 4€eX 4 +MseX5 + MgeXg

MoeX, +MgeXy + Myexy

8. Exj +Exs + Exg = EXy + Ex3 + EX7

* * * * * *
. C4+C5+Cg=C2+C3+C7+Zpomba

10 4—— Rectifier L6

2 \Where the numbers 1,2,3,4,5,6, 7, 8 and 9 respectively mean: balance of mass, species, energy, entropy generation, efficiency of 1st and 2nd
Law Thermodynamics, degree of perfection, exergetic and monetary cost.

% The cost of money off subsystems i, Z;, of the cooling unit (Valero et al., 1989): Z; =

(AIP) .
— -
op

F
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Equations

Control Volumes

Rectifier

1. mG +m10 =m5

2. mgXg +Mygy10 = Msys

- Mret =

. Mghg +Myghyg =Mshs + Qg

Q ret

- MgSe +MigS10 = MsS5 +— = + Sger,ret
10

Q ret

Mghg +mMyghyo —Mshs

To ) /. . .
. Eret :[1— Qret /(Mgexg +Mygexyo — Mgexs)

. . Ty ) .
. Sret =| Me€Xg + Myg€Xyg +{1—T Qret | /M5eX5
10

* * * *
. EX6 +EX10 +EX30 = EX5

* * * *
. Cg +C10 +C30 = Cs + Zretificador

Condenser

W N PO ®

- My3899 =MypSg0 +

. *f cond

myy =My

. My1Xq1 =MyoY10

. Myqhq3 =mMyoh10 + Qeong

Qcond
+ Sger,cond

+ Tlcond = Qcond /(mllhll - rthth)

Ty ) . .
- Econd :{ - =% 1Qeond /(Myzexqq —Miggexyg)

Ty

. T ) .
My1€Xq1 + (1 T JQcond Myg€X1g
1

* * *
8. Ex11 +Ex31 =EXqg

9. C11+Ca1 = C1g + Zcondensador

-'-%:.I.D -—

S e L

@Q

Absorber + Reservoir

- Maps = Qaps

. Eabs =

. gabs -

-« My 21+ Moz +Mog =My +Myg +Mp 0 +Mog

Myg =My3+My3 € Myp =Myg-Xq,,

- My 91+ Moz +MoygX o =MypY1g +MigY1g + My 20 +MosX o5

My 21N H 21 +Mpgh g +Mosh g = Miph1y +Mighyg + My ooh 20 +

+Mo5h o5 + Qaps

M 21SH,21 +M23Sp3 +MgSo6 =M1pS1p +M1gS1g + My 20SH,20 +

Q abs

+M 5805 + T +Sger,abs
6

My 210 21 + Mozhog + Mogh g —

—(Myphgp +Mighyg + My ooh 20 + Moshs)

My 218X 21 + Mp3€X o3 + Mpg€X 6 —

—(My2€X1p + M1g€X19 + My 20€XH 20 + Mo5€X 5)

. . . To )
My 216X 21 + Mp3€X 23 + Moa€X o6 + 1—7.'_ Qabs
26

M12€X12 + Myg€X19 + My 20€XH 20 + M25€X 25
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Control Volumes

Solution Heat Exchanger

. My +My7 =Mg +Mog

. M1Xg +Mp7Xo7 =MgXg +MpeX 26

. M1hy +My7h o7 =Mghg +Moghog

. MySy + M 7857 = MgSq + MoeSas +Sger Tcs

- nics =(Mihy —Mogh s )/ghg —my7h 7

e1cs = (Myex; — MogeX s )/(Mgexg — My7exy7)
Excs = (Myexq +My7ex,7 )/ (Mgexg + M ygex )
EXI + Ex§7 = Exg + EXZG

* * * *
. C1+C27 =Cg +C26 +ZTCS

Expansion Chamber

Plo 0o N o oA W DN P

- Mya7 +Myg =My + M5 + My g6
Mg =Myg-(1—Xq11)+ Moz =Myg € My =Myg-(1-Xq11) =My3
- My a7 +MigY1g = MigXq1 + MisY10 + My 16
Mpa7hna7 + Mighig = Mighyy + Mishis + My 16h 16
- My 17SH 17 +MigSig = M1aS14 +M15S15 + My 165H 16 +Sger,CE
- g =(Mghyg + Myshis —myzhg7 )/(Mghig — Myghse)
ece =(Myqexy4 + MyseXqs — My7eXq7 )/(Migexsg — MygeXyg)
éce =(M7eXxq7 +MygeXsg )/(m14ex14 +MyseXq5 + Migexyq )

1 1
1 1

19,20 . 17.180— |1
L

) Hvaporator Expansion
22,24 Chamber

Evaporator + Gas Heat Exchanger

W N RPN R N

o1

o

~

8
9

Mg + My o0 =Mz + My 22 + Moy
- MygY19 + My 20 = MyzXq3 + My 20 +MpgY2g
- Myghyg + My 20h 20 = Mighyg + My 20N 25 +MoaN 94 + Qevap

Qeva

. : . . . p

M19S19 + My 20SH,20 = M13S13 + My 22SH,22 +M24S24 +—T +
18

+ Sger,evap

- Mevap :Qevap/(mlghlg + My 20h 20 — (My3h13 + Moph oy + rh24hz4))

: T,
evap T

Myg€X1g + My 208X 20 — (M138X13 + Mp€X5p +Mpg€X )

Eevap =

M19€X19 + My 20€XH 20

. *fevap = T
My3€X13 + Mpp€Xpp +Mpg€Xpy + Qevap( T j
18
* * * * * *
. EX26 + EX32 = EX]_Z + EX13 + EX25 + Eng

* * * * * *
. Cpp+C3p=Cqp +C3+Cp5 +Cpo + Zevaporador,CE,absorvedor,reservatério

Sections 28 to 32 of Figure 2, are the exergy of heat flows that cross the areas of volumes of the control system,
which respectively are: generator, evaporator, rectifier, condenser and absorber, which are quantified by the following
equations:

. T ).
Ex3, :[1__T0 JQabsorvedor .
26

. To ) - T ) ‘ T ) . To )
Exog = [1—_1. JQgerador y Exog =(1—_T ervaporador y Exao :(1—_1. Qretificador » EX31 = 1—_1. Qcondensador €
2 18 10 11

The symbols, in the Table (1), x e y representing respectively mixing in the liquid phase and gas. The sub-index

“H” represents the gas pressure equalizer (which may be hydrogen or helium). This balance rm,; is the vapor mass
fraction of residual ammonia recirculating, and X1, is the quality of the fluid at point 11.

in the residual are the same points:

Note that the mass flow of the fluid pressure equalizer is the same in the points: and that the flow of ammonia vapor
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My16 =My 17 =My 0 =My =My, and that the flow of ammonia vapor residual are the same in points:

My5 = Moz =My

The irreversibility of control volumes for the set, can be calculated by the Gouy-Stodola theorem, Eq (1).

ivc =Ty ’Sger.vc 20 (1)

The performance of the refrigeration system is analyzed through the COP (coefficient of performance) and is
defined as the ratio between the heat removed by the evaporator and the heat supplied to the generator, Eq (2).

cop - Jev @

ger

The input data for the termoeconomic and exergoeconomic analysis ar: the cost of the machine for cooling
investment, budgeted at R$ 3,500.00 and for return on investment of 10 years at an interest rate of 5%, these values,
applied in determining the factor recovery of capital as described above.

The system of cooling by absorption, which is a compact unit, their total value is apportioned between its internal
components. For such a factor is assigned to each subsystem to the refrigeration unit for absorption. The program
developed allows these factors are modified and so it can simulate other situations. For the case study, given the factors
are in Table (2), which were based on the work of Santos (2005a) and Marques (2005).

Table 2. Factor of the investment division of the refrigeration system Einstein proposed.

Subsystem Factor (%)

Generator 20
Bubble pump 5
Rectifier 5
Solution Heat Exchanger 10
Pre-cooler ~+  Evaporator + 60
Condenser/absorber

Total 100

4. RESULTS AND DISCUSSION

The results of the analysis of absorption refrigeration cycle distribution by computer code, are shown in Figs. (3)
and (4).

The Figure (3) shows the efficiencies of the first and second law of thermodynamics and the Degree of
Thermodynamics Perfection for each component.

SHX |

Absorveber
Evaporator + GHX

1 QO H2 - DTP

Conder?seri He - DTP
Rectifier | % T He - 2nd Law Efficiency

Bublle Pump

Generator

0 0,2 0,4 0,6 0,8 1

Figure 3. Performance by the 2nd Law Thermodynamics and the Degree of Perfection.
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The addition of energy analysis is expressed by the evaluation exergetic, where the principle of exergy allows the
identification of the irreversibility of the system and the detection of the loss more pronounced. These results enable the
investment to improve the system is directed to points where the response will be more expressive.

The Figure (4) shows the irreversibility of each component of the refrigeration system before the total irreversibility
of the equipment. This is the essence of the analysis by the Second Law of Thermodynamics, it tells where the greatest
losses occurring in the system, exergetics destruction, thus indicating in which volume control, efforts should be
concentrated for improvement.

Pl [ [ [ [

SHXJ

Absorberj
Evaporator + GHX
EC

Condenser
Rectifier

Bublle Pump

Generator —

0 5 10 15 20 25 30 35

& Hydrogen
Helium

A

Irreversibility (%)

Figure 4. Irreversibility each component on the total system cooling. Temperature of the generator set at 195 ° C.

The rectifier, Fig (4), is responsible for the largest portion of the irreversibility generated in the cycle for the
temperature rise of 195 © C, due to non recovery of heat rejected by the equipment. Have the generator as part of a share
of irreversibility of the system. This is due to several factors: i) is the generator which have the highest temperatures of
the system ii) the process of desorption, in other world, the separation of the vapor of ammonia solution is an
intrinsically irreversible process to involve different chemical species.

The equipment responsible for the absorption of the vapor condenser and heat exchangers of solution and gas (with
the evaporator) stand out as equipment that generate high rates of irreversibility. This was expected, not only by the
level of temperature and, by the nature of the chemical reaction that occurs in volumes of control.

The results of irreversibility obtained in this work indicate that the equipment in the process of desorption
(generator and rectifier) and absorption require investments aimed at improving this type of technology to generate
cold.

For the monetary balance, the total cost in the output of the unit must be equal to the total cost of entry plus the cost
of investment. The Table (3) evidence that balance sheet.

Table 3. Monetary costs to the refrigeration unit.

Input Output
Flow (10° R$/year) Flow (10° R$/year)
28 0.34 Refrigeration 29 0.26
Unit 30 0.12
31 0
Investment 0.04 32 0
Total 0.38 Total 0.38

Other scenarios can be obtained for the analysis of investment costs involved in system and depreciated over time.
The Table (4) shows the results of the cost for an interest rate of 8, 10 and 12% and for a period of operation of 10, 15
and 20 years. Observe that the cost of the product does not suffer a significant variation.
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Table 4. Scenarios monetary system cooling.

Time
Operation (years)
Interest Rate (%) 8 10 12 8 10 12 8 10 12

Investment |Refrigerator (R$/year)| 52.16 | 56.96 | 61.94 | 27.26 | 30.68 | 34.26 | 17.82 | 20.56 | 23.43

Cold - Flow (29)
(R$/year)

10 15 20

Product 267.93(272.36 | 276.96 |244.95|248.11|251.41|236.24|238.76|241.42

5. CONCLUSION

Increased system performance can be achieved with the optimization of the rectifier, the heat exchanger of the
solution, the absorber and the evaporator, since these components showed lower efficiencies rational.

The components most vulnerable to changes in temperature of the generator, producing higher irreversibility are the
rectifier and the heat exchanger of the solution.

Have the results of the exergetic analysis was possible the exergoeconomic analysis, which provides results for
exergetics and monetary costs flows of the unit. To do this, put up the input to the refrigeration unit and investment in
equipment. Maintenance costs for equipment were not covered in this study.
The analysis of depreciation of capital employed in this system over its useful life was developed for a net interest rate
of 5% and for a time of use for 10 years. Therefore, it is possible to spread the investment over time and records it in the
analysis. Thus, for the refrigeration system through absorption-diffusion there is a depreciation of R$ 45.33 per year.

This study means a development of own technology for this kind of system that can assist to the needs of economy
of energy and for application in hotel rooms, offices, camping and as recreative vehicle refrigerator.
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