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RESUME 

Une Pompe A Chaleur A Sorption (PACAS) est un dispositif qui peut transferer 

l'energie a partir de basse temperature a une plus haute temperature. En raison des prix 

de l'energie volatiles et des soucis environnementaux, ces systemes ont gagne beaucoup 

d'interet pendant les deux dernieres decennies. Une quantite substantielle de recherche a 

ete faite pour ameliorer la technologie d'absorption. II y a egalement un nouvel interet a 

employer cette technologie dans des processus industriels. Le developpement accelere 

de PACAS a cree un besoin de simulations fiables et efficaces sur ordinateur. 

L'objectif de ce travail etait de developper un modele mathematique du comportement 

thermique d'un PACAS. Cette these presente d'abord les principes des cycles 

d'absorption et de deux refrigerateurs d'absorption de prototypes, disponibles a l'Ecole 

Polytechnique De Montreal et a l'universite technique de Berlin qui ont ete employes 

pour valider le modele. Deux differents types de pompes a chaleur, pompe a chaleur a 

compression et de PACAS sont decrits. Le modele mathematique plus tard decrit est une 

solution numerique d'une serie de douze equations non-lineaires. Ces equations sont 

basees sur une chaleur et des bilans de matiere des cinq echangeurs de chaleur 

constituant un PACAS : generateur, condensateur, amortisseur, vaporisateur, et 

echangeur de chaleur de solution. 

Ce modele calcule les parametres de performance (temperatures a la sortie et 

concentrations de la solution) du prototype refroidisseurs d'absorption au cours d'une 

operation a l'etat d'equilibre. En ayant la temperature de sortie de la charge thermique de 

chaque echangeur de chaleur et le coefficient de performance (COP) sont calcules. II ya 

sept variables d'entree qui sont les temperatures et les debits a l'entree de chaud et froid 

et l'eau de refroidissement et la solution riche. Les resultats de cette simulation sont 

valides par comparaison avec des resultats experimentaux obtenus a partir des 

prototypes dans des etudes precedentes. La sensibilite du modele a certains parametres 

(coefficient global de transmission thermique, la transmission de la chaleur et des 

temperatures d'entree) a ete etudie et verifie l'encontre de materiel publie. Les 

differences entre les valeurs mesurees et les resultats des experiences valeurs simulees 



VII 

(prise de temperature) de ce modele sont generalement de moins de 2,9 °C. Les causes 

de ces differences sont egalement expliquees 

La comparaison entre les experiences, la simulation et egalement litterature montre une 

bonne concordance entre les resultats et la fiabilite de ce modele. 
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ABSTRACT 

An Absorption Heat Pump (AHP) is a device which can transfer the energy from a 

lower temperature level to a higher temperature. Because of volatile energy prices and 

environmental concerns these systems have gained a lot of interest during the past two 

decades. There is also a new interest in using this technology in industrial processes. 

The accelerated development of absorption heat pumps has created a need for reliable 

and effective computer simulations. 

The objective of this work was to develop a mathematical model of the thermal 

behaviour of an AHP. This thesis first presents the principles of absorption cycles and 

two prototype absorption chillers available at Ecole Polytechnique de Montreal and 

Technical University of Berlin which have been used to validate the model. The 

mathematical model subsequently described is a numerical solution of a series of 

nonlinear equations. These equations are based on heat and mass balances of the five 

heat exchangers constituting an AHP: generator, condenser, absorber, evaporator and 

solution heat exchanger. 

This model calculates the output parameters (outlet temperatures and solution 

concentrations) of the prototype absorption chillers during a steady state operation. By 

having the output temperatures the heat load of each heat exchanger and Coefficient of 

Performance (COP) are calculated. There are seven input variables which are inlet 

temperatures and flowrates of hot, chilled and cooling water and rich solution. The 

results of this simulation are validated by comparison with experimental results obtained 

from the prototypes in previous studies. The sensitivity of the model to certain 

parameters (overall heat transfer coefficient, heat transfer area and inlet temperatures) 

has been studied and verified against published material. The differences between the 

measured values from experiments and simulated values (outlet temperatures) from this 

model are generally less than 2.9°C. The causes of these differences are also explained. 

The comparison between experiments, simulations and literature shows a good 

agreement between the results and the reliability of this model. 
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CONDENSE EN FRANCAIS 

Une Pompe A Chaleur A Sorption (PACAS) est un dispositif qui peut transferer 

l'energie a partir de basse temperature a une plus haute temperature. En raison des prix 

de l'energie volatiles et des soucis environnementaux, ces systemes ont gagne beaucoup 

d'interet pendant les deux dernieres decennies. Une quantite substantielle de recherche a 

ete faite pour ameliorer la technologie d'absorption. II y a egalement un nouvel interet a 

employer cette technologie dans des processus industriels. Le developpement accelere 

de PACAS a cree un besoin de simulations fiables et efficaces sur ordinateur. 

L'objectif de ce travail etait de developper un modele mathematique du comportement 

thermique d'un PACAS. 

Cette these presente d'abord les principes des cycles d'absorption et de deux 

refrigerateurs d'absorption de prototypes, disponibles a PEcole Polytechnique De 

Montreal et a l'universite technique de Berlin qui ont ete employes pour valider le 

modele. Deux differents types de pompes a chaleur, pompe a chaleur a compression et 

de PACAS sont decrits. Le modele mathematique plus tard decrit est une solution 

numerique d'une serie de douze equations non-lineaires. Ces equations sont basees sur 

une chaleur et des bilans de matiere des cinq echangeurs de chaleur constituant un 

PACAS : generateur, condensateur, amortisseur, vaporisateur, et echangeur de chaleur 

de solution. 

Le fluide de fonctionnement des deux prototypes est l'eau - LiBr et a une capacite de 

refroidissement de lOkW. La station d'approvisionnement pour les deux unites fournit 

l'eau chaude (a l'aide d'un rechauffeur electrique), le refroidissement et l'eau refrigeree 

en utilisant l'eau municipale. 

Ce modele calcule le rendement du PACAS a une operation reguliere de statut par la 

methode de Newton-Raphson qui resout une serie non-lineaire simultanee d'equations 

pour atteindre la solution. Les proprietes physiques de la solution de LiBr (densite et 

enthalpie) sont calculees par les equations disponibles dans la litterature. 

Les sept variables entrees pour ce modele sont: 

• Temperature de l'eau chaude a l'entreedu generateur 
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• Debit de l'eau chaude du generateur 

• Temperature de l'eau froidissent a l'entree de l'absorbeur 

• Debit de l'eau froidissent de l'absorbeur 

• Temperature de l'eau refrigeree a l'entree del'evaporateur 

• Debit de l'eau refrigeree a l'entree de 1'evaporateur 

• Debit de solution riche 

Les douze parametres de rendement sont: 

• Temperature de l'eau chaude a la sortie du generateur 

• Temperature de l'eau froidissent a la sortie de l'absorbeur 

• Temperature de l'eau froidissent a la sortie du condenseur 

• Temperature de l'eau refrigeree a la sortie de 1'evaporateur 

• Temperature de la solution riche a l'entree du generateur 

• Temperature de la solution pauvre a la sortie du generateur 

• Temperature de la solution riche a la sortie de l'absorbeur 

• Temperature de la solution pauvre a l'entree de l'absorbeur 

• Temperature du frigorigene au condenseur 

• Temperature du frigorigene a 1'evaporateur 

• Solution a riche concentration en LiBr 

• Solution a pauvre concentration en LiBr 

En ayant ces parametres, la charge thermique de chaque echangeur de chaleur et le 

Coefficient de Performance (COP) ont pu etre facilement calcules. 

Afin de valider l'exactitude et la fiabilite de ces resultats, ils sont compares avec des 

donnees experimentales (pour les memes valeurs d'entree). Chaque parametre est 

mesure pour une periode donnee pendant l'experience et montre des fluctuations meme 

lorsque l'etat d'equilibre est atteint. La valeur moyenne pour ces parametres et l'ecart 

type est calculee et comparee aux resultats calcules. 

On a egalement produit un autre modele qui a le meme algorithme mais le nombre 

d'equations est plutot different (19 equations). En comparant les resultats de ce modele 

et le modele suggere par ce travail et les donnees experimentales, nous pouvons 
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constater que l'exactitude du modele dans ce travail est superieure et plus proche des 

valeurs experimentales. Alors la sensibilite de ce modele sur plusieurs parametres est 

etudiee. Ces parametres sont: 

• Le coefficient de transfer! de chaleur (over all) 

• Des arrivees d'eau chaude, froide et refrigeree 

L'effet est etudie a partir de la charge thermique de chaque echangeur de chaleur et COP 

du systeme. Cette etude est egalement comparee a la publication relative qui confirme la 

validite de cette etude. 

La comparaison entre les experiences, la simulation et egalement litterature montre une 

bonne concordance entre les resultats et la fiabilite de ce modele. 
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CHAPTER 1 : INTRODUCTION 

1.1. Heat pumps 

1.1.1. Overview 

Heat pumps are technical devices that transfer thermal energy from a low temperature 

level to a high temperature level. This transfer can only be accomplished with an energy 

input in form of either work or heat in order to satisfy the second law of 

thermodynamics as Clausius stated. The type of energy input used - work or heat -

changes the technology needed to provide the heat pumping function. 

The general heat pumping process through mechanical or thermal energy input is shown 

in figure 1-1 by F. Ziegler (1997). Here, in order to compare the two driving energy 

inputs, the work input is represented on a temperature axis as heat at infinite 

temperature. This representation is admissible, due to the high exergy content of 

mechanical energy compared to thermal energy. P is the mechanical power (work input 

or output), Q is thermal energy (heating or cooling), T is Temperature. (+) means energy 

(mechanical or thermal) input and (-) means output. 

P, 

a) 

•T.X> 

C. 
b) c) 

Qi 

•To 

_QL 

• T . - * * * 

Q>. 

<0 

Figure 1-1: Energy transformation in heat pumps: a) mechanical compression 

chillers and heat pumps; b) mechanical compression heat transformer (ORC — 

Organic Rankine Cycle); c) sorption chillers and heat pumps; d) sorption heat 

transformers. 
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1.1.2. Types of heat pumps 

As shortly seen above there are various types of heat pumps available. The most 

common types used in industrial or commercial applications are: 

a) Vapour Recompression Heat Pumps (VRHP) 

b) Absorption Heat Pumps (AHP) 

c) Adsorption Heat Pumps 

The difference is in the type of energy used to enable this transfer. Furthermore each 

type has its own applications, advantages and disadvantages. 

Absorption heat pumps have several advantages comparing to VRHP which could be 

summarized as: 

• Upgrading the available and low grade heat. 

• Low operating and maintenance costs. 

The drawbacks of AHPs are: 

• Bulky and heavy equipments 

• Expensive cost of purchase and installation. 

1.1.3. Coefficient of Performance (COP) 

COP is an important parameter for heat pumps. Depending on the application and the 

driving power, COP is calculated differently. Following are few examples of calculation 

of COP for different heat pump types: 

Vapour Recompression heat pump: 

Heat output 
COP= -r-: — : 

Mechanical power input 
Chiller: 

Cooling output 
energy {work or heat) input 

For a typical AHP used as a chiller COP is approximately 0.7 to 1.0. The theoretical 

value of COP for a typical VRHP used for heating is between 2 to 5. 
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1.2. Absorption heat pump 

Absorption Heat Pumps (AHP) are being used since late 19th century and numerous 

researches have been performed to improve this technology. However there has been a 

high interest in absorption technology during the past two decades. The recent studies 

mainly include methods of intensification, implementation in a process, finding new 

working fluids, creating the characteristic curves of AHPs and etc. 

Contrary to VRHP, absorption heat pumps do not use mechanical power for operation. 

AHPs use what is also called thermal pumping to transfer the heat. 

AHPs operate with a pair of working fluid, where one fluid is the refrigerant and the 

other fluid is the absorbent. A few examples of these working pairs are ammonia - water 

(water is the absorbent and ammonia is the refrigerant) or water - aqueous LiBr (where 

water is the refrigerant and aqueous LiBr is the absorbent). 

By using the "thermal pump" refrigerant is transferred from low pressure to higher 

pressure by absorbing into the solution (absorbent) and pumping it to a higher pressure. 

In order to understand the operation of this machine, the components and the unit 

operation is described. 

1.2.1. AHP components 

A single effect absorption heat pump is comprised of the following components: 

• Heat exchangers: 

o Absorber 

o Generator 

o Evaporator 

o Condenser 

o Solution Heat Exchanger (SHX) 

• Refrigerant expansion valves 

• Pumps: 

o Refrigerant pump 

o Solution pump 
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1.2.2. Unit operation 

The steady state operation of a single effect absorption heat pump with the binary 

working fluid water-LiBr is described by Herlod et al. (1996) as follows and is 

illustrated in figure 1-4: 

NOTE: Rich solution is the solution which has a high concentration of refrigerant 

(water). Poor solution has lower concentration of absorbent (LiBr solution). 

"Rich solution" (stream 10), leaves the absorber as a saturated mixture at its boiling 

temperature and is pumped into the generator where heat is supplied by external means 

(input) such as hot water, steam, combustion or any other source with a sufficiently high 

temperature. The required temperature is governed by the properties of the working 

fluid and the operation of the other components in the machine. This temperature is the 

highest temperature observed in the operating AHP. 

Condenser Generator 

Refrigerant Valve 

Solution Valve 

A 15 

V 
Evaporator Absorber 

Solution Heal Exchanger 

Refrigerant Pump 
Rich Solution Pump 

Figure 1-2: Single effect AHP 

When heat is applied to the rich solution (at the boiling point), water is vaporised and 

flows to the condenser (stream 12). Since the solution vaporises as the falling film flows 

over the tubes, and the boiling solution is a very concentrated mixture of water and salt, 
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the temperature of the vapour varies from point to point. However the bulk temperature 

of the generated vapour in the generator is the saturated vapour temperature at the 

operating pressure. 

It is assumed that the salt is not carried away by the droplets and the vapour consists of 

pure water. A demister is placed between generator and condenser to catch the droplets 

and only allows the vapour to pass through. Although a very small trace amount of the 

salt exists in the vapour which could cause corrosion in the machine, but at this point it 

is reasonable to assume that vapour is purely water. Due to the partial evaporation, the 

remaining solution has a high concentration of LiBr (poor solution, Xpwt%). 

The poor solution (Stream 8) which is also at equilibrium state (boiling temperature) 

flows back to the absorber; on the way it passed through a Solution Heat Exchanger 

(SHX), often called Economizer, to pre-heat the rich solution (stream 10). No phase 

change occurs during the energy exchange between these two liquids. The purposes of 

this exchanger are to reduce the external heat input in the generator and to reduce the 

quantity of rejected heat in the absorber. The design of this heat exchanger has a major 

impact on the design of the generator. 

The poor solution from the solution heat exchanger returns to the absorber (stream 9). 

This solution is subcooled due to energy transfer in SHX. In the absorber this stream 

mixes with the vapour exiting the evaporator (stream 15). By removing the excessive 

energy the absorption occurs. As the vapour is absorbed into the solution, it creates a 

more concentrated solution in the refrigerant (rich solution) which returns to the 

generator (stream 10, Xrwt%). 

As the refrigerant vapour leaves the generator (stream 12), it enters the condenser where 

it is condensed by rejecting the latent heat to a cooling stream. In a typical installation, 

the absorber and condenser reject heat to the same stream (stream 6) at approximately 

same temperature. This condensate (stream 13) leaves the condenser and throttled 

through a choke valve. This process which is an adiabatic flashing causes the 

temperature to drop dramatically and produces a two-phase flow of the refrigerant 

(stream 14). The two-phase refrigerant flow then enters the evaporator. Evaporation 
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takes place, which takes the required latent heat from the evaporator environment due to 

the low pressure created by the absorber. Complete evaporation implies that all of the 

refrigerant vaporises and flows to the absorber as vapour (stream 15). 

The absorption cycle is a closed cycle. 

1.2.3. Selection of the working fluids 

Working fluid plays an important role in the absorption systems, therefore selecting the 

right working pair is extremely crucial. Various conditions dictate the selection of the 

suitable absorbent/refrigerant pair. A proper working pair should satisfy the following 

criteria: 

• Non-corrosive to equipment within the operating conditions 

• Non-toxic 

• Harmless to environment 

• Non flammable and non explosive 

• Cheap and easily accessible 

According to Alefeld (1982), a suitable refrigerant for an absorption system should have 

the following characteristics: 

• Mass and heat transfer properties satisfactory over the operating temperature 

range. 

• High solubility in absorbent solution at the absorber operating temperature. 

• Low solubility in absorbent at the generator operating range. 

• No irreversible reaction with absorbent within operating temperature range. 

• Absorbent should have a low vapour pressure compared with the refrigerant. 

• Absorbent should have a low heat capacity. 

Many working fluid pairs have been considered for absorption systems which satisfy 

most of the above mentioned criteria. A few examples are: 

• Water - sodium hydroxide 

• Water - sulphuric acid 

• Ammonia - sodium thioczanate 
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• Water - aqueous lithium bromide 

• Water - ammonia 

• Others... 

However the most commonly used working pairs are ammonia-water and water-LiBr. 

Since water LiBr has a temperature constraint (water is the refrigerant and can not reach 

temperatures below zero) this working pair is usually used for air conditioning systems. 

However water ammonia can reach temperatures below zero. 

Alefeld (1982) and Hainsworth (1944) have summarized a comparison between water -

ammonia and water LiBr which is shown in table 1-1. 

Table 1-1: comparisons of water-LiBr and ammonia-water 

Property 

Refrigerant 

High latent heat 

Vapour pressure 

Low freezing temperature 

Low viscosity 

Absorbent 

Low vapour pressure 

Low viscosity 

Mixture 

No solid phase 

Low toxicity 

High affinity between 

refrigerant and absorbent 

Temperature lift 

Water - Ammonia 

Ammonia 

Good 

Too high 

Excellent 

Good 

Water 

Poor 

Good 

Excellent 

Poor 

Good 

High 

Water - Aqueous LiBr 

Water 

Excellent 

Too low 

Limited application 

Good 

LiBr solution 

Excellent 

Good 

Limited application 

Good 

Good 

Low 
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1.2.4. Aqueous-LiBr AHP operation 

1.2.4.1. Vacuum environment 

An absorption heat pump with aqueous lithium bromide operates at subatmospheric 

pressure. The pressure levels are determined by the vapour pressure characteristics of 

the working fluids. Since essentially pure water exists in the condenser and evaporator, 

the temperature of operation of these components defines the pressure. For example, for 

an evaporator temperature of 5°C, the corresponding vapour pressure of water is 0.872 

kPa or approximately 0.009 atm. 

The low pressures in an absorption system are initially attained by pumping out the air 

and any other gases from the vapour space. Dissolved gases in the liquids must also be 

removed. The presence of dissolved and unwanted gases is important since they 

negatively affect the performance of the system as they occupy the space where water 

could be vaporised. These gases also could affect the boiling temperature of the water. 

This removal occurs naturally if enough time is allowed for the gases to diffuse out of 

the liquid into the evacuated vapour space. 

As the vacuum pump extracts gases from the vapour space, both unwanted gases and 

some water vapour are removed. The amount of the water vaporized due to vacuum 

could be easily replaced in order to maintain the required level for the operation. 

Removing the water vapour from the chiller environment has the following effects: 

• As the water vapour evaporates from the water surface, it sweeps the vapour 

space, removing all unwanted gases from the system. Although the system 

pressure never falls below the vapour pressure of the liquids in the system, the 

purging effect of the evaporating vapour is highly effective in reducing the 

partial pressure of the gases in the system to the necessary levels. 

• In an oil-lubricated vacuum pump, the water vapour tends to condense in the 

exhaust stages of the pump and to end up in the oil sump. This condensate 

reduces the lubrication of the oil and eventually causes damages to the pump. By 
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monitoring the discoloration of the lubrication oil or adding a cold trap (before 

the water gets to the pump), this negative effect could be avoided. 

• To reach the required pressure level in an absorption heat pump, various vacuum 

pumps are available. The main requirement is the ability to remove vapour at the 

vapour pressure level. 

• Condenser and generator are in same pressure level, the same applies for 

evaporator and absorber. The pressure level in condenser/generator is higher 

than absorber/evaporator. The pressure difference and arrangement of the vessels 

allow the fluids to flow without any need for extra pumps, hence extra power 

consumption. 

1.2.4.2. Crystallization risk 

Aqueous Lithium Bromide has advantages comparing to other solutions (chapter 1.3.3). 

However, there are few restrictions such as crystallization which could result in 

damages to the system and system shutdown. The nature of the salt solution is that the 

salt component precipitates when the mass fraction of the salt exceeds the solubility 

limits. The solubility limit is a strong function of the mass fraction and temperature and 

a weak function of the pressure. Supersaturation can occur where the salt content of the 

liquid is greater than the solubility limit. Once crystals begin to form it will be a 

favourite nucleation site for larger crystals to grow on themselves, nevertheless no other 

nucleation sites presence. 

Various methods can be used to minimize the possibility of crossing the phase 

boundary. The simplest method used is to ensure a sufficiently low temperature sink for 

cooling the absorber. Based on the properties of aqueous lithium bromide, low 

temperatures in the absorber require lower absorber solution concentration and thus tend 

to avoid the phase boundary. 

Since crystallization produces a slush-like, viscous liquid, it results in blocking the 

pump or drying the generator. 
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Water cooled absorption machines generally can operate without crystallization 

problems. However, crystallization occurrence requires considerable time and effort to 

correct. The preferred recovery method is to raise the temperature of the portion that is 

crystallized to a point where the viscosity is reduced sufficiently so that the pumps can 

circulate the solution. Once the solution is in circulation, it can be easily diluted using 

water from the evaporator. In a typical installation, manufacturers include controls to 

identify crystallization and take appropriate action to avoid the condition by reducing 

heat input to the generator or by diverting liquid water from the evaporator to the 

absorber to dilute the solution. 

1.2.4.3. Corrosion 

In the presence of dissolved oxygen, aqueous LiBr is highly aggressive to many metals 

including carbon steel and copper. Although, in the hermetic environment inside an 

absorption machine, very little oxygen is present and corrosion rates are much slower. 

For the temperature range a typical single effect application, carbon steel and copper are 

the preferred materials of construction. Over the extended life of a machine, significant 

corrosion can still occur (or in case of improper operation). In order to minimize the 

effect, there are primary measures available such as pH control or corrosion inhibitors. 

1.2.5. Coefficient Of Performance (COP) 

Absorption heat pumps are used for different purposes. For example they could be used 

as a chiller which is very common for residential or commercial air conditioning 

systems, or they could be used to transfer and upgrade heat in a process. 

As previously described (chapter 1.1.3), in either case, the COP is calculated differently. 

By considering equations (l.X) and (l.Y): 

As an AHP: 

Heat output QA + Qc 

COP = — r-t— = • 
Heat input QG 

As a chiller: 
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Cooling output QE 

Heat input QG 

To calculate the COP presented in this work the latter is used. COP of a typical 

absorption chiller is in a range of 0.60 to 0.80. For heating purposes COP of a typical 

AHP is in a range of 1.00 to 1.30. However various operating conditions could affect 

this value. 

1.3.Motivation 

The accelerated development of absorption heat pumps in the last two decades has 

created a need for reliable and effective computer simulations. With recent growing 

trend of implementing an AHP into a process, it is crucial to be able to predict 

performance characteristics, analyze thermal behaviour, and perform parametric studies 

ofAHPs. 

Several system-specific computer models have been developed in recent years, using 

all-purpose simulations HYSYS, ASPEN, CADSIM and etc. However these simulations 

are restricted in their capabilities and limited to the particular system for which they 

were created. Their structure usually does not allow further modifications to model other 

systems and they generally do not contain the library for ordinary working pairs used for 

absorption systems, Water-LiBr in particular. Therefore these softwares are unusable 

for absorption systems. 

The lack of accessibility to a simulation which provides the thermal behaviour of an 

AHP is the motivation to create a model which is easy to use, could be modified for 

further studies and for different applications. 

A case in which this model could be very helpful is the economical assessment of AHP 

integration in a process. 

1.4. Objective 

The objective of this work is to develop a mathematical model of the prototype 

absorption heat pumps which are introduced in chapter 3. This model presents the 
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thermal behaviour of the prototypes. The simulation is based on heat and mass balances 

of the prototype in general and each component separately. 

To reach this objective the following steps are taken: 

• Develop a mathematical model to calculate the performance parameters of an 

AHP. The reference units are two prototype AHPs. These units are single effect 

absorption chillers with working fluid of aqueous LiBr and are available at 

Polytechnique and TUB. 

• Validate the outputs of this model against the experimental results obtained by 

both prototypes. These experimental studies should cover a wide range of the 

operation to obtain comprehensive amount of data. 

• Determine the sensitivity of the model to the quality of the measurements. 

• Evaluate the accuracy and reliability of this model by comparing with another 

existing model (inspired by the model developed at ZAE Bayern). 

• Evaluate the sensitivity of the model on the design parameters of the machine. 

These parameters are heat transfer coefficient (U) and heat transfer area (A) of 

each heat exchanger. 

• Compare this evaluation to the sensitivity analysis in the literature. 

• Compare two prototypes from a design point of view and observe the effects of 

these differences on the performance of each prototype. 
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CHAPTER 2 : LITERATURE REVIEW 

2.1. Available simulations: 

A few models for an AHP are available which are briefly introduced with their 

advantages and drawbacks: 

2.1.1. ABSIM 

The computer code ABSIM created by Grossman et al. (2001) has been developed for 

simulation of absorption systems in a flexible and modular form, making it possible to 

investigate various cycle configurations with different working fluids. Based on a user-

supplied cycle diagram, working fluid specification and given operating conditions, the 

program calculates the temperature, flowrate, concentration, and pressure and vapour 

fraction at each state point in the system and the heat duty at each component. The 

modular structure of the code is based on unit subroutines links the components together 

according to the cycle diagram. The system of equations for the entire cycle is thus 

established, and a mathematical solver routine is employed to solve them 

simultaneously. Property subroutines contained in a separate database serve to provide 

thermodynamic properties of the working fluids. ABSIM has been employed over the 

past few years by many users worldwide to simulate a variety of absorption systems in 

different multi-effect configurations and working fluids. 

Since the original code was MS DOS compatible, A Windows version has recently been 

developed. It makes it possible to create the cycle diagram on the computer screen, 

supply the data interactively, observe the results superimposed on the cycle diagram and 

plot them. 

The disadvantage of this model is the high price of the software. 

2.1.2. Simulation developed at ZAE Bayern 

This simulation which is available for users at ZAE Bayern and TUB was developed for 

simulating the dynamic behaviour of the AHP and calculations regarding the heat 

transfer coefficient of the heat exchangers. This simulation was developed with EES 
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(Engineering Equation Solver, a software which provides numerical solution for 

complicated equations systems) to solve the heat and mass balance equations by a 

numerical method. Neuhann (2003) and Kohrt (2005) have used these equations and 

hypotheses for their work. Moreover a similar model is published in "Absorption 

chillers and heat pumps" written by Herold et al. (mass and energy balance equations). 

The details of this model are not available to public (such as the specific numerical 

method used) and are not published. However the hypotheses and the governing 

equations are available. 

2.1.3. Other simulations 

There are few other simulations made for specific purposes. Xu et al. (2007) have 

developed a numerical simulation of an advanced energy storage system and patented 

(VMETS) to predict the mass changes in two storage tanks. This model helps the system 

design and controlling systems of a water-LiBr single stage absorption heat pump with 

storage tanks. 

Another numerical simulation was created by Jeong et al. (1998) to predict dynamic 

behaviour of an actual absorption heat pump built in a chemical plant which was built to 

recover low temperature waste heat (30 - 40°C). 

In above mentioned cases the results of the simulations were verified against 

experimental studies to confirm the reliability of the simulations. 

2.2.Physical properties estimation 

There are few mathematical models available to estimate the thermodynamic properties 

of water - aqueous LiBr at high temperature and concentration to be used for computer 

programming: 

2.2.1. Enthalpy 

Based on measured data of vapour pressure and heat capacity there are few methods 

available to calculate the physical properties such as enthalpy, heat capacity, density 

and etc. 
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Kaita (2001) has developed the following equation to calculate the enthalpy of water 

- LiBr for the range of 50-200°C and concentration of 45-65%. 

hLiBr(T,X) = (A0 + AXX)T + 0.5(50 + BtX)T2 + (D0 + DXX + D2X
2 + D3X

3) 

Where: 

A0 = 3.462023 D0 = 162.81 

A± = -2.679895 X 10 - 2 Dr = -6.0418 

B0 = 1.3499 X 10-3 D2 = 4.5348 x 10
- 3 

Bt = -6.55 x 10
-6 D3 = 1.2053 x 10

- 3 

McNeely (1997) has suggested the following equation to calculate the enthalpy of 

the LiBr solution for the range of 16 to 166°C and concentration of 40 to 70 wt%. 

hLiBr(T,X) = 2.326 {A + B(1.QT + 32) + C(1.8T + 32)2} 

Where A,B and C are: 

A = -1.1015.07 + 79.5378 X - 2.358016 X2 + 0.0303158 X3 - 1.400265 

- 4 Z 4 

B = 4.68108 - .3037766 X + 8.448e - 3 X2 - 1.0477e - AX3 + 4.80095 

-7X4 

C = -4.9107e - 3 + 3.8315 -AX- 1.0785 - 5 X2 + 1.31525 -IX3 

- 5.8975 - 10X4 

Feuerecker et al. (1993) have developed the following equations for the range of 0 

to 190°C and concentration of 40 to 70 wt%. 

4 3 2 

hiBr(T,X) = ] T anX
n + 7\ £ KXn + T2^ c n* n + T3d0 

n=0 n=0 n=0 

Where an, bn, cn, d0 are: 

a0 = -954 .8 b0 = - 3.293 x 1 0 _ 1 cx = -1 .5144 X 10~ 4 

ax = 47.7739 bx = 4.076 x 10~2 c2 =1.3555 x 10 - 6 

a2 = -1.59235 b2 = -1.36 x 10"5 d0 = -2.269 X 10~6 



16 

a3 = 2.09422 X 10 - 2 b3 =-7.1366 X 10~6 

a4 = -7.689 X 10~5 c0 = 7.4285 X 10~3 

Comparison between these three works with experimental studies by Kaita (2001) 

shows that the model presented by Feuerecker et al. (1993) has better accuracy for 

the practical range used in this work. Hence it was decided to use the Feuerecker et 

al. model to calculate the enthalpy in this project. 

2.2.2. Density 

The density of LiBr is calculated from the following empirical equation as a function of 

temperature and concentration. 

pLiBr = 1145.36 + 470.84* + 1374.79X2 - (0.333393 + 0.571749^)7 

X is wt% for example 45% shows a LiBr solution with 45 kg LiBr solved in 55 kg 

water. T is absolute temperature in degree K. 

Since flow meters measure the volumetric flowrate (-), in order convert the flowrate to 

ka 

mass flowrate (—), the density should be calculated at the given temperature and 

concentration. 

2.2.3. Boiling point and vapour pressure 

The empirical equations of McNeely (1979), Brunk (1982) and Feuerecker (1993) for 

the boiling temperature of saturated aqueous lithium bromide solution as a function of 

the pressure and the condensation are fits in the form of Duhring plot which was 

presented by Hellman et al. (1996): 

nP,X)=A(X) + B(X).Ts(p) (2.1) 

Where Ts is the saturation temperature of pure water at the pressure^. 

The numerically generated data were fitted by Duhring coefficients according to 

equation 2.1 with the polynomials A and B following form: 
10 

A(xt)= ^ \ x ; 4 
£=0 
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10 

B(Xt)= YJ
biXXm 

i=Q 

Where a* and bt are: 

i 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

a* 

0.0 

+1.6634856 X 10+1 

-5.5338169 x 10+2 

+1.1228336 x 10+4 

-1.1028390 x 10+5 

+ 6.2109464 x 10+5 

-2.1112567 x 10+6 

+4.3851901 x 10+6 

- 5.4098115 x 10+6 

+ 3.6266742 X 10+6 

-1.0153059 x 10+6 

bi 

1.0 

-6.8242821 x 10~2 

+5.8736190 X 10° 

-1.0278186 X 10+2 

+9.3032374 x 10+2 

-4.8223940 x 10+3 

+1.5189038 x 10+4 

-2.9412863 x 10+4 

+3.4100528 x 10+4 

-2.1671480 X 10+4 

+5.7995604 x 10+3 

Figure 2-1 shows an absorption heat pump in the water - LiBr chart. The horizontal axis 

presents the temperature (°C) and the vertical axis is the pressure in kPa. The inclined 

lines are different concentration of LiBr solution in wt%. 

By applying the Duhring coefficients the following equations state the saturation state of 

the streams as a function of the refrigerant temperature and the LiBr concentration. 

T8 is the temperature of the poor solution leaving the generator and T10 is the 

temperature of the rich solution leaving the absorber. Tc is the condenser temperature 

and TE is the evaporator temperature. 

Ta= A(Xp)+ B(Xp).Tc (2.2) 

T10=A(Xr)+ B(Xr).TE (2.3) 
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Figure 2-1: Diihring plot for a single effect 

Water - LiBr Equilibrium Chart 

2.3.Experimental work 

Numerous experimental studies have been performed with AHPs. There are various 

objectives for these experiments such as the behaviour of a commercial air conditioning 

or improving the performance of an existing AHP. 

2.3.1. Experimental work at TUB and ZAE Bayern 

The department of Energy at Technical University of Berlin dedicates an extensive 

amount of research on AHPs. These studies could be categorized as follows: 

• Creating characteristic curves of tri-generation system: Tri-Generation system is 

basically an engine which creates mechanical power and heating (via the engine 

cooling system) which is coupled to the prototype chiller. The author had the 

opportunity to perform a few experimental benchmarks with this system. 
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• Measuring the performance of an AHP with low temperature driving energy: 

these experimental studies are used to observe the behaviour of a commercial 

absorption chiller used in a building. The driving energy is provided by a solar 

heating system located on the roof of the building. The hot water created by this 

system is 40 - 60°C. 

There are also several other experimental studies currently in progress which are 

classified with TUB and partners. 

2.3.2. Experimental work at Polytechnique 

The experimental studies at Ecole Polytechnique de Montreal could be summarized as 

follows: 

• A statistical experimental design was carried out by A. Jahnke et al. (2005) in 

order to characterise the machine operation under extreme working conditions as 

permitted by the physical properties of the working solution and to rank the main 

effects of the operating variables on the response of the unit. The goal of this 

experimental plan was to maximise the knowledge about this system. 

The results obtained through these publications were used for validation of the 

model developed in this work. 

• One of the researches currently in progress at Polytechnique is to implement an 

absorption heat pump in a process, particularly in Pulp and Paper industry. 

With the current volatile price of energy and the environmental concerns, the 

trend is to decrease the amount of energy used and try to upgrade the available 

(waste) heats in the plant so it could be used in other parts of the process. 

By using Pinch Analysis and studying various cases it has been determined that 

using AHP could have tremendous impact on energy saving in various types of 

industries. 
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2.3.3. Other experimental works 

There are numerous numbers of studies in progress in most countries on heat pumps. A 

few examples are as follows: 

• An important part of the researches is to find an additive which increases the 

performance of the AHP. These additives could increase the wettability of the 

solution to increase the transferred heat in exchangers. Another aspect is to delay the 

crystallization (for example 250 - 1500ppm MDPA by J. Dirksen et al. (2001)). 

These additives should not negatively affect the AHP. These impacts could be 

creating foams or increasing the viscosity of the solution. 

• AHP intensification is also an interesting topic. Intensification could be briefly 

described as: 

o Bulk and weight reduction while satisfying the same performance. 

o Reducing the cost and improving the efficiency. 

The main focus is on Absorber and Generator. Various approaches have been tested 

and published. However not all methods are practical. A few examples of the most 

effective methods which increase the heat load and eventually the COP of an AHP 

are: 

o Surface treatment: In macro scale, shape treatment and in micro scale by 

roughness treatment of the heat exchangers the amount of the heat transfer 

could significantly increase. This method which was studies by J.S Currie 

(1996) also revised the effect of compact heat exchangers to use in AHPs. 

o Introducing wave producing surfaces such as mechanical vibration or 

ultrasonic vibration. This method was suggested by Pribaturin (2003). 
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CHAPTER 3 : METHODOLOGY 
In order to create a mathematical model of the prototype AHPs, first the prototypes are 

explained. Then to create the mathematical model a few hypotheses are employed and 

based on these assumptions and heat and mass balances the governing equations are 

extracted. 

3.1.Prototypes used in this work 

There are two prototype absorption heat pumps available. These two prototypes have 

similar designs but there are differences in their construction details. The objectives of 

creating these prototypes were to perform experimental work and observing the 

behaviour of an AHP under various operating conditions, improving the performance 

and etc. 

The operation of an absorption heat pump has been described in chapter 2. This chapter 

focuses on the technical characteristics of the prototypes. 

3.1.1. PACAS prototype absorption heat pump 

This prototype absorption heat pump is a single effect water - LiBr AHP (chiller) with a 

cooling capacity of 15kW (35 kW heating capacity is provided by an electrical heater). 

This prototype was designed, developed and constructed in Ecole Polytechnique de 

Montreal which is part of the project "Pompes A Chaleur A Sorption" (PACAS). It is 

the first machine of a new experimental facility at Ecole Polytechnique. Figure 3-1 

shows PACAS prototype. 

A fractional-factorial design with two modalities for seven independent variables was 

chosen by A. Costa et al. (2003); these variables are temperature and mass fiowrate at 

the generator (hot water), absorber (cooling water). Evaporator (chilled water) as well as 

the internal solution mass fiowrate. 

A more detailed plan of the whole machine including the power station and the 

measurement devices with tags of the different parts is shown in Appendix B. 
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Figure 3-1: P AC AS 

The overall heat transfer coefficient and heat transfer area for each heat exchanger is 

presented in table 3-1. These values are calculated by Jahnke et al. (2005) 

Table 3-1: PACAS, overall heat transfer coefficient and heat transfer area 

Heat Exchanger 

Generator 

Condenser 

Evaporator 

Absorber 

Solution Heat 

Exchanger 

Overall Heat Transfer coefficient: U ,„ 
Lm2.°cJ 

0.95 

2.50 

1.50 

0.70 

1.00 

Heat Transfer 

Area: A [m2] 

2.24 

1.25 

2.09 

2.51 

2.19 

Over all heat transfer value (U) strongly depends on the shape and function of the heat 

exchanger and also the wettability and behaviour of the fluids in the exchanger. 

The heat transfer coefficient is calculated based on the following hypotheses: 
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• Solution pours over the tube bundle and behaves as falling film. The wetting 

behaviour (wetAorGorE) was taken from publication by L. Hofmann et al. 

(1996). 

• The values were calculated for 3 different tube sizes: 8mm, 12mm and 12.7mm 

(1/2 in). Then values were chosen based on a Vi in copper tube due to practical 

reasons. 

• The chiller provides a cooling capacity of 15 kW. The other heat exchangers, 

absorber, generator, condenser and solution heat exchanger, have capacities of 

19 kW, 20 kW, 16 kW and 14 kW, respectively. 

• While the absorber takes up the largest part of the total heat exchanger area 

(24.4%), evaporator (20.4%), generator (21.8%) and solution heat exchanger 

(21.8%) are of similar size. The condenser is with only 12.2% of the total surface 

area by far the smallest of the heat exchangers. 

• The exchangers are designed with 9 passes (meaning the number of times one 

and the same fluid flow passes through the heat exchanger vessel) in evaporator 

and absorber, 8 in the generator and 6 in the condenser. 

• The efficiency of SHX is assumed to be 88%. 

• All flow regimes are turbulent. 

• COP of the AHP is 0.75. 

The values in table 3-2 are calculated by V. Neuhann (2003) from the following 

equation: 

1 
U = = 

r 2 . l n P ) , 
ri-hi Ka h0 

The details of the calculations (Re, Nu and Pr) are presented in Appendix D. 
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Table 3-2: Calculated and estimated A-values for heat transfer coefficient U 

Generator 

Condenser 

Evaporator 

Absorber 

SHX 

h ( kw\ 

1.2 

10.9 

3.5 

2.2 

4.185 

7.195 

2.749 

5.508 

U calculated 

\m2Kj 

0.933 

4.334 

1.540 

1.572 

U design 

v a l u e(S) 
1.5 

0.70 

0.95 

2.50 

1.00 

Other characteristics are as follows: 

The size is about 1.9 m high, and 0.4 m x 0.66 m, with a metal frame of 0.8 m x 0.9 m. 

The weight is estimated of 350 kg. 

From the sump of the condenser to the distribution device of the evaporator the 

refrigerant passes a U-tube which has the function of an expansion valve. 

A throttle in the connection pipe between generator and absorber is not necessary, since 

the pressure loss can be achieved through the solution heat exchanger (which is a normal 

plate heat exchanger). 

In Figure 3-2 the four main heat exchangers are shown. In fact the pairs condenser-

generator and absorber-evaporator are not separate vessels, but one single component. 

This is allowed since the heat exchangers of a pair work at same operational pressures. 

This design is advantageous since it ensures an unhindered vapour flow from one heat 

exchanger of the pair to the other one, achieving an almost pressure loss-free 

functioning. This is important since the refrigerant (water) shows at the required 

operational temperatures a very low vapour pressure (around 10 mbar and 100 mbar). 

On the left side of figure 3-2 the pair condenser/generator can be seen. The picture is a 

cut through the component. The circles represent horizontal heat exchanger tube 

bundles, the external water circuits (cooling and hot water) flow inside the tubes. On the 

right top the solution is sprinkled on the tubes of the generator. It will drop from the 

higher tubes to the lower tubes. As in the tubes is hot water, the water in the solution 
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will evaporate and the water vapour expands to the left, to the condenser. It has to pass 

metal plates (the demister) which can be seen as rectangular lines in the middle. They 

are used to hold back liquid drops. 

On the bottom in the middle a double-wall structure can be seen. It separates the sumps 

of the components from each other. 

The right-hand side of Figure 3-2 shows the evaporator/absorber pair. The arrangement 

of the tubes in the vessel is also has a similar design as the generator/condenser. 

However the number of the tubes is different. 

The solution distribution simply consists of copper tubes of the same size as the bundle 

tubes. In the top part is a line of holes, which permits the solution to exit at equal 

distances. Above the tube is a V-shaped rod which forces the solution to change 

direction and flow down. The solution then drops on the first row of the bundle. As the 

holes are on the top of the tube, it is less likely for dirt particles to block the flow. 

Refrigerant in the evaporator is recirculated in a recirculation circuit. Water from the 

evaporator sump is pumped back to the distribution device and applied on the heat 

exchanger surface area again. That way the wetting is much better and more water can 

be evaporated. The drawback is, that in order to run the pump electricity is consumed, 

and that with an increasing recirculation flow rate, the heat losses are higher. 

The flow rate of the recirculated water and the flow rate of the solution circuit can be 

controlled by diaphragm valves bypassing the pumps. 

A purging system allows purging air out of the machine. Purging tubes are going to the 

condenser, evaporator and absorber. 

Purging from the evaporator and condenser is only possible, when the machine is not 

running. Tubes go to an area close above the sump. 

In addition purging tubes go to the condenser and absorber between the heat exchanger 

tube bundles a little higher. This system allows purging while the machine is in function. 

Between the evaporator recirculation circuit and the solution circuit a shortcut is built. 

Normally it is closed by a valve. It can be opened to flush the evaporator from solution 
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or to dilute the solution circuit in case that the solution becomes too concentrated and 

close to crystallization. 

Between the machine and the vacuum pump a condensate trap with liquid nitrogen 

cooling is placed to protect the vacuum pump from vapour. 

I 
I 

E 

£ 
C 

Figure 3-2: Side view of the four main heat exchangers: left: 

condenser/generator; right: evaporator/absorber 

Power station 

In order to provide the driving energy, cooling water and chilled water, a power station 

is designed and built for this heat pump. 

The power station is connected to the absorption cooling machine with three different 

water circuits. Figure 3-3 illustrates the external circuits which provide the power 

required for the prototype. 

The hot water circuit is connected to the generator and supplies the driving heat. Three 

heaters of 10 kW heating capacity each heats up water to a set-point temperature. It 

enters the generator, gives its heat to the solution, is pumped back to the heaters, and 

there is reheated again. The power of the heaters is controlled by the generator inlet 

temperature (in the picture it has 95 °C). 
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Figure 3-3: Overview of the supply station 

As the density substantially changes with the temperature an expansion container is 

necessary. 

A safety valve opens in case the pressure in the circuit rises above the safe level. This 

could happen under certain conditions, for example if by accident the heaters are 

heating, but the pump is not running. Water starts to boil in matter of seconds. This is 

quite dangerous as the water coming out of the hot water circuit is very hot and can burn 

a person standing next to the machine. In worse cases it could cause explosion in the 

heater or the pipes connected to it. 

The circuit has been equipped with a drain. A bleeder allows removing air from the 

circuit. 

The cold water circuit simulates the user. It could be for example a house that needs 

cooling and receives loads due to people living in the building and from solar radiation. 

These loads are simulated by two heaters of 10 kW heating capacity each. The working 

principle is the same as for the hot water circuit. 

The cooling water circuit cools the absorber and condenser. It is connected in series: 

First the absorber is cooled and then the condenser. Normally the loop is connected to an 

external cooling tower. As no cooling tower was available it has been simulated. The 
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cooling circuit is connected over a plate heat exchanger to the water net of Ecole 

Polytechnique. Water from the net is constantly running through the heat exchanger. 

The amount of this water is controlled by a manual valve. A three way valve on the side 

of the cooling water circuit is used to control the absorber inlet temperature. 

The flow rates of each water circuit can be changed by slider valves and also by 

different settings of the pumps. Before and after the pumps ball valves were installed to 

allow easy removal of the pumps. 

Three water recirculation pumps are used in the power station. These pumps are 

centrifuge pumps. The flow is controlled by a control gate valve placed at the discharge 

of the pump. 

The solution pump is a gear pump which operates with a magnetic drive. The advantage 

of this pump is a seal free drive which provides a hermetically enclosed environment 

emission free and ideal for handling dangerous or valuable liquids. 

To avoid cavitation these pumps are positioned at lowest possible point to ensure 

sufficient NPSH (Net Positive Suction Head). 

Overflow problem 

First measurements with PACAS prototype showed in certain conditions system is not 

responding (steady state could not be reached) and it fails to operate. Furthermore under 

several other conditions the output (heat load of the exchangers and COP) of the 

machine is lower than expected values. 

Further studies which were performed during an internship by Martin Kohrt (2005) 

showed there is an anomaly in liquid hold up in lower vessel (Evaporator/Absorber). 

Depending on these conditions refrigerant overflows from the evaporator into the 

absorber. Hence the evaporation does not take place and this will result in significant 

decrease of the heat load of the evaporator (and therefore COP). 

PACAS was tested under 20 different settings and the machine failed only four times. 

The other 16 measurements were flawless and machine was running as expected. The 

setting under which the machine was tested is presented in appendix E. 
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3.1.2. Phoenix prototype absorption heat pump 

The other prototype was designed, developed and built in ZAE Bayern - Germany 

(Bavarian Center for Applied energy research) and now is available in Technical 

University of Berlin (TUB). 

This prototype, which is called Phoenix AHP, is also a single effect AHP with Water -

LiBr as the working pair. The following information is published by Kuhn et al. (2005). 

Figure 3-4 is a display of the phoenix AHP. This absorption chiller has a nominal 

cooling power of 10KW at inlet conditions of 75°C hot water, 27°C cooling water and 

Absorber inlet and 18°C chilled water at evaporator inlet. The COP at these nominal 

conditions is 0.78. 

The objective of this prototype was to couple with low grade heat systems such as a 

solar water heater or cogeneration system (couple with an engine to produce heat, power 

and cooling). 

Figure 3-4: Phoenix Absorption Heat Pump 
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The general operating conditions of this chiller are as follows: 

• Low driving hot water between 55 and 95 °C, allowing solar and tri-generation 

operation 

• High cooling water temperature between 27 and 40°C allowing wet and dry 

cooling. 

• Compact design matching standard door size. 

• Using falling film tube bundle heat exchanger in rectangular vessels. 

• Vertical arrangement of the two vessels allows the backflow of the weak solution 

from generator to the absorber without the need for the second solution pump 

The overall heat transfer coefficient and heat transfer area for each heat exchanger is 

presented in table 3-3. 

Table 3-3: Phoenix AHP exchanger design 

Heat Exchanger 

Generator 

Condenser 

Evaporator 

Absorber 

Solution Heat 

Exchanger 

Overall Heat Transfer coefficient: U 
" kW ' 

.m2.°C. 

0.78 

2.88 

1.6 

0.76 

0.74 

Heat Transfer 

Area: A [m2] 

2.5 

1.3 

1.6 

2.3 

1.13 

Since the details of the design of this prototype are classified with TUB, only the 

published data is described. 

However since the design and the flow sheet diagram is similar to PACAS, the unit 

operation is also similar. 

3.1.3. Prototypes in comparison 

Since the unit operation of two prototypes are similar and the differences are in size and 

material used in the exchangers, the only difference between these two are in the heat 



31 

transfer area and overall heat transfer coefficient. Table 3-4 presents both prototypes 

heat transfer area and overall heat transfer coefficient to compare the values. 

Table 3-4: Comparison of U X A [̂ r] between two prototypes 

Parameter 

U X A Generator 

U x A Condenser 

U x A Evaporator 

U x A Absorber 

U x A Solution Heat 

exchanger 

PACAS 

2.13 

3.13 

3.14 

1.76 

2.19 

Phoenix 

1.95 

3.74 

2.56 

1.75 

0.84 

Since PACAS was designed at Ecole Polytechnique, the materials and construction were 

different from the prototype built in ZAE Bayern. For examples the diameters of the hot 

water, cooling water and chilled water tubes inside the exchangers are different. These 

differences cause the U.A differences between two prototypes. 

Since the diameter of the tubes in the prototype in TUB is % inch and in Ecole 

Polytechnique is V2 inch the Us are different. 

It should be mentioned that, to enhance the performance of the prototype, the solution 

heat exchanger was improved in a way so the U.A is 2.6 times more than the SHX in 

phoenix prototype. Later on the effects of these differences are discussed. 

3.1.4. Experimental work 

Both prototypes were subjected to numerous tests and data from all the stream was 

gathered through data acquisition system. 

The experimental results from the prototype at Polytechnique is gathered and processed 

by Jahnke et al. (2005). The experimental results from the prototype at TUB is gathered 

and processed by the author during an internship in spring 2007 in Technical University 

of Berlin. 
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The data acquisition system which is used for both machines is LABVIEW. This 

software collects the data from all transmitters such as temperature, pressure, flowrate 

and density every 12 seconds and generates a text file in which each set of data makes a 

line. Hence, for an operation of 30 minutes, a file comprised of 150 lines is created. 

Cycle Temperature 

90.0 >-

70.0 

60.0 

5 50.0 

10.0; 

"0 

fmmk 

T, 

j t j ^ f f "*^"™^^^™"^^^^^^^^^^^^ .^ 

23:32 05:32 
Time 

Figure 3-5: Example of the results of experimental studies at TUB 

A MATLAB code is created at TUB to analyze the obtained data from each experiment. 

This code reads the file and creates graphs which illustrate required parameters. 

Figure 3-5 is an example of a set of experiments which was performed at Technical 

University of Berlin. 

The results from experimental studies performed at Ecole Polytechnique were also 

stored in several files. However they are processed and analyzed in EXCEL. Figure 3-6 

is an example of the experimental data from Polytechnique. 
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Figure 3-6: Example from experimental results from Ecole Polytechnique. 

3.2.Hypotheses 

The following assumptions are made to facilitate and explain the parameters involved in 

calculations. The hypotheses are as follows: 

i. The pressure drop in the refrigerant valve results in temperature drop in the 

refrigerant. The pressure drop in refrigerant line is isenthalpic and therefore 

ii. The solution sumps and streams leaving the vessels in the exchangers are at 

equilibrium. Hence the equations 2.1 and 2.2 are used for saturated state at the 

given temperature for the refrigerant and given temperature and concentration 

for the solution. 

iii. All the lines and exchangers are insulated and there is no significant heat loss 

from the machine to the environment. 

iv. The effect of the pumps on the temperature of the fluid is negligible, (solution 

and refrigerant pump) 

v. Refrigerant vapour is condensed isothermally in the condenser and subcooling 

does not take place, therefore: 

^13 = ^12 = Tc 

file:///Text3
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vi. The refrigerant condensate in the evaporator evaporates isothermally and there is 

no super heating, hence 

7\4 = T15 = TB 

vii. The poor solution valve is fully open during the process; hence the pressure drop 

(and consequently temperature drop) is zero, 

viii. The refrigerant loop contains water only, (streams 12, 13, 14 and 15) 

ix. The process is established and at steady state, hence there's no accumulation in 

sumps. 

kg°C 
x. Water heat capacity Cp is assumed to be constant and the value is 4.20-^;. The 

kj 
heat capacity is varying from a minimum value of 4.178 —— (at 307.5 K) to 

ki 
4.217-f^- (at 373 K). These values are available in Perry's Handbook. 

This change is very insignificant (less than 1%) hence this assumption hardly 

affects the final results. 

Considering the assumptions the governing equations of the prototype AHP can be 

extracted. 

3.3.Heat and mass balance equations 

The prototype absorption heat pump is comprised of five major elements which brings 

five sets of energy and mass balances. Since the external cycles enter and exit the 

system respectively the overall balance only consists of the general energy balance. The 

repeated equations for LiBr mass balance are only showed in the generator equation 

series. 

Heat and mass balances are as follows: 

3.3.1. Generator 

Figure 3-7 shows the inlet and outlet streams for the generator. 
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Figure 3-7: inlet and outlet streams in the generator 

The general mass balance over the generator is as follows: 

rnr = m°v+ mRef (3.1) 

The mass balance over the generator for LiBr is as follows: 

rrip.Xp = m°r.Xr (3.2) 

The heat given to the generator by external cycle is calculated from the following 

equation: 

QG=m0
1.Cpl.(T1-T2) (3.3) 

The energy balance over the generator is: 

QG = ™°Ref h\2 + m°ph8 - m > n (3.4) 

Generator is a heat exchanger and the heat transfer equation will be expressed as: 

QG = UG.AG.LMTDG (3.5) 

Where LMTDG is: 

(TI-TB^-Q-Z-TU-) (3.5A) 
LMTDG = inf

ri-M lnlr2-rnJ 

3.3.2. Condenser 

Figure 3-8 shows the inlet and outlet streams for the condenser. 
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Figure 3-8: inlet and outlet streams in the condenser 

The heat taken from the condenser by external cycle is calculated from the following 

equation: 

Qc = m°5.Cp5.(T7-T6) (3.6) 

The energy balance over the condenser is: 

Qc = m0
Ref.(.h12-h13) (3.7) 

As a heat exchanger the heat transfer equation for condenser will be expressed as: 

QC = UC.AC.LMTDC (3.8) 

Where LMTDC is: 

LMTD - CT6-7-7) (3.8A) 

3.3.3. Evaporator 

Figure 3-9 shows the inlet and outlet streams for the evaporator. 

Figure 3-9: inlet and outlet streams in the evaporator 

The heat given to the evaporator by external cycle is calculated from the following 

equation: 
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QE = m°3.Cp3.(T3-Ti) (3.9) 

The energy balance over the evaporator is: 

QB = Kef-fas ~hu) (3-10) 

As a heat exchanger the heat transfer equation for the evaporator will be expressed as: 

QE = UE.AE.LMTDE (3.11) 

Where LMTDF is: 

LMTDE = <T _T 

(T3-W (3.11A) 

In \T4 - TJ 

3.3.4. Absorber 

Figure 3-10 shows the inlet and outlet streams for the absorber. 

Figure 3-10: inlet and outlet streams in the absorber 

The heat taken from the absorber by external cycle is calculated from the following 

equation: 

QA = m°5.Cp5.(T6-T5) (3.12) 

The energy balance over the absorber is: 

QA = Kef fas +m°p.h9-m°r.h10 (3.13) 

As a heat exchanger the heat transfer equation for the absorber will be expressed as: 

QA = UA.AA.LMTDA (3.14) 

Where LMTDA is: 
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LMTDA = 
(T9 - T6) - (r10 - r5) 

m\T,n-TJ '10 

(3.14 A) 

3.3.5. Solution heat exchanger 

Figure 3-11 shows the inlet and outlet streams for the absorber. 

m 9 8 11 
to m..y 

Figure 3-11: inlet and outlet streams in the solution heat exchanger 

The heat given by the hot stream is: 

QsHx = /m°p-(.hQ-h9) (3.15) 

The heat taken by the cold stream is: 

QSHX = ™°r- Ohi ~ ho) (3-16) 

The heat transfer equation for the SHX is expressed as: 

QSHX = USHX.ASHX.LMTDSHX (3.17) 

Where LMTDSHX is calculated as follows 

(T8 - 7-u) - (Tg - 7IQ) (3.17A) 
LMTDSHX = 

In (T8 ~ 7i!> 
u 9 — T10/ 

3.3.6. Overall Energy Balance 

The overall system boundary for the energy balance is shown in figure 3-12. 
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Figure 3-12: overall system boundary for heat balance 

The energy balance for this system is: 

QA + Qc = QG + QE 

3.4.Categorizing the parameters 

(3.18) 

3.4.1. Input/output variables 

This model calculates the outputs of the machine for the given inputs under steady state 

operation. The inputs are the parameters which are adjusted by the operator while 

running the prototypes. 

The input variables are: 

1) Generator hot water inlet temperature, stream 1, Tx 

2) Generator hot water flowrate, stream 1, mx 

3) Evaporator Chilled water inlet temperature, stream 3, T3 

4) Evaporator chilled water flowrate, stream 3, m3 

5) Absorber cooling water inlet temperature, stream 5, Ts 

6) Absorber cooling water flowrate, stream 5, m5 

7) Rich solution flowrate, stream 10, m r 
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These streams are illustrated in figure 3-13 with green arrows. 
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Figure 3-13: Input Streams 

The output parameters which will be calculated by this model are as follows: 

1) Generator hot water outlet temperature, stream 2, T2 

2) Absorber cooling water outlet temperature, stream 6, T6 

3) Condenser cooling water outlet temperature, stream 7, T7 

4) Evaporator Chilled water outlet temperature, stream 3, T4 

These streams are illustrated in figure 3-14 with red arrows. 
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Figure 3-14: Output Streams 

In order to be able to solve this problem and calculate all the output parameters 

parameters in all other streams should also be calculated. These parameters are: 

1) Generator rich solution inlet temperature, stream \\,T1X 

2) Generator poor solution outlet temperature, stream 8, T8 

3) Absorber poor solution inlet temperature, stream 9, T9 

4) Absorber rich solution outlet temperature, stream 10, T10 

5) Condenser refrigerant temperature, stream 12 and 13, Tc 

6) Evaporator refrigerant temperature, stream 14 and 15, TE 

7) Rich solution LiBr concentration, stream 10 and 11, Xr 

8) Poor solution LiBr concentration, stream 8 and 9, Xp 

These streams are shown in figure 3-15 
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Figure 3-15: Additional Parameters 

By computing the outputs of the machine, the following parameters could also be 

calculated: 

1) Load of each exchanger : QG, Qc, QA, QE 

2) Coefficient of performance : COP 

The latter parameters show the thermal characteristics of the prototype AHPs. 

3.4.2. Dependent/independent variables 

Based on the nature of the variables they are categorized into three categories: 

I. Constant values: These parameters are the characteristics of each prototype and 

depend on the design of the machine. These values are: 

1) UG, AG 4) UA> AA 

2) 13c, Ac 5) UE, AE 

3) USHX> ASHX 6) Cpl, Cp3, Cp5 

II. Input variables: These are the parameters that should be adjusted to operate the 

prototype and in this model are the input variables of the simulation. These 

variables are: 
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1) Tx 5) ml 

2) T3 6) m° 

3) T5 7) m; 

4) mj 

III. Output variables: These variables are mathematically independent variables 

which are obtained through an algorithm and are the results of this model. These 

variables are: 

1) T2 7) Tw 

2) T4 8) Tu 

3) T6 9) Tc 

4) T7 10)TE 

5) T8 U)Xr 

6) T9 12)X P 

IV. Dependent variables: These variables are mathematically dependent which are 

calculated from the output variables. These variables are: 

1) QA 5) QSHX 

2) Qc 6) COP 

3) QG 7) m ; e / 

4) QE 8) m ; 

3.5.Mathematical approach: 

To reach the solution for the output values (independent variables) the independent 

equations must be extracted from equation 3.1 to 3.18. In order to do so, the dependent 

variables are eliminated from the equation. 

3.5.1. Independent equations: 

By eliminating the dependent variables from equation 3.1 to 3.18 and using the two 

equations of state by Duhring the independent equations are extracted which are as the 
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same number of independent variables. The twelve equations - twelve variable sets of 

equations are to be solved by a numerical method. 

The equations are as follows: 

i. T8= A(XV)+ B(Xp).Tc 

ii. T10 = A(Xr) + B(Xr).TE 

ill. m°5. Cp5. (T6 - T5) - UA. AA. LMTDA = 0 

iv. ml Cvl. (7\ - T2) -UG.AG. LMTDG = 0 

v. ml Cp3. (T3 - T4) - UE. AE. LMTDE = 0 

vi. ml Cp5. (T7 - T6) - Uc. Ac. LMTDC = 0 

vii. mr. (/in - h10) - USHX. ASHX. LMTDSHX = 0 

viii. m°r. (h1± - h10) - [j-J m°r. (h8 - h9) = 0 

ix. m\. Cp5. (T7 - T6) - (l - ^ ) . mr. (h12 - h13) = 0 

x. ml Cp3. (T3 - T4) - (l - ^ ). m°r. (/i15 - /i14) = 0 

xi. m ^ . C ^ . ^ - r j - m ^ ^ l - ^ ^ + d . ^ ) - ^ ) =0 

xii. m3. Cp3. (T3 - r4) + ml Cpl. (r± - Tz) - m°s. Cp5. (T7 - r 5 ) = 0 

3.5.2. Newton -Raphson method 

The suitable method to solve the simultaneous nonlinear equations is a numerical 

solution which is the expanded Newton - Raphson method. 
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This method (is explained in Appendix D) is easily expandable for a series of k 

simultaneous nonlinear equations: 

/i(*i,...,x fc) = 0 

/ 2 O 1 , - * * ) = o 
The linearization of this set by the application of the Taylor series expansion produces 

the following equation: 

dfi 5A" 
dxk 

dxk\ 

•8[iy 

L02 J 

ryCDi 
h 

L/2 J 

dxx 

it. 
dxx 

In matrix/vector notation this condenses to 

JS = -f 

Where / is the Jacobian matrix containing the partial derivatives, 6 is the correction 

vector, and f is the vector of functions. 

Strongly nonlinear equations are likely to diverge rapidly, which in this project is 

actually the case. To prevent this situation, relaxation is used to stabilize the iterative 

process. If S is the correction vector without relaxation, then relaxed change is pS where 

p is the relaxation factor: 
X{n+X) _ x(n) + pS{n) 

The typical value for the equations in this project for p is 0.5 to 0.6. The choice of the 

relaxation factor does not affect the results and it will only change the number of 

iterations. Lower number of iterations means less time for computation. However the 

wrong relaxation factor would result into the divergence of the solution or exceeding the 

maximum number of iterations. Since this model allows a maximum number of 

iterations of 1000, after reaching this number the program stops and displays a warning 

"the maximum number of iteration of1000". 
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The convergence criterion is 

| x ( n + 1 ) - * ( n ) | < £ 

Where in this project 

e = 1(T6 

This value was chosen in a way that the number of iterations is reasonable and the 

convergence occurs when the final solution is changing in the 0.00001 decimal which is 

accurate enough for this purpose. For values smaller than 1 0 - 6 (for example 10 - 7) the 

number of iterations will be too much. Consequently the duration of the calculation will 

take too long without effecting the accuracy of the final solution (result will vary in 

0.0000001 decimal). 

For values larger than 10~6 (for example 10 - 4) the calculations end too soon and the 

output of the calculations are not accurate enough (0.001). 

When the convergence is reached, the last iteration values are the solution to the series 

of the equations. 

3.6. Algorithm 

The flowchart to reach the solution to this problem is illustrated in figure 3-16. 

The procedure to calculate the outputs are as follows: 

1) Define the constant parameters which are the characteristics of the prototype. 

2) Define the input parameters and the relaxation factor. 

3) Estimate the first values for the output parameters. 

4) Calculate the enthalpies based on the current values of the parameters. 

5) Perform the Newton - Raphson method for the set of the equations 6-19 to 6-30. 

6) Check whether convergence is reached. If no, replace the old values with new 

values. Repeat step 5. If yes, proceed to the next step. 

7) State the last results as the values of the output parameters. 

8) Calculate the heating and cooling capacities and COP of the machine based on 

the output values. 
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Constant Values, Cp, U, A 

Define INPUT values 

First estimation of the output values 

Calculate enthalpies 

Not 
converged 

[ Results: Output values 

Calculate: Q, COP,... 

Figure 3-16: Flowchart of the calculation 

9) It should be noticed, if at anytime, the equations diverged, the relaxation factor, 

or the first estimates should be changed till convergence reached. Normally the 

relaxation factor is around 0.5 to 0.6 and maximum number of iterations should 

be less than 30. 

3.7. Computer program 

A MATLAB program is written to solve the 12 sets of equations and calculate the 

output results. The program among all sub routines is presented in appendix A. this 

program follows the algorithm which is described in the previous chapter. 

Each code has its own role in the computation: 

3.7.1. Output of the program 

As an example, the results are displayed in MATLAB environment as it is illustrated 

below: 

results 

T 8 = 79.945 
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T_9 =41.200 

T_10 = 35.474 

T_11 = 73.679 

T_7 =36.574 

T_4 = 7.888 

X_r = 0.552 

T_6 =32.211 

T_2 =79.496 

T_E = 4.817 

T_C = 38.350 

X_p = 0.581 

solution reached after 27 iterations. 

This program has been tested for most cases under which the prototypes were expected 

to operate which are: 

• Hot water inlet temperature 50 to 110°C 

• Cooling water temperature 18 to 40°C 

• Chilled water temperature 6 to 20 °C 

• Flowrate of external cycles .01 to 1 kg/sec 

For the cases above the suitable relaxation factor is 0.4 to 0.6 and the maximum number 

of iteration is maximum 55 times. 

If the correct relaxation factor is selected the convergence is reached and results will be 

displayed. Otherwise the solution diverges and "NaN" is displayed. Or in case of 

exceeding the maximum number of iteration, the user is warned and the program stops. 

To ensure that the results on display are reliable, the user could try the iteration by 

entering two different but close relaxation factors (for example, 0.3 and 0.4 the results 

would not change for variation of relaxation factor and the first estimated values. 



49 

3.8. A second approach 

A second model is also created which is based on hypotheses and equations used in the 

model described in chapter 2.1.2. The purpose of this model is to compare the outputs of 

both simulations with experimental results. This comparison shows how the hypotheses 

and using different equations affects the outputs and which one is more accurate. 

The governing equations for this model are as follows: 

ii. QG = m°Refh12 + m°ph8 - n v / i u 

Hi. QG = UG.AG.LMTDG 

iv. Qc = m°5.Cp5.(T7-T6) 

v. Qc = mRef. (7i12 - /i13) 

vi. QC = UC.AC.LMTDC 

vii. QE = m°3. Cp3. (T3 - T4) 

viii. QE = mRef. (h15 - h14) 

ix. QE = UE.AE.LMTDE 

x. QA = m°5. Cp5. (T6 - T5) 

xi. QA = m°Ref. h15 + m°. h9 - m°r. h10 
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xii. QA = UA.AA.LMTDA 

xi»- QSHX = " V (he ~ hv) 

xiv. QSHX = ™-°r- O n ~ hio) 

xv. QSHX = USHX-ASHX-LMTDSHX 

xvi. T 8 = A(XP)+ B(XV).TC 

xvii. T9 = A(Xp)+ B(Xp).TE 

xviii. T10 = A(Xr) + B(Xr).TE 

xix. r n = i4 (X r )+ B(Xr).Tc 

3.9. Comparison of the two models 

In order to recreate this simulation, a similar algorithm (chapter 3.6) was followed and 

the only differences are the equations. 

1. In the hypothesis the temperature of the refrigerant leaving the generator is equal to 

the temperature of the poor solution leaving the generator 

T8 = TC 

According to the experimental studies, it is obvious that there's a temperature 

difference and the refrigerant vapour produced in the generator has much lower 

temperature than the poor solution. 

The reason this hypothesis was taken in this model is assumed that the rich 

solution behaves as a pure substance and the vapour temperature is equal to the 

liquid at equilibrium. However the rich solution is a solution with a high 

concentration of lithium bromide (55-70 wt%). 
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In this work, the temperature of the vapour leaving the generator (Tc) is less than 

the liquid in equilibrium. The explanation is that the vapour is generated by a 

falling film which passes several passes and each pass has a different 

temperature which increases as the falling film descends on the tubes containing 

hot water. All the vapour generated moves to the condenser which has a bulk 

temperature lower than the poor solution leaving the generator. 

2. In this model the streams 9 and 11 are considered to be at saturated state and the 

boiling temperature is calculated from Duhring equations. 

T11=A(Xr) + B(Xr).Tc 

T9=A(Xp)+ B(XV).TE 

But since the streams 8 and 10 are at saturated conditions and their temperatures 

change significantly in the solution heat exchanger, streams 9 and 11 are no 

longer saturated. 

Introducing these equations to the model shows approximately up to 10% errors 

in the results. 

3. This model uses the average temperature in each vessel, such as: 

4. T G = ^ ± 
u 2 

And then the enthalpies are calculated based on these average temperatures. 

Experimental studies show that the calculated enthalpy values with this method 

are different than measured values. 

5. In this work, the enthalpies are calculated as a function of the temperature of the 

stream and the concentration (for the absorbent). The models used for these 

calculations are selected among the most recent and accurate published models to 

have better results. 

6. This model solves the heat and mass balance equations (as stated in chapter 6). The 

system of the equations consists of 19 unknowns and 19 equations. This model 

considers the dependent and independent variables the same and solves the 

simultaneous nonlinear equations by an unknown numerical method (which is the 

only unknown section of this model). In this model the dependent variables are 
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eliminated so the system of equations consists of only independent variables and 

equations. 

7. Since this simulation was produced with EES and the details of programming are not 

published, the numerical method used for this model is unknown. Furthermore the 

models which the enthalpies are calculated with are not acknowledged. It should be 

reminded that the selection of the software has no effect on the results. 

8. In addition using various numerical methods to reach the solution has resulted in 

divergence of the solution. Hence the author decided to use MATLAB which 

facilitates the explanation and adaptability of this model. 

3.10. Comparison of two prototypes performances 

In this section, a comparison between two prototypes is presented. As it was described 

in chapter 3.1.3 there are some differences in the design of the two prototypes. 

(Please refer to Table 3-1 and Table 3-2) 

Due to different designs in construction of the heat exchangers, the heat transfer area is 

also different in each prototype. The differences in product of U.A are important 

parameters which should be taken into account for calculations. Figure 3-17 illustrates 

the differences in the product U.A (values are presented in table 3-3) 

kW 
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1 

0.5 

0 
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VsAe UcAc ®EAE VAAA USSXASHX 

Figure 3-17: Comparisons of heat exchangers U.A between two prototypes 
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Figure 3-18 presents the comparison of the results for the heat load for each heat 

exchanger in two prototypes under identical conditions. 
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Figure 3-18: Comparison of heat exchangers load between two prototypes for same 

input parameter values 

According to sensitivity study (please see chapter 5) for each heat exchanger, by 

increasing the heat transfer coefficient (or even the product U X A), the heat loads are 

increased. By comparing the heat loads and U X A the effect of this parameter on the 

heat loads from both prototypes is observed. 

However the expected difference in heat load for solution heat exchanger is not as the 

same order of magnitude as the differences of U X A and this could be due to the 

effectiveness of the SHX used in PACAS is lower which also results in lower COP. 

Another explanation is that the differences in U x A is not biased for both prototype. As 

it is seen U x A of the generator, evaporator and SHX in the prototype at Polytechnique 

is larger than the one at TUB while U X A of condenser of the prototype at TUB is 

larger then the one at Polytechnique. Absorber in both cases has almost the same values 

for both prototypes. These differences could affect and dampen other exchanger heat 

loads. 

However as expected COP has close values for both prototypes. As explained in chapter 

5, variations in U x A does not influence the COP. These values are in agreement by 

both experiment and the model presented in this work. 
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This comparison shows that by increasing the size or improving the heat transfer 

coefficient of heat exchangers the heat loads of each exchanger is increased. However 

these changes do not mean that the COP of the AHP is also increased. In order to 

improve the performance of the AHP other approaches should be considered and with 

the current design, these COPs are the best values to be reached. 

3.11. Re - calculation of U from the outputs 

Another approach to verify the results of the model is to calculate the overall heat 

transfer coefficient (U) for each heat exchanger based on the temperatures obtained from 

both model and experiments. By comparing these values to the primary values given to 

the model and studying the differences it could be summarized whether the results 

obtained from model and experiments are reliable and the initial values were presenting 

the real heat transfer coefficient of the exchangers. 

To do so the heat load for each heat exchanger is calculated from the following 

equation: 

Ql = rhlxCpx AT 

Also the values could be calculated from the following equation: 

Qt = mt x AH 

And the heat transfer coefficient is calculated from the following equation: 

1 At X LMTDi 

These calculations are made for each heat exchanger as well as each set of data. As an 

example one set of data is presented in table 3-5 and Us are calculated based on both 

experimental and simulated values. 



55 

Table 3-5: Recalculation of U from the experimental and simulated values 

Heat Transfer 
Coefficient 

UG 

Uc 

uE 
UA 

Set 1-TUB 

Experiment 

0.82 

2.51 

1.22 

0.64 

Simulation 

0.78 

2.90 

1.69 

0.76 

Difference 

- 4.9% 

13.3% 

28.0% 

16.3% 

These calculations are performed for all the available experimental data from both 

prototypes (please see appendix F). The left column shows the values recalculated from 

the experimental values. The middle column shows the recalculated U values from the 

simulation which basically must be the same value introduced to the model, (if not it 

means the convergence was not reached properly) 

As expected the values calculated from the simulation are the same values which were 

introduced to the simulation. However the calculated values from the experiments are 

rather different from the values introduced to the simulation. 

These differences could be explained as follows: 

The values for the heat transfer coefficient are calculated under design parameter 

conditions (design values, page 25 and App. D). In other words, heat transfer coefficient 

is calculated for a given flowrate and temperature of the fluids involved. By deviating 

from these values during the experiment, for example by increasing (or decreasing) the 

flowrate of hot water in the generator (or hot water inlet temperature), UG will be different 

from the initial value. These deviations will result in changes in the output results of the 

simulation. 

Unfortunately by reviewing the results of these calculations a solid pattern which could 

result in a reasonable conclusion did not achieved. 

In 50% of the cases (10 out of 20 cases) all the calculated values from experiment are 

smaller than the design values. In rest of the cases 1 or 2 of the U values are smaller than 

the design values. 



56 

CHAPTER 4 : MODEL VALIDATION 

In this section the results from both experimental studies and simulations are presented. 

The first section the experimental studies by which the results were obtained are 

explained. 

4.1. Experimental results 

4.1.1. Ecole Polytechnique 

20 sets of data are available from experiments performed by A. Jahnke et al.(2005) from 

experiments performed at Ecole Polytechnique. However under four specific conditions 

the steady state couldn't be reached and for three of other conditions the machine had 

overflowing problem, therefore 13 sets are presented. The complete set of the results are 

available in appendix E. The data presented has been obtained with following 

conditions: 

• The system operates for 90 minutes since the last adjustment. The system 

reaches the steady state conditions after approximately 6 0 - 6 5 minutes. Then 

the remaining time is chosen so the data stored by the acquisition system 

presents the reliable performance conditions. 

• This last 20 minutes provides 100 values for each parameter (1 line of data per 

12 second). The average and standard deviation of these values are calculated 

and presented. 

As an example one of the results is presented in table 4-1. 



Table 4-1: setl results from experimental studies at Ecole Polytechnique 

Input 
parameters 

Tx TO 
T3 (°C) 

T5 (°C) 

ml(kg/sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m.r(kg/sec) 

output 

T2 (°C) 

r4 (°Q 
T6 (°C) 
T7 (°C) 

T8 (°C) 

T9 (°C) 

7*10 (°C) 

rn (°c) 
rc (°Q 
TB (°C) 

wt 
y wt 
QG(kW) 

Qc(kW) 

QE(kW) 

QA(kW) 

COP 

Run AC4 

95.0 ±0.5 

20.0 ± 0.7 

30.0 ±0.7 

0.612 ±0.010 

0.671 ± 0.030 

0.743 ± 0.030 

0.184 ±0.011 

86.5 ±0.9 

15 ± 1.1 
37.1 ±1.0 
43.1 ±1.2 

85.2 ±1.7 

36.0 ±1.6 
43.1 ±1.9 
88.0 ±2.1 
42.5 ±1.9 
8.4 ±1.2 

55 ± 2 

58 ± 1 

21.9± 1.7 

16.9 ±2.4 

15.6 ±2.9 

20.0 ±2.3 

0.71 ±0.31 

These data was extracted from the experimental results which is displayed in figure 4 

to figure 4-4 
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Figure 4-1: External cycles temperatures (poly) 
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Figure 4-2: Internal temperatures (poly) 
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4.1.2. TUB 

Seven sets of results are also available from experiments performed at TUB. One 

arbitrary set of results is presented in table 4-2. These sets of results were obtained from 

the experiments that the shown if figure 4-5 to 4-8. 

The conditions under which the results were obtained are described in chapter 4.1.1. 

Table 4-2: Experimental results obtained from phoenix prototype 

Input 
parameters 

7\ (°C) 
T, (°C) 
Ts (°C) 

m\(kg/sec) 
ml(kg/sec) 
ml(kg/sec) 
m°r(kg 1sec) 

output 

T2 TO 
T4 TO 
Tfi (°C) 
T7 (°C) 
r« (°c) 
Tq (°Q 
Tin TO 
Tn TO 
Tc. TO 
TE (°C) 

wt 

Wt 
y wt 
QG(kW) 
Qc(kW) 
Q*(kW) 
QA(kW) 

COP 

Setl 

90.4 ±1.1 
11.7± 0.8 
27.2 ±1.3 

0.339 ±0.01 
0.877 ±0.01 
0.722 ± 0.01 

0.110 ±0.003 

81.6±1.3 
8.8 ±1.0 

31.2± 1.6 
34.5 ±1.8 
80.6 ±2.5 
41.5 ±2.0 
33.8 ±2.9 
78.1 ±1.8 
36.2 ±0.6 
5.2 ±1.2 

60 ± 3 

58 ± 5 

12.5 ±1.5 
10.0 ±3.8 
9.7 ±2.7 
12.2 ±1.5 
0.74 ± .35 
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Figure 4-5: External cycle temperature (TUB) 
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Figure 4-6: Solution-refrigerant cycle temperature (TUB) 
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Figure 4-7: Rich and poor solution concentrations (TUB) 
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Figure 4-8: Heat load of each heat exchanger (TUB) 

4.2.Simulation results 

First estimation 

The numerical method used in this model requires a first estimation for all the output 

parameters which user should introduce to the system. This first estimation is critical to 
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the convergence of the solution. However the value of the first estimation (within the 

appropriate range) does not have any effect on the output results. 

The first estimation used for the following results is the same and has not been changed 

for each set. The values of the first estimation is presented in table 4-3 

Table 4-3: First estimation used for most calculations 

T2 (°C) 

r4 (°g 

T6 (°C) 

T7 (°C) 

T8 (°C) 

r9 (°c) 

70 

59 

20 

32 

3 

30 

T1Q (°C) 

Tu (°C) 

Tc (°C) 

TE (°C) 

wt 
* » • ( - : % ) wt 

wt 
xP(— %) 

v wt 

61 

30 

25 

2 

0.30 

0.30 

In order to validate the dependency of the output results on the first estimation, each 

value has been changed within the appropriate range which is: 

• Temperature: the first value should be higher than zero. Each value which is 

presented in table 4-3 could be changed ±15°C and the output will not be 

effected. However if the values is out of range it will result in divergence and no 

results will be displayed. 

• Concentration: the concentration could be varied from 0.2 to 0.6 and the value 

does not change the output of the model 

Relaxation factor 

The relaxation factor which is used for all the results (and is also recommended for 

further calculations) is 0.5 or 0.6. 

With the right number of relaxation factor, the number of iterations would be between 

21 and 37 times. This means a very short time of calculations of 0.5 seconds to display 

the results. 
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Table 4-4 presents the data for a hypothetical situation with the characteristics of the 

prototype in Ecole Polytechnique, which is the result of this model: 

Table 4-4: Computed values for hypothetical input parameters 

Input parameters 

output 

Calculated 

Tt (°C) 

T* TO 
Ts TO 

m\{kg / sec) 
m\{kg / sec) 
m°s(kg/sec) 
m°r(kg / sec) 

T2 TO 
T* TO 
T, TO 
T7 TO 
T8 TO 
r, TO 
r10 TO 
7*11 TO 
7> TO 
r* TO 

wt 

^ wt 
Q G (W) 

&(MiO 
<?*(W) 
0*<W) 

COP 

100 
18 
25 

0.450 
0.900 
0.550 
0.110 

simulation 

91.70 
14.09 
31.70 
38.30 
85.97 
35.06 
42.98 
88.39 
40.58 
9.62 

56.2 

59.6 

15.7 
15.2 
13.7 
15.4 
0.87 

4.3. Results Validation 

In previous chapter, the results gathered from experimental studies and the procedure to 

simulate the thermal behaviour for a given input parameters were given. 

Overall 23 sets of data are available. Each set was simulated for the given input 

parameters and the result is compared to their respective experimental value in order to 

verify the validity and observe for the possible inaccuracies. 



65 

23 tables are prepared in appendix C. These tables present the value of both 

experimental and the comparison between the experimental data and the simulated 

values shows a good agreement between the values. There are certain differences which 

are insignificant and could be explained by statistical analysis. The statistical analysis is 

performed on the experimental values. This analysis confirms the reliability of the 

values. 

As an example one comparison is presented below. This set is selected from the data 

gathered. The statistical analysis is done for the largest difference found in the 

comparisons done for 20 sets of data. This shows that the computed values, in spite of 

the differences, are still in a very good agreement. 

As an example among the 20 sets of data gathered, two sets are compared in this chapter 

which is a comparison of the experimental results presented in previous chapter (7.1.1 

and 7.1.2). For the complete set please see appendix C. 

4.3.1. Validation with Polytechnique data set 

Table 4-6 presents the comparison between the experimental values and computed 

output for same input values. This comparison has been performed for the prototype at 

Ecole Polytechnique. The input values are the values measured during the experiment. 

Table 4-6 and 4-7 contain four main columns: 

• Experimental results: This column presents the average value of each parameter 

(a). Standard deviation (a) of each parameter is also presented. 

• Simulation output: The output is calculated for the given inputs for each set. 

Then the simulation is done for the average value, the maximum (|i+a) and 

minimum (u - a). 

• Differences: this column presents the differences between respective experiment 

and simulation. 

• Ratio of the difference and standard deviation: this ratio shows the sensitivity of 

the simulation to the changes of the measurements. Values larger than 1.00 

shows high sensitivity of the model to variation of the measurement. 
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• The complete comparison for 13 sets of data is available in appendix C. 

As it is described in chapter 3.1.1, PACAS had a liquid hold up anomaly under certain 

conditions. Under these conditions, the machine operates with steady state conditions; 

however the outputs are lower than expected values. Table 4-5 presents an example of 

the results obtained while overflowing was occurred. The simulation of the same 

situation is also presented. Large differences between the experiment and simulation are 

observed. 

Table 4-5: results from an overflowing in evaporator, PACAS 

Input 
parameters 

Ti (°C) 
T3 (°C) 

T5 (°C) 

ml(kg/sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m°r(kg / sec) 

output 

QG{kW) 

Qc(kW) 

QE(kW) 

QA{kW) 

COP 

RUN 5 - Polytechnique 

75.4 
25.0 

34.0 

0.113 

0.743 

0.219 

0.193 

Experiment 

3.60 

0.90 

0.30 

2.70 
0.09 

Simulation 

5.64 

3.98 

5.52 

5.52 

0.68 

Exp - Sim 

-2.04 

-3.08 

-5.22 

-2.82 
-0.59 
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This comparison shows a large difference between experiment and simulation. And as it 

was expected this problem was due to overflowing in the evaporator. However for the 

13 sets of data which the system is operating with no irregularity the results are 

matching and these results are available in appendix C 

4.3.2. Validation with TUB data set 

Table 4-7 presents the comparison of the experimental values against the computed 

values for same input parameters. These values were obtained by the prototype at TUB. 

This table includes the same columns which are explained in chapter 4.3.1. 
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4.3.3. Comparison of the results of two models 

As it was explained in chapter 3.8, another model was created with different sets 

equations (although they are all heat and mass balance equations). In this chapter, the 

results from each model are compared against experimental results and each other. 

As an example set 2 from experimental results at TUB was chosen. Table 4-8 shows the 

results. Simulation A is the main model presented in this work and simulation B is the 

model inspired the model described in chapter 3.8. 

Table 4-8: Comparison of experiments and two simulations 

Input parameters 

7\ (°C) 

Ta (°Q 
7"s C°C) 

m\ (kg /sec) 
m\(kg/sec) 
mlCkg/sec) 
m°r(kg/sec) 

output 

7V C°C) 
7*4 (°C) 

T, (X) 
T7 (°C) 
T« (°Q 
Tq (°C) 
rin(°c) 
Tn C°C) 
Tr. (°C) 
TR (°C) 

,wt N 

wt 
xP (—%) 

v wt QaikW) 

QcXkW) 

Set 1 - TUB 

90.36 
11.69 
27.22 
0.339 
0.877 
0.722 
0.110 

Experiment 

81.6 
8.8 

31.2 
34.5 
80.7 
35.8 
36.1 
78.1 
36.2 
5.2 

58 

60 

12.49 

9.96 

Model 
presented in 

this work 
82.2 
8.5 

31.0 
34.6 
78.7 
34.2 
38.7 
79.7 
36.1 
5.9 

56 

59 

11.60 

11.10 

Model based on 
ZAE 

85.9 
9.4 

29.3 
31.9 
75.7 
29.5 
42.5 
85.7 
33.0 
7.5 

57 

59 

6.40 
8.05 
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QrXkW) 
QA(kW) 

COP 

9.65 
12.15 
0.77 

10.83 
11.35 
0.93 

7.89 
6.25 
1.23 

4.3.4. Comparison analysis 

Results are compared and as it is seen there are certain differences between the 

computed values and measured ones. These differences could be explained as follows: 

As an example figures 4-9 to 4-12 show that the measured values are fluctuating even 

though the steady state operation has been reached. These oscillations could be caused 

by several reasons. The most important cause is the controlling program of the system. 

This flaw causes the following results which eventually cause fluctuation in the 

measured values: 

1) The flowrate of the streams (hot, chilled and cooling water and rich solution) are 

not constant. The variations of these flowrates cause variations in the process. 

Figure 4-9 is an example of the variation of flowrate of service fluids versus 

time. However for both prototypes a similar trend is observed and in spite of all 

the efforts to improve the PID (controlling software) the problem still remains. 

Another issue is the flowrate of the refrigerant between condenser and 

evaporator (streamB and 14). The flowrate is a result of the pressure difference 

between two heat exchangers and not a pump. Hence the flowrate is a function 

of the pressure difference which is also varying during the process. As it is 

observed in the experiments this flowrate is changing dramatically by time. 

Figure 4-10 shows the fluctuation of the refrigerant flowrate versus time. The 

same situation also exist for the poor solution (stream 8 and 9) 
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11:17 lm* 11:37 

Figure 4-9: Fluctuation of the flowrate in hot water pump 

2/6 

25Q^r 

11:17 Tims 11:37 

Figure 4-10: Fluctuation of the flowrate in refrigerant pump 

2) The hot source is provided by an electrical heater which heats up the water by 

heating elements. The elements are heat up by on/off electrical currents. Since 

there is no buffer zone between the electrical heater and the generator, the hot 

water inlet temperature (7^) oscillates around the fixed value. Figure 4-11 

illustrates the variation of the temperature. 

As it is observed during the experiments, this value could vary for 2 to 5 °C once 

the steady state is reached. Since the chilled water is warmed up by similar 

electrical heater, similar pattern is also seen for the chilled water inlet 

temperature(T3). Figure 4-12 illustrates the fluctuation of this parameter by time. 
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Figure 4-11: fluctuation of the hot water temperature 
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Figure 4-12: fluctuation of the chilled water inlet temperature 

3) There are also several human errors which cause certain inaccuracies in the 

results obtained such as: 

a. Incorrect calibration of the PT (temperature) sensors. 

b. Tip of PT sensors are not exactly in the center of the pipe, therefore the 

temperature measured does not represent the actual temperature of the 

stream. 

The biggest difference observed between the computed and measured parameter is (T8) 

which is 2.6°C. 

The experimental data for this particular measurement is shown in figure 4-13 (set 1 at 

TUB) 
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Figure 4-13: Poor solution leaving the generator (set 1, TUB) 

As it is seen in figure 4-13, TB is varying in the range of 77 to 88°C. 

The arithmetic average value for a period of 20 minutes (100 values) is 

H = 82.7°C 

The standard deviation of the population for this parameter is: 

a = 2.9°C 

The value calculated by the model is 

T8 = 82.1°C 

This shows the value obtained from the model is within the range of experiment. The 

comparison was performed for the largest difference observed between the experiments 

and computed values. This shows that other differences which are smaller are also 

reliable and there are good agreements between these values. 

Hence the model can correctly predict the operating parameters. 
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CHAPTER 5 : SENSITIVITY OF THE M O D E L 

In operating an absorption heat pump, a variation in any input variable (or any other 

variable related to characteristic of the machine) changes all the other dependent 

variables. When an input changes, the entire cycle reacts to reach a new equilibrium 

operating conditions. 

In the present chapter, the sensitivity of the model is presented. However, it should be 

reminded that this is not similar to dynamic behaviour. This model does not exhibit the 

complex dynamic behaviour but it represents the eventual steady state behaviour of 

these prototypes. 

In order to do so, all the input parameters are fixed except one. By varying one 

parameter the consequences are monitored on power output and COP of the prototype. 

5.1. Heat transfer coefficient 

First the effect of changes of the heat transfer coefficient of each heat exchanger on the 

heat capacity and COP is presented. The validity of these charts is also verified by 

comparison to available sensitivity analysis performed by Herold (1996) pages 125-136. 

The results are presented in graphs of Q Vs. U and COP Vs. U. 

In this study, the input parameters are the design values of the PACAS prototype which 

are shown in table 5-1: 

Table 5-1: Input parameters 

7*1 (°C) 
T3 (°C) 
T5 (°C) 

rn^kg/sec) 
m\(kg/sec) 
m°5(kg/sec) 
m°r(kg/sec) 

95 
12 

27 

0.48 

0.60 

1.05 
0.08 

In all cases, the input parameters are fixed. The varying parameter is the respective heat 

transfer coefficient. 
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Figures 5-1 to 5-5 illustrate the effect of varying each heat exchanger overall heat 

transfer coefficient on the heating load of all exchangers: 

5.1.1. Generator 

-Q_G Q_C — Q_A Q_E 

15.00 

Q(kW) 

1.00 
COP 

0.95 
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0.85 

0.80 
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Figure 5-1: Effect of generator heat transfer coefficient on load and COP 

5.1.2. Evaporator 
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Figure 5-2: Effect of evaporator heat transfer coefficient on load and COP 
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Figure 5-3: Effect of absorber heat transfer coefficient on load and COP 

5.1.4. Condenser 
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Figure 5-4: Effect of condenser heat transfer coefficient on load and COP 



80 

5.1.5. Solution Heat Exchanger 

COP 

* « . - • • - - • 

0*6 • 

«,M • »~— tit ' 

t j i \m %m j,s* <w> • • —™__.^_™™»^ 

Figure 5-5: Effect of SHX heat transfer coefficient on load and COP 

The influence of heat transfer coefficient on performance is summarized in figures 5-1 

to 5-5. In each figure, the COP and capacity are plotted versus U of that particular heat 

exchanger. In all cases, the same general trend is observed. That is, the COP is relatively 

insensitive to changes in U except for very small values of U where the COP decreases 

as U decreases. Capacity is more sensitive to U with the exception of the solution heat 

exchanger U which does not have much influence on the capacity. Since U and A 

appears as a product (U.A) in all equations, any effect of variation is observed for U 

could also be predicted for the product of U.A. This means any effect of changes 

observed for Uis also the same for U.A. 

5.2.External cycle inlet temperature 

In this section the effects of variation in the inlet temperature on heat capacities and 

COP are presented. 

Figures 5-6 to 5-8 illustrate the changes in heat loads and COP versus temperature of hot 

water, cooling water and chilled water inlet. All other parameters are fixed as it is shown 

in table 5-1 

Q l l — «u§ — « „s — . O L A — SUE 

%$,w • — • — — 

V 
mKX 
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Figure 5-6: Effect of hot water inlet temperature on load and COP 

5.2.2. Absorber 
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Figure 5-7: Effect of cooling water inlet temperature on load and COP 
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Figure 5-8: Effect of chilled water inlet temperature on load and COP 

A simple example of the interdependence of the heat loads has been obtained by varying 

the inlet temperature while holding other input parameters constant. The summarized 

influence of the inlet temperature of hot, cooling and chilled water is illustrated in 

figures 5-6 to 5-8. The temperature is chosen so it stays in the practical range. These 

figures show: 

• In all cases the heat loads of the exchangers are influenced by inlet temperatures. 

This variation is approximately linear within the practical range chosen for these 

calculations. 

• In none of the cases COP is not influenced by the inlet temperature variations. 

• Increasing the hot water inlet in the generator or chilled water in evaporator 

results in increasing the heat loads of all exchangers. However COP remains 

rather unchanged. 

• Increasing the absorber cooling water inlet results in less rejection heat removed 

from the system, hence the decrease of the heat load of all exchangers. In this 

case the variation in COP is insignificant. 
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CHAPTER 6 : CONCLUSION AND RECOMMENDATIONS 

A brief introduction of heat pumps and the process of VRHP were presented. Next the 

absorption heat pumps were introduced and the unit operations were explained. 

A mathematical model of two prototype absorption heat pumps based on heat and mass 

balance equations was created. 

This model calculates the performance characteristics of the machine by defining the 

input variables during a steady state operation. 

This simulation program was created with MATLAB. A numerical iterative solution 

was chosen to solve the nonlinear simultaneous equations extracted from heat and mass 

balances. These equations are overall heat balance of the AHP and over the five heat 

exchangers. The iterative solution is the expanded Newton - Raphson method. 

These prototype absorption chillers which are available at Ecole Polytechnique and 

TUB are single effect absorption heat pumps with working fluid of aqueous LiBr. Both 

prototypes have similar designs. However there are differences in heat transfer 

coefficients and heat transfer areas. 

Substantial amount of experiments were performed on both prototypes under various 

operational conditions. These tests were particularly helpful to understand the thermal 

behaviour of the machine. The experiments on the prototypes were performed by A. 

Costa, A. Jahnke and others and the experiments on the prototype at TUB were 

performed by the author. 

In addition, objectives obtained at this work are summarized as follows: 

• The model presented in this work is based on heat and mass balance equations 

and the output parameters are calculated by a code developed in MATLAB. 

• This model calculates the temperature in all streams in the prototype at a steady 

state operation. These values are used to calculate the heat load of each heat 

exchanger and eventually the COP of the chiller. 

• To validate the results of the simulation, they were compared to the experimental 

studies. Since the values obtained during the experimental measurements, the 

average of the values was calculated. Standard deviation of each measurement 
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was also calculated. The comparison between the calculated value, average and 

standard deviation of each parameter confirms that outputs of this simulation are 

reliable and accurate results. 

• Comparison between the simulation in this work and the model inspired by the 

equations developed at ZAE Bayern shows higher accuracy in the results 

obtained in this work (By comparison with experimental data gathered from both 

prototypes). The equations used in the simulation developed at ZAE Bayern was 

published, however the code itself, is classified. Hence the results were 

reproduced under same conditions (same numerical method, same first 

estimations and etc). It was possible to obtain better results from the model 

presented in this work. This is due to less number of equations used (12 

equations in this work compared to 19 equations used at ZAE model). In 

addition a few hypotheses were modified. 

• The sensitivity of the model on heat transfer coefficient was evaluated. The 

sensitivity studied the effect of heat transfer coefficient of each heat exchanger 

on power output of all four exchangers (generator, condenser, evaporator and 

absorber) and COP of the machine. 

This study shows that increasing the heat transfer coefficient (U) or heat transfer 

area (A), increases the heat load of the AHP and in all cases (all exchangers) 

same trend was observed. Furthermore this study shows that COP is relatively 

insensitive to changes in U.A except for very small values of UA where the COP 

decreases as UA decreases. 

• The effect of the inlet temperature of each external cycle (hot water inlet, cooling 

water inlet, chilled water inlet) on power output and COP of the prototypes was 

studied. This study shows that increasing the hot water and chilled water inlet 

result in increasing of heat loads and this variation is rather linear. COP however 

remains unchanged. Decreasing the cooling water inlet temperature results in 

increasing of the heat loads of all exchangers and COP also stays rather 

unchanged. 
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There are several steps which could be taken in order to improve the model presented in 

this work: 

• This code measures the output for a single effect absorption chiller with working 

fluid of aqueous LiBr. The physical and thermodynamic properties of LiBr 

solution are calculated through models taken from the literature. In order to 

change the working fluid to other pairs (such as Water - Ammonia), these 

properties should be adapted to the new solution. In addition, the equations 

should be adapted (if necessary) for the new components. For instance, if the 

absorbent exists in the refrigerant loop, it should be considered in the equations. 

• The sensitivity of the outputs on the heat transfer coefficient (and area) of the 

SHX has been studied and has been confirmed with the literature. However the 

effectiveness of the SHX has not been taken into account in this model. The 

effectiveness of this exchanger could impact the outputs of the machine. In order 

to improve this model further study could be carried out so it could contain this 

property (SHX effectiveness). 

• The equations presented are for a single effect absorption heat pump. These 

equations could be rearranged so it could carry out the same performance for a 

"thermo transformer". In addition, the equations for a double effect, double lift 

or any other arrangement could be extracted and this code could be adapted for 

different types of heat pumps. 

• This model was tested according to the experimental results available. The 

prototypes were tested under conditions which were recommended by the design 

values. In order to confirm the outputs of the model, both prototypes and the 

model could go through extreme conditions and by comparison, it could be 

confirmed whether this model is also reliable for extreme conditions. 

• This model does not respond for crystallization. Further step could be developing 

new subroutines to show the conditions under which crystallization may occur. 
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APPENDIX 

Appendix A: computer program 

Codes 
Run_me.m 

This is the main code which will be executed. It clears the memory from previous 

parameters. Then it introduces a file "eqns_independent.m" which the series of 12 

equations are located. 

Then, an array is introduced which contain all the first estimates. At this point user is 

asked for a relaxation factor. After entering the relaxation factor (rho) the function 

"newton.m" is performed on the file which is previously introduced. 

User can repeat the calculation as many number as necessary till convergence is 

reached. 

eqnsindependenLm 

First this file calls another m file which contains all the "input variables" and "constant 

parameters". Then assign all enthalpies in all streams to their respective arrays. For 

LiBr, the function name is "hJLiBr.m" and for water the function name is "XSteam.m". 

Then the 12 equations are introduced which the variables are xx to x12. 

Newton, m 

This function performs the Newton - Raphson method on the series of nonlinear 

equations. The Jacobian matrix is calculated by a simple numerical method. The 

convergence factor is introduced as explained in chapter 6.3. The maximum number of 

iterations is fixed at 1000 times. In case the maximum number of iterations is reached 

and convergence is not still obtained, the loop breaks and the user is warned and asked 

to correct the relaxation factor. 

LMTD.m 

This function calculates the logarithmic temperature difference as function of inlet and 

outlet streams temperature. 

XSteanum & h LiBr.m 
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XSteam.m is a complete function of water physical properties. In this program it 

calculates the enthalpy of the water for certain temperature. 

For the enthalpy of LiBr solution, the function calculates the enthalpy of the solution 

with the available model [999] and returns the value. 

ALiBr.m & BLiBr.m 

These functions calculate the Duhring coefficient as a function of the solution 

concentration. 

Run_me.m 

% Simulation of thermal, behavior of an Absorption Heat Pump 

% This program presents the solution of 

% the Mass and Energy balances of an AHP 

% To solve the simultaneous Non-Linear equations 

% Newtonian Method is used. 

% clear the screen and previous parameters 

clear all; clc; 

% This file contains all the nonlinear, independent equations. 

f name = ' eqns__ind.epend.ent' ; 

% Newtonian method for simultaneous nonlinear equations 

repeat = 1; 

while repeat 

% initial guess 

% x = [ T_8, T__9 , T_10 , T_ll , T_7 , T_4 , X_r , T___6 , T___2 , 
T E , T C, X p ] 

xO = [ 2 ,25 , 30.0 , 15.0 , 11.0 , 30.0, .3 , 5 ,40 , 2 
,25, .3 ]; 

% xO = [ 3 ,30 , 61.0 , 30.0 , 22.0 , 59.0, .3 , 20 ,70 , 2 
, 25, .3 ]; 

% input the relaxation factor by the user, vary between [0.1 to 1] 

rho = input('relaxation factor: Rho= ' ) ; 

http://eqns__ind.epend.ent
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[x,iter] = Newton (fname,xO,rho,[]); 

fprintf('\n results \n T_ 8 = %6.3f \n T__ 9 = %6.3f \n T_10 -
%6.3f \n T 11 = %6.3f \n T 7 = %6.3f \n T 4 ="%6.3f \n X r = %6.3f 
\n T 6 = %6.3f \n T_2 = ¥6.31: \n T E = %6.3f \n T C = %6.3f \n X p 
= %6.3f \n\n',x); 

fprintf('\n solution reached after %3d iterations. \n\n',iter); 

% repeat the calcualtions for another relaxtion factor or 
estimation 

repeat = input(' Repeat the calculations (0/1)?'); 

end 

eqnsindependentm 

function f = eqns_indep(x,xl,x2,x3,x4,x5,x6,x7,x8) 

% The following equations are developed for an AHP 

% with the following given constant values. 

% This m file is updated on September 4 2007 by Keyvan Bararpour 

% this file introduce the constant values 

% of the the operating parameters 

setl_TUB; 

h_ll = h_LiBr(x(4) ,x(7)); h_8 = h_LiBr(x(l) ,x(12)); 

h_9 = h_LiBr(x(2),x(12)); h_10 = h_LiBr(x(3),x(7)); 

h_15 = XSteam('hV_T',x(10)); h_12 = XSteamf'hV_T',x(11)); 

h_13 = XSteam('hLT',x(ll)); h_14 = h_13; 

% x = [ x(l) ,x(2) ,x(3) ,x(4) ,x(5) ,x(6) ,x(7) ,x(8) ,x(9) ,x(10) 
,x(ll), X p] 

% x - [ T__8 , T_9 ,T_10 ,T_11 , T_7 , T___4 , X_r , T_6 , T_2 , T_E 
,T C , x(12) ] 

f(l) = (A_LiBr(x(12))+(B_LiBr(x(12))*x(ll)))-(x(l)) 

f(2) = U_SHX * A_SHX * LMTD(x(l), x(2), x(3), x(4))-mdot_r * ( h_ll -
h_10 ); 

f(3) = 
(A_LiBr(x(7))+(B_LiBr(x(7))*x(10)))aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa-(x(3)) ; 
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f(4)= mdot_r * ( h_ll - h_10 ) - ( ( mdot_r * (x(7) / x(12) )) * ( h_ 
- h_9 ) ); 

f(5) = mdot_5*Cp_5*(x(8)-T_5) - U_A*A_A*LMTD(x(2),x(3),T_5,x(8)) ; 

f(6) = mdot_l*Cp_l*(T_l-x(9)) - U_G*A_G*LMTD(T_l,x(9),x(4),x(1)) ; 

f(7) = mdot_3*Cp_3*(T_3-x(6)) - U_E*A_E*LMTD(T_3,x(6),x(10),x(10)) ; 

f(8) = mdot_5*Cp_5*(x(5)-x(8))- U_C*A_C*LMTD(x(11),x(11),x(8),x(5)) ; 

f(9) = mdot_5*Cp_5*(x(5)-x(8))-(1-(x(7)/x(12)))*mdot_r*(h_12-h_13) 

f(10) = mdot_3*Cp_3*(T_3-x(6)) - (1-(x(7)/x(12)))*mdot_r*(h_15-h_14) 
f 

f(ll) = (mdot_l*Cp_l*(T_l-x(9))) - ((mdot_r * (((1-
(x(7)/x(12)))*h_12)+((x(7)/x(12))*h_8)-(h_ll)))) ; 

f(12) = mdot_l*Cp_l*(T_l-x(9))+mdot_3*Cp_3*(T_3-x(6))-
mdot_5 *Cp_5 *(x(5)-T_5); 

f = f; 

Newton.m 

function [xnew, iter] = Newton(fnctn , xO , rho, tol, varargin) 

if nargin < 4 lisempty (tol) 

tol = le-6; 

end 

if nargin < 3 lisempty (tol) 

rho = 1; 

end 

xO = (x0(:).')'; 

nx = length(xO); 

x = xO * 1.05; 

xnew = xO; 

iter = 0; 

maxiter = 1000; 

while max (abs(x-xnew)) > tol & iter<maxiter 

iter = iter + 1; 



x = xnew; 

%below written line is BS 

% fprintf('\n new values \n xl = %6.4f \n x2 = %6.4f \n x3 = 
\n x4 = %6.4f \n x5 = %6.4f \n x6 = %6.4f \n x7 <=-- %6.4f \n x 
%6.4f \n x9 = %6.4f \n xlO = %6.4f \n xll = %6.4f \n xl2 = 
\n\n",x); 

fnk = feval(fnctn,x,varargin{:}); 

for k = l:nx 

if x(k) ~= 0 

dx(k) = x(k)/500; 

else 

dx(k) = 1/500; 

end 

end 

a = x; 

b = x; 

for k = 1 : nx 

a(k) = a(k) - dx(k); fa = feval (fnctn,a,varargin{:}); 

b(k) = b(k) + dx(k); fb = feval (fnctn,b,varargin{:}); 

Jacob (:,k) = (fb-fa)/(b(k)-a(k)); 

a(k) = a(k) + dx(k) ; 

b(k) = b(k) - dx(k) ; 

end 

if det(Jacob) == 0 

xnew = x + max([abs(dx),1.l*tol]); 

else 

xnew = x - rho * inv(Jacob) * fnk; 

end 

end 

if iter >= maxiter 



93 

disp("Warning: Maximum iteration reached') 

end 

h LiBr.m 
% this m file is the Enthalpy of Lithium Bromide solution as a function 
of X 

% and I' 

% T degree C 

% X wt % (salt/solution) 

function enthalpy_LiBr = h_LiBr (T,X) 

t = T + 273.15; 

XX = X * 100; 

aO = -954.8 ; 

al = 47.7739; 

a2 = -1.59235; 

a3 = 2.09422*(10A(-2)); 

a4 = -7.689*(10A(-5)); 

bO = -3.293*(10A(-1)); 

bl = 4.076*(10A(-2)); 

b2 = -1.36*(10A(-5)); 

b3 = -7.1366*(10A(-6)); 

cO = 7.4285* (10A(-3)); 

cl = -1.5144*(10A(-4)); 

c2 = 1.3555*(10A(-6)); 

dO = -2.269*(10A(-6)); 

551 = aO + ( al * XX ) + ( a2 * XX * XX ) + ( a3 * XX * XX * XX ) + ( 
a4 * XX * XX * XX * XX ); 

552 = t * ( bO + (bl * XX ) + ( b2 * XX * XX ) + (b3 * XX * XX *XX ) ) 
/ 

553 = (t A 2) * ( cO + cl * XX + c2 * XX * XX ); 

554 = ( t A 3 ) * dO 
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enthalpy_LiBr = SSI + SS2 + SS3 + SS4; 

A LiBr.m 
%Duhri ng-Feuere c k e r coe f f i ci ent A _Li Br 

function ALIBR = A_LiBr (X); 

a_0 = 0.0 ; 

a_l = +1.6634856 *10A(+1) 

a_2 = -5.5338169 *10A(+2) 

a_3 = +1.1228336 *10A(+4) 

a_4 = -1.1028390 *10A(+5) 

a_5 = +6.2109464 *10A(+5) 

a_6 = -2.1112567 *10A(+6) 

a_7 = +4.3851901 *10A(+6) 

a_8 = -5.4098115 *10A(+6) 

a_9 = +3.6266742 *10A(+6) 

a_10 = -1.0153059*10A(+6) 

ALIBR = 
a_0*(XA0)+a_l*(XAl)+a_2*(XA2)+a_3*(XA3)+a_4*(XA4)+a_5*(XA5)+a_6*(XA6)+a 
7*(XA7)+a 8*(XA8)+a 9*(XA9)+a 10*(X A10); 

B LiBr.m 
%Duhring-Feuerecker coefficient B___LiBr 

function BLIBR = B_LiBr (X); 

b_0 = 1.0 ; 

b_l = -6.8242821 *10A(-2) ; 

b_2 = +5.8736190 *10A(0) ; 

b_3 = -1.0278186 *10A(+2) ; 

b_4 = +9.3032374 *10A(+2) ; 

b_5 = -4.8223940 *10A(+3) ; 

b_6 = +1.5189038 *10A(+4) ; 

b 7 = -2.9412863 *10A(+4) ; 
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b_8 = +3.4100528 *10A(+4) ; 

b_9 = -2.1671480 *10A(+4) ; 

b_10 = +5.7995604 *10A(+3) ; 

BLIBR = 
b_0*(XA0)+b_l*(XA1)+b_2*(XA2)+b_3*(XA3)+b_4*(XA4)+b_5*(XA5)+b_6*(XA6)+b 
_7*(XA7)+b_8*(XA8)+b_9*(XA9)+b_10*(XA10); 

LMTD.m 

% Logarithmic temperature difference for heat exchangers 

% Th__i = Hot Fluid Inlet 

% Th o = Hot Fluid Outlet 

% Tc__i = Cold Fluid Inlet 

% Tc_o = Cold Fluid Outlet 

function logmtd = LMTD ( Th_i , Th_o , Tc_i , Tc_o ); 

del_l = abs(Th_i - Tc_o); 

del_2 = abs(Th_o - Tc_i); 

% if (Tc_i > Tc_o) I | (Th_i < Th_o) | I (del_l * del__2 <= 0) | I (deljl 

== del2} 

% LMTD=0; 

% ' the temperatures are not valid, please check again' 

% else 

logmtd = (del_l - del_2) / log((del_l / del_2)); 

% end 
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Appendix B: P&ID of the AHP 
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Appendix C: Results 

Input 
parameters 

7\ (°C) 
T3 (°C) 
T5 (°C) 

ml(kg/sec) 

m°3(kg/sec) 

ml(kg/sec) 

ml {kg 1'sec) 

output 

T2 (°C) 

r4 (°c) 
T6 (°C) 
T7 (°C) 
T8 (°C) 

T9 (°C) 

rio (°Q 
r n (°c) 
rc ( °Q 
TE (°C) 

X r (—%) 
wt 
wt 

^ wt 
QG(kW) 

QcikW) 

QE(kW) 

QA(kW) 
COP 

Set 1-TUB 

90.4 ±1.1 

11.7±0.8 
27.2 ±1.3 

0.339 ±0.01 

0.877 ±0.01 

0.722 ±0.01 

0.110 ±0.003 

Experiment 

81.6±1.3 

8.8 ±1.0 

31.2± 1.6 
34.5 ±1.8 
80.6 ±2.5 

41.5 ±2.0 
33.8 ±2.9 

78.1 ±1.8 

36.2 ±0.6 
5.2 ±1.2 

60 ± 3 

58 ± 5 

12.5 ±1.5 

10.0 ±3.8 

9.7 ±2.7 

12.2 ±1.5 
0.74 ±.35 

simulation 

82.2 

8.5 
30.9 

34.6 
78.7 

40.0 
36.7 

79.7 

36.1 
5.9 

59 

56 

11.6 

11.1 

10.8 

1 1.3 
0.94 

Exp - Sim 

-0.6 

0.3 
0.3 
-0.1 
2.1 

1.5 
-2.8 

-1.6 

0.1 
-0.7 

1 

2 

0.9 

-1.2 

-1.1 

0.9 
0.20 
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Input 
parameters 

Tx (°C) 

T3 (°C) 
T5 (°C) 

rn^kg/sec) 

m°3 (kg/sec) 

m5(kg/sec) 

mr(kg/sec) 

output 

T2 (°C) 

74 (°C) 
T6 (°C) 

T7 (°C) 
T8 (°C) 
T9 (°C) 

T-io CO 
T n (°C) 

Tc (°C) 
TE (°C) 

wt 
Xr(— o/o) 

wt 
wt 

* p ( — %) 
F wt (?G(fcH0 

Qc(kW) 

QE(kW) 

QA(kW) 

COP 

Set 2-TUB 

93.9 ±1.0 

12.2 ±0.7 
29.4 ±1.3 

0.238 ±0.01 

0.863 ± 0.01 

0.719 ±0.01 

0.088 ± 0.004 

Experiment 

83.7 ±1.2 

9.5 ±1.0 
33.3 ±1.5 
36.3 ±1.6 

81.0 ±0.6 
37.0 ±1.7 
40.2 ± 0.5 

73.2 ±2.0 

37.8 ±0.6 

6.7 ±0.8 

59 ± 1 

58 ± 5 

10.23 ±1.5 

9.06 ±1.8 

8.77 ±1.4 

11.53 ±1.9 

0.86 ±.25 

Simulation 

83.4 

9.2 

32.8 
36.1 
81.2 

35.6 
40.2 
75.2 

37.5 

6.9 

59 

56 

10.52 

9.96 

9.71 

10.28 

0.92 

Exp - Sim 

0.3 

0.3 
0.4 
0.1 
-0.2 
1.4 

0.0 

-2.0 

0.3 
-0.2 

0 

3 

-0.29 

-0.90 

-0.94 

1.25 

-0.07 



Input 

parameters 

Tx (°C) 

T2 (°C) 

T5 (°C) 

m^kg/sec) 

m°3(kg/sec) 

ml(kg/sec) 

mr(kg 1sec) 

output 

T2 (°C) 

r4 (°c) 
T6 (°C) 

T7 (°C) 

T8 (°C) 

T9 (°C) 

7̂ 10 (°Q 
T u (°C) 

Tc (°C) 

rE (°c) 
wt 

Xr(—o/o) 
wt wt 

^ p ( — % ) 
y wt 
QG(kW) 

Qc(kW) 

QE(kW) 

QAQ<W) 
COP 

Set 3 -TUB 

92.3 ±1 .0 

11.1 ±0 .7 

27.3 ±1 .2 

0.246 ±0.01 

0.874 ±0.01 

0.721 ±0.01 

0.082 ± 0.003 

Experiment 

81.67 ±1.2 

8.72 ±1 .0 

30.78 ±1 .6 

33.56 ±1 .4 

81.28 ±2 .9 

35.00 ±2.1 

36.63 ± 2.8 

77.79 ± 2.4 

34.95 ±1 .6 

5.76 ±0 .7 

59 ± 3 

61 ± 6 

11.04±1.5 

8.43 ±1 .8 

8.05 ±2 .7 

10.48 ±2.5 

0.73 ± 0.5 

Simulation 

81.80 

8.12 

30.85 

34.25 

79.55 

33.71 

38.56 

79.97 

35.64 

5.70 

56 

59 

10.91 

10.30 

10.06 

10.70 

0.92 

Exp - Sim 

-0.13 

0.60 

-0.07 

-0.69 

1.73 

1.29 

-1.93 

-2.18 

-0.69 

0.06 

3 

2 

0.14 

-1.87 

-2.01 

-0.22 

-0.19 



Input 
parameters 

T1 (°C) 

T3 (°C) 

T5 (°C) 

rn^kg/sec) 

rn3(kg/sec) 

ms(kg 1sec) 

mr(kg 1sec) 

output 

T2 (°C) 

r4 (°g 
T6 (°C) 

T7 (°C) 

Ts (°C) 

T9 (°C) 

rio (°Q 
Tn CO 

Tc (°C) 

TE (°C) 
wt 

^ r ( — % ) Wt 
Wt 

^ wt 
0G(W) 
<?C(W) 

Q£(/cM0 

^ ( W ) 

COP 

Set 4 - T U B 

75.9 ±0.4 

18.0 ±0.3 

26.5 ± 0.6 
0.319 ± 0.01 

0.717 ±0.01 

0.855 ±0.01 

0.073 ± 0.02 

Experiment 

67.9 ± 0.8 

15.6 ±0.5 

29.8 ± 0.9 

32.8 ±1.1 
67.2 ±1.6 

34.0 ±1.3 
33.4 ±2.7 
64.1 ±2.9 
34.4 ± 0.9 

13.3 ±0.8 

53 ± 3 

55 ± 5 

10.65 ±1.3 

9.00 ±1.2 

8.01 ±2.3 

9.94 ±1.2 

0.75 ± .4 

Simulation 

68.4 

15.1 

29.8 

33.0 
65.9 

32.8 
36.1 
66.2 

34.3 
12.8 

51 

54 

9.94 

9.60 

9.55 

9.87 

0.96 

Exp - Sim 

-0.5 
0.5 

0.0 

-0.2 
1.3 
1.2 
-2.7 
-2.1 

0.1 
0.5 

2 

1 

0.71 

-0.59 

-1.54 

0.07 

-0.21 



Input 
parameters 

7\ (°C) 
T2 (°C) 

r5 (°c) 
m^kg/sec) 

m°3 {kg /sec) 

m°5(kg/sec) 

mr(kg / sec) 

output 

T2 (°C) 

r4 (°c) 
T6 (°C) 
T7 (°C) 
T8 (°C) 

T9 (°C) 

7*10 (°C) 
7-u (°C) 
Tc (°C) 

r£ (°c) 
wt 

Xr(—%) 
wt wt 

Xp(—%) v wt 
QG{kW) 

Qc(kW) 

QE{kW) 

QA(kW) 

COP 

Set 5-TUB 

65.8 ±0.4 

18.0 ±0.3 

26.4 ±0.6 
0.321 ±0.01 

0.717 ±0.01 

0.855 ±0.01 

0.072 ± 0.002 

Experiment 

59.9 ±0.6 
16.2 ±0.7 

28.9 ±0.9 
31.2±1.0 
58.9 ±1.2 

32.8 ±1.5 
31.9±2.1 

57.0 ±1.9 
32.3 ±0.8 

14.3 ±0.6 

50 ± 4 

51 ± 6 

7.93 ± 0.7 

6.77 ±1.4 

5.87 ±2.3 

7.39 ±1.9 
0.74 ±0.8 

Simulation 

60.0 
15.7 

29.0 
31.5 
58.0 
31.4 

33.6 

58.4 

32.5 

13.9 

48 

51 

7.77 

7.50 

7.57 

7.69 
0.97 

Exp - Sim 

-0.1 
0.5 

-0.1 
-0.3 
0.9 

1.4 

-1.7 

-1.4 

-0.3 
0.4 

2 

0 

0.17 

-0.73 

-1.69 

-0.30 
-0.23 



Input 
parameters 

TX (°C) 
T3 (°C) 

T5 ("0 
m°1(kg/sec') 

m°3(kg/sec) 

ms(kg/sec) 

mr(kg / sec) 

output 

T2 (»0 

r4 (°o 
r6 CO 
r7 CO 
T8 CC) 

r9 co 
T-io (°Q 

rn co 
rc cc) 
7* CO 

wt 
Xr(r- %) wt 

wt 

^ wt 
QG{kW) 

Qc(kW) 

QE(kW) 

QA(kW) 
COP 

Set 6 - TUB 

85.9 ±1.2 

18.0± 1.0 
28.2 ±1.2 

0.316 ±0.01 
0.718 ±0.01 

0.855 ±0.01 

0.073 ± 0.001 

Experiment 

76.3 ±1.4 

15.3 ±1.5 
32.0 ±1.4 

35.5 ±1.6 
76.0 ± 2.7 

36.7 ±2.8 
36.2 ±2.9 
72.0 ± 2.9 

37.4 ±1.0 
13.2 ±1.2 

54 ± 3 

57 ± 5 

12.77 ±2.1 

11.41 ±2.5 

8.95 ±2.1 

10.53 ±2.2 

0.70 ±0.35 

Simulation 

77.4 

14.8 
31.9 

35.5 
74.7 

35.0 
39.0 
74.9 

37.0 
12.2 

53 

56 

11.28 

11.04 

10.54 

10.81 

0.93 

Exp - Sim 

-1.1 

0.5 
0.1 

0.0 
1.3 
1.7 
-2.8 
-2.9 

0.4 

1.0 

1 

1 

1.49 

0.37 

-1.58 

-0.28 

-0.23 



Input 
parameters 

Tx TO 
T3 (°C) 

r5 (°c) 
ml(kg/sec) 

m°3(kg/sec) 
mlikg/sec) 
m°r(kg/sec) 

output 

T2 (°C) 

r4 (°c) 
T6 (°C) 
T7 (°C) 

T8 (°C) 
r9 (°c) 

Tio TO 
Tn TO 
rc TO 
TE TO 

wt 

^c(fcW0 

Qc(feMO 
&(fcW0 
QA(kW) 

COP 

Set 7 -TUB 

90.9 ±1.3 

18.0 ±0.9 

28.7 ±1.2 

0.311 ±0.01 

0.719 ±0.01 

0.856 ±0.01 

0.077 ± 0.001 

Experiment 

80.5 ±1.5 

15.0± 1.2 
33.0±1.6 
36.6 ±1.0 

80.1 ±1.5 
38.5 ±2.9 

39.6 ±1.5 

77.2 ±1.7 
38.6 ±1.0 

13.0 ±1.9 

56 ± 3 

58 ± 5 

13.55 ±2.0 

10.90 ±2.1 

9.89 ±2.4 

12.77 ±2.1 

0.73 ± .5 

Simulation 

81.6 
14.5 

32.7 
36.6 

78.7 

36.1 

41.0 

78.9 
38.2 

11.8 

54 

58 

12.15 

11.71 

11.53 

11.87 

0.95 

Exp - Sim 

-1.1 
0.5 

0.3 
0.0 
1.4 
2.4 

-1.4 

-1.7 
0.4 

1.2 

2 

1 

1.40 

-0.81 

-1.65 

0.90 

-0.22 



Input 
parameters 

Tx TO 
T3 TO 
T5 (°C) 

ml(kg/sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m°r(kg / sec) 

output 

T2 (°C) 

T4 (°C) 

T6 TO 
T7 (°C) 
T8 (°C) 

r9 (°c) 
7*10 TO 
T±1 (0C) 

7c TO 
TE TO 

x r (—%) 
wt 

QcCfcv/) 
Qc(kW) 

QE(kW) 

QA(kW) 
COP 

AC4 - Polytechnique 

95.0 ±0.5 

20.0 ±0.7 

30.0 ±0.7 

0.612 ±0.01 

0.671 ± 0.03 

0.743 ± 0.03 

0.184±0.011 

Experiment 

86.5 ± 0.9 

15 ± 1.1 
37.1 ±1.0 

43.1 ±1.2 

85.2 ±1.7 
36.0 ±1.6 

43.1 ±1.9 
88.0 ±2.1 

42.5 ±1.9 
8.4 ±1.2 

55 ± 2 

58 ± 1 

21.9± 1.7 

16.9 ±2.4 

15.6 ±2.9 

20.0 ±2.3 

0.71 ±0.31 

Simulation 

86.6 

14.2 

36.8 

43.4 

86.6 
37.3 

41.6 
87.1 

43.8 
9.2 

56 

58 

21.6 

18.6 

18.1 

19.2 

0.84 

Exp - Sim 

-0.1 

0.8 

0.3 

-0.3 

-1.4 
-1.3 

1.5 
0.9 

-1.3 
-0.8 

-1 

0 

0.26 

-1.69 

-2.50 

0.85 

-0.13 



Input parameters 

7"i (°C) 

T3 CO 

T5 (°C) 

ml(kg/sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m°r(kg/sec) 
output 

T2 (°C) 

T4 C»C) 

7-6 TO 
r7 TO 

T8 TO 
r9 TO 

T-io (°C) 

T-ii TO 

rc TO 
TE TO 

wt 

0c(fcMO 

&W 
QE(kW) 

QAQ<W) 

COP 

AC1 - Polytechnique 

90.3 ± 0.3 

15.1 ±1.3 

27.4 ± 0.8 

0.436 ±0.01 

0.591 ±0.01 

0.666 ±0.01 

0.200 ± 0.004 

Experiment 

80.8 ± 0.5 

10.3 ±1.8 

33.1 ±1.1 

37.7 ±1.9 

78.0 ±1.5 

35.0 ±1.0 

39.2 ±1.2 

77.8 ±2.1 

40.1 ±1.0 

8.1 ±1.2 

58 ± 2 

56 ± 5 

17.30 ±2.0 

12.80 ±2.1 

13.80 ±2.5 

15.90 ±2.1 

0.69 ± 0.30 

Simulation 

80.7 

8.5 

33.5 

39.5 

79.4 

35.2 

38.3 

79.7 

39.7 

7.4 

57 

55 

17.56 

14.79 

15.38 

17.07 

0.93 

Exp - Sim 

0.1 

1.8 

-0.4 

-1.8 

-1.4 

-0.2 

0.9 

-1.9 

0.4 

0.7 

1 

1 

-0.26 

-1.99 

-1.58 

-1.17 

-0.24 



Input 
parameters 

7i (°C) 
T3 (°C) 

Ts TO 
ml(kg/sec) 

ml(kg/sec) 

m°5(kg/sec) 

m°r(kg / sec) 

output 

T2 (°C) 

r4 (°c) 
7*6 TO 

TV TO 
r8 TO 
r9 c o 
no TO 
r n CO 
7c TO 
TE CO 

Oc(fc^) 
Q C ( W ) 

&(fcW) 

QA(kW) 

COP 

AC2 - Polytechnique 

87.4 ±0.2 

15.1 ±1.1 

27.4 ±1.0 

0.392 ±0.01 

0.586 ±0.01 

0.670 ±0.01 

0.189 ±0.002 

Experiment 

77.6 ±0.5 
10.5 ±2.0 

32.7 ±1.3 
37.1 ±1.7 

77.8 ±1.3 

35.1 ±1.0 

38.1 ±2.0 

78.9 ±2.3 
36.5 ±2.8 
6.4 ±1.7 

58 ±4 

55 ± 6 

16.20 ±1.0 

13.20 ± 2.8 

11.40 ±2.9 

15.00 ±2.0 

0.71 ±0.7 

Simulation 

77.8 
8.9 

33.0 

38.5 

76.5 

34.6 
37.4 

76.8 
38.7 
7.9 

55 

56 

15.82 

15.47 

14.26 

15.75 

0.96 

Exp - Sim 

-0.2 
1.6 

-0.3 
-1.4 

1.3 

0.5 

0.7 
2.1 
-2.2 
-1.5 

3 

-1 

0.38 

-2.27 

-2.86 

-0.75 

-0.25 



Input 
parameters 

7\ (°C) 

T3 (°C) 

T5 (°C) 

ml(kg/sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m°r(kg/sec) 

output 

T2 (°C) 

74 (°C) 

T6 (°C) 
T7 (°C) 

T8 (°C) 

T9 (°C) 

7*10 (°C) 

7*11 (°C) 

rc (°c) 
TE (°C) 

wt 

0G(W) 
Qc(fc^) 
(^(W) 
QA(kW) 

COP 

AC3 - Polytechnique 

95.3 ±0.1 

15.0 ±0.9 

27.5 ±1.1 

0.452 ±.01 

0.597 ±.01 

0.663 ± .02 

0.181 ±.003 

Experiment 

85.4 ±0.5 
9.9 ±2.1 

33.6±1.1 

38.7 ±2.4 

85.4 ±0.6 

84.7 ±1.0 
33.7 ±2.2 
40.1 ±0.4 

86.0 ±2.6 

38.5 ±2.7 

54 ± 3 

59 ± 6 

18.70±1.1 

15.02 ±2.8 

13.90 ±2.9 

17.10±2.0 

0.69 ± 0.6 

Simulation 

85.2 
8.0 

34.2 

40.6 

85.2 

83.9 
35.8 
39.7 
84.1 
40.8 

56 

59 

19.17 

17.82 

16.54 

18.66 

0.92 

Exp - Sim 

0.2 

1.9 

-0.6 

-1.9 

0.2 
0.8 

-2.1 
0.4 

1.9 
-2.3 

-2 

0 

-0.47 

-2.80 

-2.64 

-1.56 

-0.23 



Input 
parameters 

7\ (°C) 

T3 (°C) 

r5 (°c) 
m°x(kg / sec) 

ml(kg/sec) 
m°5(kg/sec) 
m°r(kg / sec) 

output 

T2 (°C) 
T, C°C) 
rfi (°c) 
T7 (°C) 
T8 (°C) 
T9 (°C) 

T10 (°C) 

7*11 (°C) 

rc (°c) 
TE (°C) 

wt 
Z r ( — % ) 

wt wt 

Q G ( W ) 
Qc(kW) 
OAkW) 
QA(kW) 

COP 

RUN 2 - Polytechnique 

70.0 

15.0 
26.5 
0.618 
0.254 
0.185 
0.184 

Experiment 

68.2 
13.1 
32.6 
36.0 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 

N/A 

N/A 

4.80 
2.70 
2.00 
4.70 
0.42 

Simulation 

66.4 
8.2 

38.4 
48.1 

66.3 
32.5 
34.0 
67.2 
38.2 

10.2 

52 

51 

9.48 
7.53 
7.27 
9.23 
0.77 

Exp - Sim 

1.8 
4.9 
-5.8 

-12.1 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 

N/A 

N/A 

-4.68 
-4.83 
-5.27 
-4.53 
-0.35 

This is an example of overflowing of refrigerant from the evaporator into the absorber. 

As it is observed the differences of the simulation and experimental values are high. 



RUN 9 - Polytechnique 

70.0 ±0.8 

6.0 ±0.9 

26.5 ± 0.6 

0.131 ±0.01 

0.737 ±0.01 

0.611 ±0.01 

0.153 ±0.004 

Input parameters 

n (°c) 

T5 (°C) 

m[(kg/sec) 

m°3(kg/sec') 

ms(kg/sec) 

m°r(kg / sec) 

output 

T2 (°C) 

7*4 (°C) 
T6 (°C) 

T7 (°C) 
Ts (°C) 

7*9 (°Q 

7*10 (°Q 
Tu (°Q 

7c (°C) 
TE (°C) 

wt 
Xr (—o/o) 

wt 
wt 

* ^ % > 

QE(kW) 

QAV<W) 

COP 

Experiment 

63.5 ±1.3 
5.8 ±1.6 

27.6 ±1.0 
28.1 ±1.8 
62.3 ± 0.6 

28.7 ±1.0 
31.1 ±1.1 
63.0 ±1.1 
31.6±1.3 
4.3 ±1.0 

52 ± 2 

53 ± 4 

3.60 ±1.5 

1.20 ±2.6 

0.70 ±3.0 

2.90 ±1.5 

0.35 ±0.3 

Simulation 

62.6 

4.7 

28.1 

29.6 

61.9 

29.3 

30.4 

62.4 

30.4 

3.6 

53 

54 

4XT7 

3.85 

3.30 

4.11 

CL68 

Exp - Sim 

0.9 

1.1 

-0.5 

-1.5 

0.4 

-0.6 

0.7 

0.6 

1.2 

0.7 

-1 

-1 

-0.47 

-2.65 

-2.60 

-1.21 

-0.33 



Input 
parameters 

r i (°C) 
T3 (°C) 

Ts (°C) 
ml(kg/sec) 

m°3(kg/sec) 

m°s(kg/sec) 

m°r(kg / sec) 

output 

T2 (°C) 
T4 (°C) 

T6 (°C) 
T7 (°C) 

T8 (°C) 
79 (°C) 

Tio (°Q 
Tu (°C) 

rc (°c) 
TE (°C) 

wt 
^ r ( — % ) Wt 

Wt 

<2G(fcW0 
Q C ( W ) 

QE(kW) 

QA(kW) 

COP 

RUN 10 - Polytechnique 

75.0 ±0.3 
14.8 ±0.6 

28.8 ±0.9 

0.619 ±0.01 

0.746 ±0.01 

0.670 ±0.01 

0.158 ±0.004 

Experiment 

69.9 ±0.5 

11.6±1.0 
32.7 ±1.4 

36.5 ± 0.9 
68.0 ±1.2 
32.1 ±1.7 

36.1 ±1.9 
69.4 ±1.0 

37.1 ±1.2 

10.8 ±1.7 

53 ± 3 

57 ± 5 

13.30±1.2 

10.70 ±2.1 

10.00 ±2.0 

11.00± 1.8 

0.75 ± .20 

Simulation 

69.9 

10.8 
31.4 

36.0 

68.5 
32.7 

35.0 

68.7 
36.2 

9.6 

52 

54 

13.25 

11.95 

11.54 

9.32 

0.87 

Exp - Sim 

0.0 
0.8 
1.3 
0.5 

-0.5 
-0.6 

1.1 

0.7 
0.9 

1.2 

1 

3 

0.05 

-1.25 

-1.54 

1.68 

-0.12 
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Input 
parameters 

Tx (°C) 

T3 CO 
T5 (°C) 

ml(kg/sec) 

m°3(kg/sec) 

m°s(kg/sec) 

m°r(kg / sec) 

output 

T2 (°C) 

r4 (°c) 
T6 (°C) 

7V (°C) 

r8 (°Q 

r9 (°c) 
T-io (°C) 
rxl (°Q 
Tc (°C) 

^ (°c) 

Xr(—%) 
wt 
wt 

Xp (— %) 

Oc(fcVK) 

Oc(fe^) 

<3i?(W) 
&(M*0 

COP 

RUN 16 - Polytechnique 

110.0 ±0.7 

15.0 ±0.3 

34.1 ±0.7 

0.590 ±0.01 

0.740 ±0.01 

0.657 ±0.01 

0.215 ±0.002 

Experiment 

101.3 ±1.4 
11.0±0.5 
40.8 ±1.1 

46.1 ±1.6 
100.0 ±1.2 

43.1 ±1.9 

49.0 ±1.8 
97.8 ±2.1 

48.0 ±1.9 
5.2 ±1.8 

58 ± 2 

63 ± 3 

21.60 ±2.2 

14.70 ±1.8 

12.40 ±1.6 

18.50±1.7 

0.75 ±0.30 

Simulation 

101.3 
10.3 
41.5 

47.3 
98.8 

44.0 
47.9 
99.7 

47.1 
6.8 

60 

62 

21.52 

15.76 

14.74 

20.53 

0.68 

Exp - Sim 

0.0 
0.8 
-0.7 

-1.1 
1.2 

-0.9 

1.1 
-1.9 

0.9 
-1.6 

-2 

1 

0.08 

-1.06 

-2.34 

-2.03 

-0.10 



Input 
parameters 

Tt (°C) 
T3 (°C) 

r5 (°c) 
ml(kg/sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m°r(kg / sec) 

output 

T2 (°C) 

T4 (°C) 

T6 (°C) 

T7 (°C) 
T8 (°C) 

T9 (°C) 

7̂ 10 (°C) 

Tn (°C) 
Tc (°C) 

TE (°C) 
wt 

wt 

Q G ( W ) 

<2C(W) 
QB(/cl40 

<^<w) 
COP 

RUN 14 - Polytechnique 

110.0 ±0.8 

15.0 ±0.7 
26.4 ± 0.9 

0.577 ±0.010 

0.550 ±0.010 

0.652 ±0.010 

0.181 ±0.005 

Experiment 

104.2 ±1.1 

10.8 ±1.5 
31.8 ± 1.1 

36.5 ±1.6 
97.0 ±1.7 
40.3 ±2.1 
45.2 ±1.8 

97.6 ±2.0 

43.6 ±1.7 
4.7 ±1.9 

63 ± 2 

64 ± 4 

14.10 ±2.9 

12.70 ±2.8 

9.80 ±2.9 

14.90 ±2.6 

0.70 ±0.5 

Simulation 

103.3 

9.5 
32.3 

37.8 
96.1 
39.2 
44.3 
96.4 

42.9 

3.4 

61 

63 

16.25 

15.07 

12.71 

16.16 

0.78 

Exp - Sim 

0.9 

1.3 
-0.5 

-1.3 
0.9 
1.1 
0.9 
1.2 

0.7 
1.3 

2 

1 

-2.15 

-2.37 

-2.91 

-1.26 

-0.08 



Input 
parameters 

7\ (°C) 

r3 (°o 
T5 (°C) 

m^kg/sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m°r(kg/sec) 

output 

T2 (°C) 
T4 (°C) 

T6 (°0 
T7 (°0 
T8 (°C) 

T9 (°C) 

T-io (°C) 
Tu CO 
rc CQ 
TE (°C) 

Xr (—%) 

Q G ( W ) 

Qc{kW) 

QE{kW) 

QA(kW) 

COP 

RUN 6 - Polytechnique 

110.0 ±0.6 

15.0 ±0.9 

26.5 ± 0.7 

0.089 ±0.010 

0.743 ±0.010 

0.161 ±0.010 

0.139 ±0.005 

Experiment 

88.0±1.1 
13.7± 1.6 

37.0 ±1.9 

46.7 ±1.8 
87.6 ±1.6 

39.1 ±1.7 
42.4 ±1.5 

89.7 ±1.6 
48.6 ±1.9 

11.6 ± 1.7 

53 ± 2 

57 ± 4 

8.20 ±2.6 

4.90 ± 2.7 

4.10±2.1 

7.10 ±2.1 

0.50 ±0.3 

Simulation 

88.5 
12.6 

38.0 
48.4 

88.1 

38.6 
41.0 

88.4 

49.5 
10.5 

55 

56 

8.00 

7.04 

5.89 

7.78 

0.74 

Exp - Sim 

-0.5 
1.1 

-1.0 
-1.7 

-0.5 

0.5 
1.4 

1.3 

-0.9 
1.1 

-2 

1 

0.20 

-2.14 

-1.79 

-0.68 

-0.24 



Input 
parameters 

7\ (°C) 
n TO 
T, TO 

ml(kg/sec) 
ml(kg/sec) 
m°s(kg/sec) 
rr£f(kg/sec) 

output 

T2 TO 
r* TO 
Tfi C°C) 

r7 TO 
rR TO 
r, TO 
r10 TO 
r„ TO 
TC TO 
TE TO 

wt 
x r (— %) 

wt 

QG{kW) 

Qc(kW) 
Qp.dkW) 
QA(kW) 

COP 

RUN 15 - Polytechnique 

110.0 ±0.9 
6.1 ±1.2 
34.0 ±1.0 

0.123 ±0.010 
0.740 ±0.010 
0.616 ±0.010 
0.157 ±0.005 

Experiment 

106.0 ±1.0 
4.0 ±1.3 
38.0 ±1.5 
42.0 ±1.7 
102.0 ±0.8 
41.0 ±0.6 
45.0 ±0.8 
102.0 ±0.9 
44.0 ±1.1 
1.0± 1.2 

53 ± 1 

56 ± 1 

12.09 ±1.5 
10.30 ±1.9 
9.29 ±1.7 
12.87 ±1.9 
0.77 ± 0.2 

Simulation 

105.9 
3.5 

37.7 
42.1 
101.6 
41.1 
45.4 
101.9 
44.0 
0.4 

53 

56 

12.53 
11.29 
10.92 
12.16 
0.87 

Exp - Sim 

0.1 
0.5 
0.3 
-0.1 
0.4 
-0.1 
-0.4 
0.1 
0.0 
0.6 

0 

0 

-0.4 
-1.0 
-1.6 
0.7 
0.10 
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Input 
parameters 

7\ (°C) 

T3 (°C) 
T5 (°C) 

ml(kg/sec) 

m°3(kg/sec) 

m°s(kg/sec) 

m°r(kg / sec) 

output 

T2 (°C) 

r4 (°c) 
T6 (°C) 

T7 (°C) 
T8 (°C) 

r9 (°Q 

7*10 (°C) 

T1X (°C) 

Tc (°C) 
T£ (°C) 

wt 

Wt 

Q G ( W ) 

Qc(fc^) 
QE(kW) 

QA(kW) 

COP 

RUN 1 - Polytechnique 

69.9 ±0.5 

6.7± 1.1 
26.5 ± 0.8 

0.107 ±0.015 

0.256 ±0.010 

0.195 ±0.010 

0.158 ±0.005 

Experiment 

64.3 ± 0.8 
6.3 ±2.1 

30.0 ±1.8 

30.3 ±2.3 

64.0 ± 0.5 
28.7 ±1.1 
32.2 ±1.6 

66.9 ± 2.3 

31.1 ±1.7 
3.5 ±1.2 

52 ± 2 

55 ± 3 

2.50 ±1.0 

0.30 ±2.3 

0.40 ± 2.4 

2.90 ±1.7 

0.14± 1.2 

Simulation 

64.6 
4.4 

29.4 

32.5 

63.7 
29.6 
30.8 

64.5 

32.6 
4.1 

53 

54 

2.38 

2.54 

2.47 

2.37 

1.04 

Exp - Sim 

-0.3 

1.9 

0.6 

-2.2 

0.3 
-0.9 
1.4 

2.4 

-1.5 
-0.6 

-1 

1 

0.12 

-2.24 

-2.07 

0.53 

-0.90 



Input 
parameters 

7\ (°C) 

T3 (°C) 

r5 (°Q 

m\(kg 1sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m°r(kg 1sec) 

output 

T2 (°C) 

T4 (°C) 
T6 (°C) 

T7 (°C) 
T8 (°C) 
T9 (°C) 

T-io TO 
Tu (°C) 

rc (°c) 
TE (°C) 

wt 
*v ( -7%) 

QG{kW) 

Qc(kW) 

QE(kW) 

QA(kW) 

COP 

RUN 8 - Polytechnique 

110.0 ±0.2 

15.1 ±0.9 
34.0 ±0.8 

0.603 ±0.010 

0.266 ±0.010 

0.194 ±0.010 

0.153 ±0.010 

Experiment 

105.5 ±0.5 

12.2 ±1.7 
43.1 ±1.6 

54.9 ±1.9 
99.8 ±2.1 
28.9 ±1.8 

33.4 ±1.6 
101.0± 1.4 

63.0 ±1.7 

5.0 ±1.2 

57 ± 1 

53 ± 2 

11.40±1.1 

7.00 ±1.9 

3.20 ±2.1 

7.40 ± 2.0 

0.28 ±0.50 

Simulation 

105.4 

11.0 
44.0 

56.0 
101.7 
28.5 

32.9 
102.1 

61.5 

4.3 

56 

54 

11.66 

8.30 

4.57 

8.15 

0.39 

Exp - Sim 

0.1 

1.2 
-0.9 

-1.1 
-1.9 
0.4 

0.5 
-1.1 

1.5 

0.7 

1 

-1 

-0.26 

-1.30 

-1.37 

-0.75 

-0.11 



Input 
parameters 

7i (°C) 
T3 TO 
T5 TO 

ml(kg/sec) 

m°3(kg/sec) 

m°5(kg/sec) 

m°r(kg / sec) 

output 

r2 TO 
r4 TO 
r6 TO 
r7 TO 
T8 TO 
r9 TO 
T-io TO 
7ii TO 
rc TO 
TE TO 

wt 
^ r ( — % ) Wt 

0c(fcMO 
Oc(fc^) 
QE(kW) 

QA(kW) 

COP 

RUN 7 - Polytechnique 

110.7 ±0.5 

6.0 ±0.9 
34.0 ±0.2 

0.099 ±0.01 

0.259 ±0.01 

0.199 ±0.01 

0.200 ±0.001 

Experiment 

95.6 ±1.6 

3.9 ±2.7 
40.2 ±0.8 
44.1 ±1.3 
95.0 ±2.6 
39.1 ±2.8 
40.8 ±2.1 

99.2 ±2.0 

45.8 ±1.5 

2.0 ±1.0 

60 ± 2 

63 ± 4 

6.70 ±2.5 

2.30 ±2.2 

1.30 ±2.9 

5.20 ±1.8 

0.19 ±0.1 

Simulation 

97.1 
2.1 
39.9 

45.3 
96.9 
40.4 
42.7 

98.3 

46.1 
1.2 

61 

62 

5.63 

4.52 

4.25 

4.94 

0.75 

Exp - Sim 

-1.5 

1.8 
0.3 
-1.2 
-1.9 
-1.3 
-1.9 

0.9 

-0.3 

0.8 

-1 

1 

1.07 

-2.22 

-2.95 

0.26 

-0.56 
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Appendix D: h and U calculations 

4„Ae = 0.00008107 COP-0.7526 diameter = 0.0127 

f=30 length = 0.6 mP=0.\S54 mvap= 0.006394 

SF = 4 thickness = 0.00127 wet A =111.8 wetE=l\4.5 

xp = 58.91 xm = 57.93 xr= 56.95 

where: 
40( total main heat exchanger area (without SHX area) [m2] 

4„fe area of a single tube [m2] 
diameter, length, thickness length, external diameter and thickness of a tube [m] 
COP efficiency of the chiller [-] 
TJSHX efficiency of the solution heat exchanger [-] 

f solution recirculation rate [-] 

m mass flow; index p for poor solution, index r for rich solution, index vap for 
vapour [kg/s] 
SF safety factor for calculation of pressure drops in the bundles 
wet describes wetting behaviour of the working fluid in the heat exchanger; index 
A for absorber, index E for evaporator, index G for generator [1/mh] 
x fluid concentration; index p for poor solution, index r for reach solution, index 
m for mean solution concentration [weight %] 

Kr 8-087 

1SHX= 0-88 

m, = 0.1918 

wetG- 115.6 
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h and U calculations (cont'd) 

Evaporator 
Absorber 
Generator 
Condenser 
SHX 

Evaporator 
Absorber 
Generator 
Condenser 

Evaporator 
Absorber 
Generator 
Condenser 
Where: 
A 
DTlog 
U 
Q 
pint 

A 
2.09 
2.51 
2.24 
0.25 
2.19 

timean 

3.61 
40.03 
80.33 
38.48 

w_tube 

0.76 
1.11 
0.50 
1.48 

LMTD 
4.781 
10.85 
9.382 
5.087 
6.45 

ti_l 

3.61 
43.48 
74.89 
38.48 

alpha 

2913 
5822 
4409 
7616 

heat exchange 

U 
1.5 
0.7 
0.95 
2.5 
1 

ti_o 

3.61 
38.04 
82.47 
38.48 

Nusselt 

50.91 
96.03 
66.84 
125.6 

area [m2] 

Q 
15 
19.04 
19.93 
15.91 
14.13 

z 

0.8866 
0.9999 
0.9702 
0.9594 

Re 

5770 
14072 
13977 
18804 

logarithmic mean temperature [K] 
U-va lue [kW/(n i2K)] 
heat exchanger capacity [kW] 
internal working pressure 

Pint 
0.79 

6.79 

zeta 

1 
1.27 
1.329 
1.061 

Pr 

9.649 
5.406 
2.220 
5.406 

R 
1 
0.8654 
0.8654 
1 

tubes 

87.4 
104.8 
93.4 
52.3 

mass 

0.596 
1.047 
0.475 

in evaporator/absorber and com 
R, z, zetaparameters for the optimisation of the heat exchanger 
Te 
out [°C] 
Ti 
out [°C] 
tubes 
columns 
rows 
f 
w_tubes 
alpha 
Nusselt, Re, 
mass 
passes 
ext pressure 

external temperatures; index mean 

internal temperatures; in 

tota 

dex mean 

T 
1 e,mean 9 
29.18 
90 
33.18 

columns 

5 
6 
6 
9 

passes 

9 
9 
8 
6 

T • T 
' ex ' e.o 
12 6 
27 31.36 
95 85 
31.4 35 

row f 

s 
17.5 15 
17.5 0 
15.6 0 
5.8 
ext.pressure 
drop 
169.4 
352.2 
65.05 
492.8 

jenser/generator [kPa] 
areas (Root criteria [8]) [-] 

for mean temperature 

for mean temperature, 

number of tubes; round up to integer value [-] 
number of tube columns [-] 
num ber of tube rows [-] 
recirculation rate [-] 
water velocity in the tubes [m/s] 
water side heat transfer coefficient [W/(m2K)] 

Pr Nusselt, Reynold and Prandtl numbers [-] 
external water flow rate [kg/s] 
number of passes [-] 

dropexternal pressure drop in the tubes [kPa] 

index i for 

index i for 

in, index o for 

n, index o for 
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Appendix F: Recalculation of heat transfer coefficient from the results 

Set 1 - TUB 

output 

UG 

Uc 

UE 

UA 

Experiment 

2.51 
1.22 

0.64 

0.82 

Simulation 

2.90 

1.69 

0.76 

0.78 

Error % 

13.3 

28.0 

16.3 

-4.9 

Set2 -TUB 

output 

UG 

Uc 

UE 

uA 

Experiment 

0.50 

2.51 
1.38 

0.75 

Simulation 

0.78 

2.82 
1.72 

0.76 

Error % 

35.82% 

10.76% 
19.94% 
0.76% 

Set 3 -TUB 

output 

UG 

Uc 

uE 
UA 

Experiment 

0.64 

2.56 

1.25 
0.71 

Simulation 

0.78 

2.88 

1.71 
0.76 

Error % 

17.65% 

11.22% 

26.91% 
6.81% 

Set 4 - T U B 

output 

UG 

Uc 

UE 

UA 

Experiment 

0.73 
2.44 

1.51 
0.80 

Simulation 

0.78 
2.89 

1.70 
0.76 

Error % 

6.60% 
15.59% 

11.07% 
-5.16% 



Set 5 - TUB 

output 

UG 

Uc 

uE 
UA 

Experiment 

0.69 

2.59 

1.38 

0.70 

Simulation 

0.78 

2.88 

1.70 

0.76 

Error % 

11.04% 

10.01% 

18.77% 

8.45% 

Set 6 - TUB 

output 

UG 

Uc 

UE 

UA 

Experiment 

0.76 
2.42 

1.70 
0.74 

Simulation 

0.78 
2.88 

1.70 

0.76 

Error % 

2.10% 
16.00% 

0.06% 

3.02% 

Set 7 -TUB 

output 

UG 

Uc 

UE 

UA 

Experiment 

0.85 

2.39 
1.88 

0.71 

Simulation 

0.78 

2.88 
1.70 

0.76 

Error % 

-9.59% 

16.94% 
-10.58% 

6.89% 

Run AC 1 - Polytechnique 

output 

UG 

Uc 

UE 

uA 

Experiment 

0.87 
2.67 
1.39 
0.84 

Simulation 

0.95 
2.44 

1.50 
0.69 

Error % 

8.18% 
-9.40% 
7.38% 

-20.91% 



Run AC2 - Polytechnique 

output 

uG 
Uc 

uE 
VA 

Experiment 

1.43 
2.58 
1.28 

0.84 

Simulation 

0.95 
2.46 
1.49 

0.70 

Error % 

-51.42% 
-4.65% 

14.07% 

-19.70% 

Run AC3 - Polytechnique 

output 

UG 

Uc 

uE 
uA 

Experiment 

0.86 

2.48 

1.52 
0.53 

Simulation 

0.95 

2.43 

1.48 
0.71 

Error % 

9.34% 

-1.97% 

-2.30% 
25.89% 

Run AC4 - Polytechnique 

output 

UG 

Uc 

uE 
UA 

Experiment 

1.39 

3.29 
1.26 

0.98 

Simulation 

0.96 

2.49 
1.50 

0.70 

Error % 

-44.97% 

-32.08% 

16.05% 

-40.18% 

Run 1 - Polytechnique 

output 

UG 

Uc 

uE 
UA 

Experiment 

0.74 
0.72 

0.99 
0.80 

Simulation 

0.95 
2.50 
1.53 

0.70 

Error % 

22.71% 
71.42% 
35.23% 
-14.75% 



Run 6 - Polytechnique 

output 

UG 

Uc 
UE 

UA 

Experiment 

0.89 

1.10 
0.94 

0.46 

Simulation 

0.94 

2.49 

1.50 
0.79 

Error % 

5.10% 

55.95% 
37.62% 
41.23% 

Run 7 - Polytechnique 

output 

UG 

Uc 
UE 

UA 

Experiment 

0.61 

2.22 
1.38 
0.58 

Simulation 

0.95 

2.48 
1.55 
0.68 

Error % 

35.44% 

10.35% 
10.85% 
15.01% 

Run 8 - Polytechnique 

output 

UG 

Uc 

uE 
UA 

Experiment 

0.73 

1.70 
1.12 
0.82 

Simulation 

0.95 

2.49 
1.50 
0.70 

Error % 

23.11% 

31.72% 
24.90% 
-17.01% 

Run 9 - Polytechnique 

output 

UG 

Uc 

UE 

UA 

Experiment 

0.81 
2.70 
1.44 

0.53 

Simulation 

0.93 
2.50 
1.50 
0.69 

Error % 

13.34% 
-7.93% 
4.13% 

23.25% 



Run 10 - Polytechnique 

output 

UG 

Uc 

UE 

uA 

Experiment 

0.90 

2.26 
1.52 

0.81 

Simulation 

0.95 

2.50 
1.50 

0.70 

Error % 

4.91% 
9.80% 
-1.86% 

-15.77% 

Run 14 - Polytechnique 

output 

UG 

Uc 

UE 

UA 

Experiment 

1.06 
2.61 

1.53 
0.66 

Simulation 

0.95 
2.50 

1.49 
0.69 

Error % 

-11.60% 
-4.53% 

-2.20% 
4.95% 

Run 15 - Polytechnique 

output 

UG 

Uc 

uE 
uA 

Experiment 

0.94 

2.28 
1.34 

0.79 

Simulation 

0.95 

2.49 
1.49 

0.70 

Error % 

1.03% 
8.47% 

10.15% 
-13.41% 


