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Abstract. This work develops a ssimplified transient mathematical model, which applies the mass, energy and species
conservation principles to the components of a single stage ammonia-water absorption refrigeration system. A
computer application was then developed to predict the response of the system as a whole and all components of the
absorption cycle individually, i.e., condenser, evaporator, absorber, generator and rectifier. The model assigns
thermodynamic control volumes to each component, therefore uniform properties are assumed within them, which
yields a fourteen ordinary differential equations system, that are integrated in time using the adaptive time step Runge-
Kutta Fehlberg fourth-fifth order method. An investigation of the model sensitivity was conducted, so that a qualitative
assessment of how the model numerical results agree with the system expected response could be made, and the results
showed that the physically expected trends were captured by the model. No experimental validation of the numerical
results is presented at this initial stage. However, an absorption refrigerator system prototype is available at UFPR
from a previous work, so that after future experimental validation, which is the next step of this ongoing investigation,
it is expected that the proposed model becomes a useful tool for simulation, control, design and optimization of single-
stage absorption refrigeration systems.
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1. INTRODUCTION

With the advent of electrical machinery, the usalodorption refrigeration systems (which have a&sgnsource
any fuel such as coal, wood or gas) became unateaor a long period, since electrically driveapor compression
refrigeration systems are much more efficient. Heave when the problems caused by prolonged use
Chlorofluorocarbon (CFC) and Hydrochlorofluorocamb@HCFC) refrigerants, such as the destructionhef @zone
layer, and possible global warming due to excesfigsil fuel burning, mainly in electrical energyoduction and
transportation, became important, alternativesajmov compression refrigeration systems startect tof linterest again,
since HVAC-R systems are responsible for a conalder part of the world electric grid consumptiontility
companies worldwide acknowledge that refrigerafod air conditioning systems are responsible faghty 30% of
total energy consumption, therefore unquestionalitly a major impact on energy demand (Buzetial., 2005).

In that context, the possibility of heat recoverynfi existing heat sources at no cost, such as wasteand solar
energy motivated the development of new technofofie absorption refrigeration systems. Althougfrigeration
systems with refrigeration capacity rates of 100 dfl above are currently being manufactured for neemial
distribution, systems with low capacity are rared¥lof refrigeration and air-conditioning system$oav capacity rates
are still based on the vapor compression cyclechviencourages scientific research on low capaetliy absorption
refrigeration systems.

In absorption systems, a physicochemical procgdacges the mechanical process of the vapor compresgstem
by using energy in the form of heat rather than maecal work (Moran and Shapiro, 2000). The absonpt
refrigeration ammonia-water cycle has some attradgatures when compared to conventional commmessicle, e.g.
no use of oil; if there is waste heat availablegraging costs drop considerably; little consumptidrelectric energy
and it produces no noise other than pumps (Hud2®2). The disadvantages of the absorption refigar systems
include: higher capital investment is needed, taedWare is more complex and more space require@radail the
installed absorption refrigeration capacity is tiglly small, despite the potential for it in difésmit economy sectors
(Cortez and Muhle, 1994).

Regarding modeling and simulation of absorptiomigefation systems, much studies have been publishéhe
technical literature. However, most of them deathwsteady state models (Herodtl al., 1996). Among dynamic
simulation models, recently, Kim and Park (2007¢gented a model for a particular type of absorpthbiiler,
therefore not general for all types of single dffelzsorption refrigeration systems.

In the present study, motivated by the lack of galngansient mathematical models for absorptidrigeration
systems, a dynamic model for a single-effect ammavater absorption refrigeration system is devedogerdinary
differential equations emerge from mass, energy sp®ties conservation principles applied to eachpoment, and
auxiliary algebraic equations (e.g., energy inteoas, properties evaluation) are solved in pakdie numerical
integration. The main objective is the developmeina methodology to analyze the dynamic responsabsebrption
refrigeration systems for simulation, design, conéind optimization purposes.

2. THEORY

of
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2.1. Description of a single-effect absorption cHédr and components

The single stage absorption refrigeration systemking with ammonia and water, illustrated by Figctnsists of a
condenser, an expansion valve, an evaporator dhdranal compressor. In this cycle, ammonia condesgecting
heat) and evaporates (extracting heat from thenthledoad) similarly to a refrigeration cycle by rheaical
compression. However, the thermal compressor Idcéietween the evaporator and condenser, performsrva
compression by using energy in the form of heat.

The thermal compressor consists of two unit opaenati absorption and distillation. In the absorptiammonia
vapor is absorbed by water in a weak ammonia-wskrtion (absorber) rejecting heat and in the Ith§tn process
(generator and rectifier) the ammonia is separftad the strong ammonia-water solution consuminat.h€or a better
cycle efficiency, separation must be almost congplahd ammonia quality must be close to 1 (~0.989f)e rectifier
output (Heroldet.al., 1996). There are three components for perfornimegabsorption and distillation processes: a
pump, an expansion valve and a regenerative hehtaager. The pump increases the pressure of theoristrong
solution formed in absorber, while the expansiolvevaeduces the pressure of the poor or weak solutiat comes
from the heat exchanger and generator. For impremef the efficiency of the system a regeneratigat exchanger
is used between the absorber and generator.
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Figure 1. Schematic illustration of ammonia-wates@ption refrigerator [adapted from Shapiro anddmno
(2000)].

Electrical energy consumption in an absorption €ysIminimal when compared to a compression cgihee only
the pump uses this energy to raise the pressutieedfquid solution formed in the absorber. In gpeacompression
cycle, the compressor consumes much more elecereaigy to raise the pressure of the refrigerappvéhat comes
out of the evaporator.

2.2. Mathematical model

A simplified model to predict the dynamic behavafrabsorption chillers is proposed. Mass, energy, species
conservation principles are applied to each compioiighe following assumptions were considered:
Refrigerant and solution in each component are lyemeous, thus, each component is treated as adusyptem;
The refrigerant in the condenser and evaporatoorisidered as a pure and simple substance;
The fluid in the thermal compressor is treated aglation of ammonia and water;
Kinetic and potential energy variations of the igdrant are negligible with respect to internalrggevariations;
The pressure drops in the components were assueggidible and the pressure in each component ialeéquhe
vapor pressure of the working solution, i.e., tbedenser pressure is equal to the generator-sxqtifessure and
the absorber pressure is equal to the evaporagsspre (Matsushingt al., 2010);
6. The expansion valves operate as throttling thermanhc processes;

agrwNRE
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The refrigerant in the condenser outlet is takea sisbcooled liquid;

The refrigerant in the evaporator outlet is takeis@perheated vapor;

. The solution leaving the absorber is at the sammpéeature and concentration as in the absorber;

0. The refrigerant leaving the rectifier is at the sa@mperature and concentration as in the regtifier

1. Refrigerant mass in vapor or liquid phase are gégé with respect to mass in the region of phdsenge in the
condenser and evaporator (Vargas and Parise, 1995);

12. The mass of vapor is negligible compared to thesméshe liquid phase in the thermal compressor;

13. Liquid phase is assumed to behave as an incompledisiid, and

14. The pump is adiabatic and isenthalpic.

In order to apply the mass and energy conservaprations the absorption refrigeration cycle isid#id into
fourteen different control volumes. On the watetesifour control volumes were established as fadtoWC1, water
side of the condenser; VC4, water side of the erapg VC6, water side of the absorber; VC13, waide of the
rectifier. On the pure refrigerant side: VC2, rgétiant side of the condenser; VC3, expansion vaIGS, refrigerant
side of the evaporator. On the solution refrigessater side(thermal compressor): VC7, solution sitithe absorber;
VC8, expansion valve; VC9, pump; VC10, solutionesad the heat exchanger (strong solution); VC1iytem side of
the heat exchanger (weak solution); VC12, generatat VC14, solution side of the rectifier. A schémaf the
absorption cycle, illustrating all control volumésseen in Fig. 2.
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Figure 2. Schematic diagram of the absorptiongefation system fourteen control volumes.

In Figure 2, \{, is the mass flow rate of vapor leaving the gemerahd L, the mass flow rate of liquid leaving the
rectifier.

The following subsections present the equationgéah control volume.
2.2.1. Control volumes VC1 (condenser), VC4 (evapator), VC6 (absorber), VC13 (rectifier) — water sic

For the control volumes treated in this sectiontewss treated as an incompressible fluid. The gnbalance reads
as:
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dT, _ chi+mH20i 'Cszo (Tm -T )

@ M, O, @

where:

T andt : temperature and time

i =1, 4,6 and 13: control volume

M and m: mass and mass flow rate

Cp : heat capacity

Tin : inlet temperature

Q,, : net heat transfer rate in control volume i

2.2.2. Control volumes VC2 (condenser), VC3 (expaias valve), VC5 (evaporator) — pure refrigerant sig

VC2 (condenser)

With the absorption refrigerator in operation, igdrant enters in the same condition as the recti#fnd exits as a
subcooled liquid. A balance of energy (first lawtbérmodynamics), combined with mass conservatiotié control
volume provides the following equation:

de - 'chz + mNHE(HIA B hz)
dt B.M

)

ve2

where:

T, andt: temperature in the condenser and time
Myc, : refrigerant mass in the condenser

m,, : mass flow rate of the refrigerant

Hy, : specific enthalpy of the refrigerant at the ifeat outlet
h, : specific enthalpy of refrigerant at the condernselet
B(T,): coefficient from the derivative of the internalezgy with respect to time

Q,, : net heat transfer rate in the condenser

The model considers uniform properties in the aintolume, so for a complete phase change (quafitsapor is 1
at the input and O at the output) an average vi@uehe refrigerant quality of 0.5 is assumed ie tondenser. The
refrigerant thermodynamic properties are approxéthads the properties of a liquid-vapor mixture oted from
polynomial interpolations built with the thermodynia table of saturated ammonia. For the subcodlguid, the
thermodynamic properties are assumed to be appatsiynthe same as the saturated liquid at the $eamperature of
the compressed liquid at a known degree of submgoli

VC3 (expansion valve)
In the expansion valve refrigerant enters as subdoliquid and exits as a liquid-vapor mixture. Appg the
energy balance, the quality of the refrigeranhatdvaporator inlet is given by:

h,(T.)- h(T,
y, = (T )-h(T,) -
(H(T,)-h(T,))
where:
Ts = To- ATg: temperature at the condenser outlet
ATy : degree of the subcooling
h, : specific enthalpy of refrigerant at the condermaelet
h : specific enthalpy of saturated liquid at thepwator
H : specific enthalpy of saturated vapor at the exatpo
Ts : temperature in the evaporator
The mass flow rate of the refrigerant through tbadenser and evaporator is given by mass consenvtitiough
the expansion valve orifice:

mNH3 = CV' A(VE(PC - PE) )112 (4)
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where:

V, : specific volume at the orifice

Pc=P(T,) andP:=P(Ts) : pressure in the condenser and pressure invioeator, respectively
A expansion valve area

Cy : valve coefficient

m,,, : mass flow rate of refrigerant

VC5 (evaporator)

With the absorption refrigerator in operation, igdrant enters as a liquid-vapor mixture and exgssuperheated
vapor. The resulting balance of energy leads to:

ﬂ_ chs + mNH3(h2 B Hs)
dt C.M,,

®)

where:

Ts andt : temperature in the evaporator and time

C(Ts) : coefficient from the derivative of the intermalergy with respect to time
Hs: specific enthalpy of the refrigerant at the evapar outlet

h, : specific enthalpy of the refrigerant at the cemsker outlet

Mycs : refrigerant mass in the evaporator

m,,, :refrigerant mass flow rate

Q. : net heat transfer rate in the evaporator

In order to determine the specific enthalpy ofigefrant at the evaporator outlet as a superheaipdry aquasi
steady balance of energy in the thermal comprestates that, i.e.:

QCT + rﬁNH3 H 14
My,

H =

5

(6)

where:

Q. : net heat transfer rate in the thermal compressor

Hy4 : specific enthalpy of the refrigerant at the ifeat outlet

Similarly to the condenser, the refrigerant thergmainic properties are approximated as the propeofia liquid-
vapor mixture obtained from polynomial interpolatobuilt with the thermodynamic table of saturaa@dmonia. The
variation of the refrigerant quality across the tconvolume is taken as the arithmetic mean betwiatat and outlet
conditions of the refrigerant, given by:

Y, t1

Yo =75 ()

where:
ys : refrigerant quality in the evaporator
ys : refrigerant quality at the evaporator inlet

2.2.3. Control volumes VC7 (absorber), VC8 (expansn valve), VC9 (pump), VC10 (heat exchanger “strong
solution”), VC11 (heat exchanger “weak solution”),VC12 (generator), VC14 (rectifier) - solution ammoima-
water side (thermal compressor)

VC7 (absorber)

The differential equations for the control volume @stablished using the simplifying assumptionscdleed in
item 2.2. The following equations are obtained frorass and energy conservation principles applietthéocontrol
volume:

d_X7= mSFRXlz + mNHa - ms=ox7
dt M

®)

VC7
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ﬂ: 'ch7 +mSFRh11+ mNHaHS 'ms=oh7
dt D.M

()

vC7

where:

X7 andxg, : mass fraction of liquid ammonia in the absorded generator

Mycy : liquid mass in the absorber

m,,, :refrigerant mass flow rate

T, : Temperature in the absorber

D(T7,%7) : coefficient from the derivative of the interreadergy with respect to time

Hs: specific enthalpy of refrigerant at the evaporatatiet

h; andhy; : specific enthalpies of the strong solution ia #bsorber and the weak solution in the heat exghran

Q. : net heat transfer rate in the absorber

VC8 (expansion valve)
The mass flow rate of weak solution is calculatgdrass conservation through the expansion valieeri

2

My, = C, . A(—((R.-R.))” (10)

V,

SFR11

where:

Vg1 ¢ Specific volume at the orifice

Pc=P(T,) andPe=P(Ts) : pressure in the condenser and pressure in Hpmoeator
A expansion valve area

Cy : valve coefficient
Mg, : mass flow rate of weak solution

VC9 (pump)

The energy balance provides the following equatiioaevaluate the strong solution mass flow rate:

Psor W

Mg, = m (11)

where:
pso7 . density of the strong solution (absorber)
Pc=P(T,) andPg =P(Ts) : pressure in the condenser and pressure in dpeator

W and n, - work rate and efficiency of pump
M., : mass flow rate of the strong solution

VC10 (regenerative heat exchanger — “strong sallitside) and VC11(regenerative heat exchanger -akvsolution”

side)

The balance of energy in the control volumes 10Khdre given by:

dTlO — chm + mscoh? - mscohm (12)
dt F .My
dTn - - Qv011 + mSFRh12 - mSFRhu (13)
dt G.M,
where:

Ty andTy; : temperature in the heat exchanger of strong seakwolution, respectively

Mycio andMycy; : liquid mass of strong and weak solution in thathexchanger, respectively

Mg, and my, : mass flow rates of strong and weak solutiorpeesvely

F(T10,%7) andG(T11,X12) : coefficients from the derivative of the intermalergy with respect to time

h; andhy; : specific enthalpies of the strong solution in étisorber and weak solution heat exchanger, regelsct
h,o andh,, : specific enthalpies of the weak solution in tleathexchanger and generator, respectively
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Q,.,, andQ,,, : heat transfer rate in the heat exchanger stamdgweak solution sides, respectively

VC12 (generator)
In VC12, the refrigerant (ammonia) is separatednftbe water by heat input either from burning LRiGugfied

petroleum gas) or available waste heat (exhaustsyjahis process results in two products: vagoh jn ammonia) at
the top of the component and weak solution (pooarimmonia) at the bottom. The mass and energy ocatgan
principles applied to VC12 state that:

% - n"]scox7 + L14X14 B mscrexlz _V12y12 (14)
dt Mvc12
dle — ch12 + mSFOhIO + L14h14 - ms=Rh12 'Vle 12 (15)
dt G.M,,
where:

X12, X7 @andxy, : Mass fraction of liquid ammonia in the generaddasorber and rectifier, respectively
Y10 : quality of refrigerant in the generator

Mycz : liquid mass in the generator

m,, and my, : mass flow rate of strong solution and weak s$ofytrespectively

L4 andVy, : mass flow rate of liquid in the rectifier and wapn the generator, respectively

Ty, : temperature in the generator

G(T12,X10) : coefficient from derivative of the internal eggrwith respect to time

H1, : specific enthalpy of refrigerant vapor in the getor

hyo, hix andhyy @ specific enthalpies of strong solution in theathexchanger, weak solution in the generator anddi
solution in the rectifier, respectively

Q,.,, : heat transfer rate in the generator

VC14 (rectifier)

In VC14 vapor from generator is additionally coqled that practically all of the remaining wataH gtresent in
the vapor mixture condenses returning to the geémerdhis condensate is expected to have a muchehig
concentration of water than the vapor phase. Ttesraad energy balances applied to VC14 state that:

% _ V12y12 - rn\n-iayu - L14X14

= (16)
dt Mvc14
dT14 - - QVCM +V12H12 - mNH3H14 - L14h14 (17)
dt I M,
where:

X14 . Mass fraction for liquid ammonia in the rectifie

Y14 andys, : quality of refrigerant in the rectifier and geatar, respectively

Mycia : liquid mass in the rectifier

m, : mass flow rate of refrigerant

Ty : temperature in the rectifier

J(Tw4,X14) : coefficient from the derivative of the interralergy with respect to time
Hy, andHy, : specific enthalpy of vapor in the generator egxtifier, respectively

Q... : heat transfer rate in the rectifier

2.2.4. Global energy balance
The global system is defined considering a corgusface surrounding the entire refrigerator. Fahssystem, the

model assumes that the sum of the global systemgemgputs is approximately equal to the sum ofrgpeutputs at
any instant of time, i.equasi steady operation, therefore a global energy balatates that:

Q\/CIZ + W + Q\/CS = QVCZ + QVC? + QVCM (18)
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where:
Q,. andW : heat and pump work

Equation (18) therefore assumes negligible timétian of the refrigerant internal energy, when pamed with the
other terms in the energy equation. Consideringtti@temperature time derivatives usually showosfip signs in the
system components: condenser/evaporator and eetafisorber/generator, the time derivative termghefinternal
energy tend to cancel out in the global systemgnéalance at any instant of time. It should algonboted that
transient terms were, of course, kept in the enbajgnce of each individual heat exchanger.

The heat transfer rate for each control volumenisrgby:

Q. =U.A.LMTD (29)
where:
U, AandLMTD: global heat transfer coefficient, heat transfelasand Logarithmic Mean Temperature Difference

3. RESULTS AND DISCUSSION

The system of differential and algebraic equatignsyided by the mathematical model, was integratederically
in time using a Runge-Kutta Fehlberg fourth-fifttder method. An initial condition had to be spemdfito solve this
initial value problem.

The physical parameters for the mathematical madel listed in Tables 1 and 2. For the calculatidn o
thermodynamic properties of the mixture, both ie #apor and liquid phases, as well as the vapardigquilibrium,
the simplified formulation proposed by Patek andridfar (1995) was used. The coefficient functiondlBD, F, G,
and J required by the model resulted from the ifféation with respect to time of the algebraicretations used to
determine thermodynamic properties.

Table 1. Data for water side of heat exchangers.

Condenser evaporator absorber Rectifier
Mass flow rate (kg/s) 25 15 25 1.0
Mass (kg) 40.0 35.0 40.0 10.0
heat capacity (kJ/kg K 4.818
Inlet temperature(K) 290.15
Initial value (K) 298.15
Table 2. Data for refrigerant.
Condenser evaporator absorber Generator rectifier
Mass (kg) 35.0 40.0 40.0 40.0 20.0
Initial value temperature(K 300.15 277.15 340.0 53B 317.15
Initial value mass fraction — — 0.37 0.10 0.70

As design parameters, the following data were uedd16 m of diameter for expansion valves andk8/Opump
power. Figures 3, 4 and 5 show the results obtaims@mulate system operation up to 1000 seconds.
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Figure 3. Numerical simulation for water side hesathanger (left) and quality of the refrigeranthe generator and

rectifier outputs (right).
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Figure 3 shows the behavior for the temperaturehefcondenser, evaporator, rectifier and absoiwater side)
and refrigerant quality at the outlets of the gatmrand rectifier. The steady state is establishexbout 100 seconds
of operation in both cases. This is so fast propdbeé to the conditions fixed for the water (mafssamtrol volume and
mass flow rate) and assumptionqpiasi steady state for the generator and rectifier massrate. Note that the quality
of refrigerant from the rectifier is purer than tenerator, indicating the condensation of water.
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Figure 4. Numerical simulation of the thermal coagsor: temperature (left) and composition of am@anthe liquid
phase (right).

For the thermal compressor results shown in Figthd, steady state of temperature was reached it atfip
seconds of operation (380 K to the generator, 326 e rectifier and 308 K to the absorber) andtie mass fraction
of liquid phase, steady state was established gutahOO seconds of operation (0.29 in the gener&®®&0 in the
rectifier and 0.38 in the absorber).
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Figure 5. Numerical simulation for the refrigerémthe condenser and evaporator: temperature @eét)pressure
(right).

Figure 5 shows the results for the region assumdibtpure refrigerant. The steady state regiméefabsorption
cycle happens after 900 seconds of operation, iregutemperatures and pressures: 314 K - ®4@o the condenser
and 265 K - 3 1TPa to the evaporator.

4. CONCLUSIONS

This paper presented a simplified transient mattiealamodel for a single stage absorption refritieracycle
working with ammonia (refrigerant) and water (alsott). The key conclusions of the simulation are:
» The heat exchangers water sides reach steadygsiatdy, since the mass flow rates and mass wegslfi
» The vapor quality at the rectifier output was aprately 0.999 indicating a good approximationtie hiypothesis
of pure refrigerant for the condenser and evaparato
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» The refrigerant composition reaches steady staferdoehe thermal compressor temperature. This fnlgba
happens due to thgeias steady hypothesis used for the refrigerant mase rfhte;

» The thermal compressor start up transient is sm#iien the pure refrigerant region start up tramtsigvhich
indicates that Eq. (6) used to evaluate the emyhafsuperheated vapor at the evaporator outlapfopriate to
capture the actual system physical trend, and

» The temperature and pressure for the refrigeratdiredd in the steady state are consistent withcdse study
presented by Herole al. (1996).

Thus, it is expected that the proposed model, aftperimental validation, could be a useful toaldonulation of
single stage absorption refrigerators, and thasegieently could be used for system control, desighoptimization.
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