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Abstract   

The current increase of the energy demand is mainly due to the increase in energy consumption in the 
building-tertiary sector where 20% of the energy consumption is dedicated to air conditioning due to 
the increase of the average global temperature of 1°C. However, the use of conventional chiullers and 
heat pumps has a considerable impact on global warming. Acting in the building sector would therefore 
make it possible to considerably reduce its carbon impact and its consequences. 

Sorption systems have raised the interest of the scientific community in recent years due to their 
energy efficiency, high energy density, and potential use for solar heat during summer periods. 
Absorption systems, in particular, appear to be a good alternative to the mechanical compression 
refrigeration systems for different reasons such as their low electrical consumption. The operation of 
these thermodynamic machines is based on the implementation of various heat and mass exchangers 
(absorber, desorber, evaporator and condenser). The objective of this present research is to 
characterize in detail the phenomena of coupled mass and heat transfer at the local and component 
scales in the most critical exchangers: the evaporator and the absorber. The approach adopted is based 
on the thermodynamic analysis of these exchangers, according to the recent developments of the 
Thermodynamics of Irreversible Processes (TIP), with the aim of identifying the various local sources 
of irreversibilities, responsible for a degradation of the overall performance of the system.  
 

Chapter I provides a state of the art of the coupled heat and mass transfer models and applications 

of the thermodynamic of irreversible processes in the absorber, in order to understand the main 

assumptions and limits of the different models.  For a deep understanding of entropy generation 

sources in simpler exchangers, Chapter II is devoted to the study of an evaporator before including 

the coupled heat and mass transfer encountered in absorbers in the next chapters. The heat transfer 

fluid and film energy balances are solved simultaneously through a 2D model using an implicit finite 

difference scheme. Local and overall analysis are performed in order to study the impact of parameters 

such as the heat transfer fluid and film Reynolds numbers and inlet film temperature on entropy 

generation (thermal and viscous irreversibilities) and on thermal and evaporation efficiencies for both 

co and counter-current configurations. The model is then, extended to the absorber. Thus, Chapter 

III investigates real absorber case by modelling coupled heat and mass transfers. The heat transfer 

fluid is assumed to flow in counter-current with the falling film and different heat transfer fluid flow 

regimes are studied and compared to the limit cases – adiabatic and isothermal walls. A local entropy 

generation formulation is set to identify the different sources of irreversibilities with the aim of locating 

and quantifying them. Chapter IV is divided in two parts. The first part allows an overall analysis of 

the different sources of entropy generation when considering different operating conditions. Further, 

an equilibrium factor is introduced to study the impact of the heat transfer fluid and film flow rates in 

the absorbed mass flow rate, transferred heat and entropy generation. The second part focuses on a 

multi-objective optimization. Two optimization approaches were used in order to determine the 

Pareto front and to validate the optimal solutions. 

 
 
 
 
Keywords: falling film, entropy generation, local and overall analysis, absorber, absorption machines 
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French abstract 
L'augmentation de la demande d'énergie est principalement due à l'augmentation de la consommation 

d'énergie dans les secteurs du bâtiment et du tertiaire où 20% de la consommation d'énergie est 

consacrée à la climatisation en raison de l'augmentation de la température moyenne mondiale de 1°C. 

Or, l'utilisation des appareils de chauffage et de climatisation conventionnels a un impact considérable 

sur l'environnement car ils contribuent au réchauffement climatique. Agir dans le secteur du bâtiment 

en produisant du froid et de la chaleur bas carbone permettrait de réduire considérablement son 

impact environnemental.  

Ces dernières années, les systèmes à sorption ont suscité l'intérêt de la communauté scientifique en 

raison de leur bonne efficacité énergétique, haute densité énergétique, de leurs faibles pertes de 

chaleur et de leur utilisation potentielle pour le stockage de l'énergie solaire pendant les périodes 

saisonnières. Les systèmes à absorption, en particulier, semblent être une bonne alternative à la 

compression mécanique des systèmes de réfrigération standards pour différentes raisons. Le 

fonctionnement de ces machines thermodynamiques est basé sur la mise en œuvre de différents 

échangeurs de chaleur et de masse (absorbeur, désorbeur, évaporateur et condenseur). L'objectif de 

ce projet de recherche est de caractériser en détail les phénomènes de transferts couplés de masse et 

de chaleur, non seulement à l'échelle locale mais aussi à l’échelle du composant, l’échangeur le plus 

critique et le moins connu des machines à absorption à savoir l'absorbeur. L'approche adoptée est 

basée sur l'analyse thermodynamique de ces échangeurs, selon les développements récents de la 

Thermodynamique des Processus Irréversibles (TIP), dans le but d'identifier les différentes sources 

d'irréversibilités responsables d'une dégradation des performances globales du système.  

Le chapitre I présente un état de l'art des modèles de transferts couplés de chaleur et de masse et des 

applications de la thermodynamique des processus irréversibles à l’absorbeur, afin de comprendre les 

principales hypothèses et les limites des différents modèles. Pour une meilleure compréhension des 

sources d’irréversibilités dans les échangeurs simples, le chapitre II est consacré à l'étude d'un 

évaporateur avant d’introduire les phénomènes plus complexes observés dans l’absorbeur. Les bilans 

thermiques du fluide caloporteur et du film sont résolus simultanément à travers un modèle 2D 

utilisant un schéma implicite de différences finies. Des analyses locale et globale ont été réalisées afin 

d'étudier l'impact de paramètres tels que les nombres de Reynolds du fluide caloporteur et du film 

mais aussi la température du film en entrée sur la création d'entropie (irréversibilités thermique et 

visqueuse) et sur les efficacités thermique et d'évaporation pour les configurations à co et contre-

courant. Le chapitre III développe un modèle 2D d'absorbeur. Afin d'étudier le cas réel de l'absorbeur, 

le fluide caloporteur est supposé s'écouler à contre-courant et différents régimes d'écoulement du 

fluide caloporteur sont étudiés et comparés aux cas limites - parois adiabatique et isotherme. Une 

formulation locale de la création d'entropie est proposée pour identifier les différentes sources 

d'irréversibilités dans le but de les localiser et de les quantifier. Le chapitre IV permet une analyse 

globale du comportement des différentes sources de création d'entropie en considérant différentes 

conditions de fonctionnement. Le facteur d'équilibre est introduit pour étudier l'impact des débits du 

fluide caloporteur et du film sur le débit massique absorbé, le flux transféré et la création d'entropie. 

Une optimisation multi-objectifs est également réalisée. Deux approches d'optimisation ont été 

utilisées afin de déterminer le front de Pareto et de valider les solutions optimales.  

Mots clés : film tombant, création d’entropie, analyses locale et globale, absorbeur, machines à 
absorption. 
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Nomenclature 
A Surface (m2) 

a Thermal diffusivity (m2. s−1) 

C Concentration in the solution (mol.m−3) 

CLiBr,in Mass concentration of LiBr in the solution (kgLiBr. kgsol
−1) 

Cp Thermal capacity (J. K−1. kg−1) 

D Diffusion coefficient   (m2. s−1)  

DH2O−LiBr Diffusion coefficient of LiBr in H2O (m2. s−1) 

e Thickness (m) 

g Gravitational acceleration (m. s−2)   

h Global heat transfer coefficient (W.m−1. K−1) 

ha Surfacic heat of absorption (J. kg−1. m−2)   

hvap  Molar enthalpy (J.mol−1) 

∆Habs Latent heat of absorption (J. kg−1) 

∆Hliq−vap Latent heat of evaporation of the film fluid (J. kg−1) 

j𝑘 Diffusive molar flux of species k (mol.m−2 . s−1) 

j𝑞  Heat flux within the fluid (W.m−2) 

k Thermal conductivity (W. K−1. m−1) 

k1 Constant (−) 

L Length of the evaporator/absorber  (m)   

Le Lewis number (
DB−A

a
)  (−) 

l Width of the evaporator/absorber (m) 

Ṁabs Absorbed mass flow rate per unit of width (kg. s−1. m−1) 

ɱ̇abs Mass flux density due to absorption (kg. s−1. m−2) 

ṁ Flow rate (kg. s−1) 

ℳLiBr LiBr molar mass (kg.mol−1) 

Pr Prandtl number (
μ

𝜌𝑎
)  (−) 

p Pressure (Pa) 

Q̇ Heat transfer rate per unit of width (W.m−1) 
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q Surface heat flux (W.m−2) 

Ʀ Equilibrium factor (−) 

Re Reynolds number (−) 

Ṡgen  Entropy generation rate  (W. K−1)   

Ṡ Entropy generation rate per unit of width  (W. K−1. m−1)   

T Temperature (K)   

u Flow velocity (m. s−1) 

u̅ Mean velocity (m. s−1) 

Y Mass fraction (−) 

Greek symbols 

Γ Mass flow rate per unit of width (kg. s−1. m−1) 

γ Chemical potential (J.mol−1)   

δ Boundary layer (m) 

ε Efficiency (−) 

λ Conductivity (W. K−1. m−1) 

μ Dynamic viscosity (Pa. s) 

ρ Volumetric mass (kg.m−3) 

γk Chemical potential (J.mol−1) 

𝜎̇ Volumic entropy generation rate (W. K−1. m−3) 

τevap  Evaporation rate (−) 

τ Tensor of shear stresses (Pa) 

Subscripts 

A Absorbent  

A + R Absorbent + Refrigerant  

abs Absorbed  

bulk Bulk  

d Diffusive  

exch Exchanged  

evap Evaporated  

f Film  
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fluid Heat transfer fluid or falling film   

gen Generated/generation  

htf Heat transfer fluid  

hydro Hydrodynamic  

interface Liquid − vapor interface  

in Inlet  

m Mass  

max Maximal  

out Outlet  

R Refrigerant  

sat Saturated  

sol Solution  

th Thermal  

tot Total  

v Viscous  

vap Vapor  

w Wall  
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Extended Abstract in French 

Contexte général 

Compte tenu de l'épuisement des ressources fossiles et des différents accords internationaux en 

faveur des objectifs environnementaux, les pays du monde cherchent à produire de l'énergie de 

manière plus efficace et durable. La forte croissance de la demande énergétique observée en Europe 

a incité la mise en place de stratégies et de politiques climatiques pour atteindre des objectifs clés à 

l'horizon 2030. Les objectifs de l'Union européenne, d'ici 2030, vise à réduire les émissions de gaz à 

effet de serre d'au moins 40% par rapport à 1990, à augmenter la part des énergies renouvelables d'au 

moins 32% et à améliorer l'efficacité énergétique d'au moins 32,5% (Commission européenne 2019).  

L'augmentation de la demande énergétique est principalement due à une forte croissance 

démographique induisant ainsi, une augmentation de la consommation d'énergie dans les secteurs 

résidentiel et tertiaire où la consommation est passée de 43% à 49% entre 1990 et 2020, 

correspondant à une augmentation d’environ 650 à 800 TWh soit environ 23% (Ministre de la 

transition écologique 2021). Dans le secteur résidentiel, 20% de la consommation énergétique est 

dédiée à la climatisation en raison de l'augmentation de la température moyenne mondiale de 1°C 

(ADEME 2018). Or, l'utilisation des machines classiques de chauffage et de climatisation a un impact 

considérable sur l'environnement car elles contribuent à l'appauvrissement de la couche d'ozone et 

au réchauffement climatique conduisant à une augmentation du besoin de climatisation. Les 

scientifiques se retrouvent donc dans un cycle vicieux entre le besoin de chauffage et de climatisation 

et leur impact climatique. Il est, de ce fait, important d’agir dans le secteur du bâtiment afin de 

répondre aux besoins de climatisation et de chauffage de la population, tout en réduisant l’impact 

carbone des machines thermodynamiques utilisées. Cependant, ces systèmes thermodynamiques bas 

carbone doivent aussi être compétitifs face aux systèmes traditionnels autant en termes de 

performance qu’en termes de coût. 

Ces dernières années, les systèmes à sorption ont suscité l'intérêt de la communauté scientifique en 

raison de leur faible consommation électrique, de leurs faibles pertes de chaleur et de leur utilisation 

potentielle pour le stockage de l'énergie solaire pendant les périodes saisonnières. Les systèmes à 

absorption, en particulier, semblent être une bonne alternative aux machines à compression 

traditionnelles pour différentes raisons. Ces machines sont des systèmes trithermes permettant de 

répondre à différents besoins dans le secteur du bâtiment (chauffage, rafraichissement, stockage de 

chaleur, voire production électrique) à partir de sources de chaleur à température modérée (inférieure 

à 120°C pour la majorité des applications), pouvant ainsi largement contribuer à réduire les 

consommations électriques et fossiles du secteur. En effet, les systèmes à absorption présentent 

certains avantages tels que : 

➢ Le moyen de comprimer le fluide : 

- Mécanique dans le cas d'une machine traditionnelle, 

- Thermochimique dans le cas de la machine à absorption. 

➢ Le type d'énergie nécessaire à cette compression 

- Électrique dans le cas d'une machine traditionnelle, 

- Thermique dans le cas de la machine à absorption. 
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Cependant, les machines à absorption sont connues pour leur faible rendement thermique, leur 

encombrement (taille des équipements) et la nécessité d’un énorme investissement initial par rapport 

aux machines traditionnelles (Amin Altamirano 2021). C'est dans ce contexte que de plus en plus 

d'études et d’expériences sont menées dans les unités de recherches autant françaises que mondiales 

dans l’objectif d’améliorer le coefficient de performance de ces machines afin de les rendre 

compétitives par rapport aux machines traditionnelles.  

Le fonctionnement des machines thermodynamiques à absorption est basé sur la mise en place de 

différents types d’échangeurs de chaleur et de masse : absorbeur, désorbeur, évaporateur et 

condenseur (Fig. 1.1.). L'efficacité de ces machines est affectée par le couple absorbant-réfrigérant 

choisi (Kang et al. 2000 ; De Lucas et al. 2007 ; Wakim 2018 ; Li et al. 2018), la conception du système 

(Yoon et al. 2008 ; Gomri 2009 ; Erregueragui et al. 2015 ; Nikbakhti et al. 2020), les conditions de 

fonctionnement (Florides et al. 2003 ; Kaynakli et Kilic 2007 ; Wonchala et al. 2014 ; Keinath et al. 2017) 

mais aussi par la performance des différents composants. Les études ont conclu que l'absorbeur est le 

composant clé de toute machine d'absorption (Srikhirin, Aphornratana et al 2001 ; Izquierdo et al. 

2008 ; Ibarra-Bahena et Romero 2014). Les performances de l’absorbeur ont un impact direct sur la 

taille et la charge thermique de tous les autres composants (Ibarra-Bahena et Romero 2014). En effet, 

l'amélioration des performances de l'absorbeur par l'obtention de meilleures conditions de 

fonctionnement permettrait d'augmenter le phénomène d'absorption, de maximiser la récupération 

de la chaleur libérée lors de l'absorption, de permettre une meilleure conception des composants et 

de réduire les coûts. De plus en plus d’études se focalisent sur l’étude de l’absorbeur afin d’améliorer 

ses performances dans le but d’impacter positivement les performances globales des machines à 

absorption. 

Objectifs de la recherche  

L'objectif de ce projet de recherche est de caractériser finement les phénomènes de transferts couplés 

de masse et de chaleur à l'échelle locale dans l’absorbeur. L'approche adoptée est basée sur l'analyse 

thermodynamique de ces échangeurs, selon les développements récents de la Thermodynamique des 

Processus Irréversibles (TPI), dans le but d'identifier les différentes sources locales d'irréversibilités, 

responsables d'une dégradation des performances globales du système. Ces études permettent de 

mieux comprendre les phénomènes physiques (thermiques et massiques) mis en jeu dans ces 

composants afin d'identifier les moyens d'optimiser les performances globales du système à partir des 

leviers identifiés à l'échelle locale.  

Afin de répondre aux objectifs de recherche, la thèse a été structurée en quatre différents chapitres, 

qui sont basés sur des articles de journaux et de conférences nationales et internationales. 

Chapitre I. Etat de l’art sur les absorbeurs à film tombant 

L'objectif de ce premier chapitre est de regrouper les progrès scientifiques réalisés dans un type 

spécifique d'absorbeurs, en se basant sur les conclusions et recommandations de la revue réalisée par 

Killion et Garimella (2001). En effet, afin de développer un modèle adapté à l’absorbeur, une étude 

approfondie de l’état de l’art est nécessaire pour comprendre les phénomènes mis en jeu ainsi que les 

différentes hypothèses utilisées et les limites des modèles existants. Il existe différents types de 

configuration d'absorbeurs, à savoir : les absorbeurs à plaque, à membrane, à tubes verticaux et 

horizontaux pour différents modes d'absorption : film tombant, spray et bulles (Mehrez 2019). Le focus 
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est fait sur les absorbeurs à film tombant car ils sont plus flexibles et adaptés à différentes applications, 

sont relativement peu coûteux et offrent de grandes performances (Altamirano et al. 2020, Michel et 

al. 2017).  Ce chapitre de l’état de l’art est divisé en deux parties. La description du fonctionnement 

d’un absorbeur à film tombant est donnée sur la Fig. 1.3. La première partie se concentre sur les 

approches théoriques, numériques et analytiques, utilisées et les hypothèses faites pour obtenir la 

distribution de température et de concentration sur un film tombant pour le cas d’un film à épaisseur 

constante et à épaisseur variable afin de comprendre les phénomènes physiques qui se produisent 

pendant le processus d'absorption. Les résultats des récentes études expérimentales à l'échelle locale 

sont également mentionnées dans cette partie. La deuxième partie est consacrée à l'application de la 

thermodynamique des processus irréversibles à ces absorbeurs. L’objectif étant d’identifier les 

différentes sources de création d’entropie et comment évoluent ces sources d’irréversibilités avec les 

conditions opératoires. 

❖ Etudes théoriques et résultats expérimentaux   

Etudes théoriques supposant une épaisseur de film constante 

Dans leur revue, Killion et Garimella (2001) ont souligné l'importance de considérer des conditions aux 

limites plus réalistes, en considérant un fluide caloporteur, plutôt que de supposer une paroi 

adiabatique ou isotherme. En effet, dans le film, il y a le développement d'une couche limite thermique 

due à l'équilibre thermodynamique à l'interface liquide - vapeur, mais aussi une couche limite 

thermique due au fluide caloporteur. Dans les études récentes, des nombreux auteurs ont cherché à 

intégrer le fluide caloporteur dans l’analyse de l’absorbeur, cependant, aucun d'entre eux n'a analysé 

l'interaction à l'échelle locale. Le bilan énergétique à travers la paroi est fait au moyen d'un coefficient 

de transfert de chaleur global ou en supposant un profil linéaire de la température du fluide 

caloporteur (Rosa et al. 2020; Rogdakis, et al 2003; Bo et al. 2010; Wu 2016; Papaefthimiou et al 2006; 

Papaefthimiou et al. 2012; Babadi and Farhanieh 2005). Il est important de considérer le fluide 

caloporteur car son débit et sa température d’entrée influencent les performances de l’absorbeur. 

Bien que de nombreux travaux aient essayé de supprimer certaines des hypothèses courantes 

appliquées aux absorbeurs à film tombant afin de se rapprocher le plus possible des cas réels, de 

nombreuses hypothèses simplifiées restent jusqu'à présent, utilisées pour modéliser le transfert local 

de chaleur et de masse. Les plus utilisées sont la considération des propriétés physiques constantes du 

fluide de travail et l’équilibre thermodynamique à l’interface liquide-vapeur. D’une manière générale, 

les hypothèses rencontrées le plus souvent dans les modèles sont regroupées dans le Tableau 1.1.  La 

plupart des études locales sont réalisées sur le couple LiBr-H2O et peuvent se généraliser lors de 

l’utilisation de différents fluides de travail en raison des mêmes phénomènes physiques rencontrés. 

Etudes théoriques supposant une épaisseur de film variable 

Peu d'études ont examiné l'impact de l'hydrodynamique - écoulements ondulés et turbulents (Fig. 1.6) 

- sur le processus de transfert de chaleur et de masse rencontré dans les absorbeurs à film tombant 

(Sabir, Suen, and Vinnicombe 1996; García-Rivera et al. 2016; Killion and Garimella 2004b; 

Subramaniam and Garimella 2014; Subramaniam, Chandrasekaran, and Garimella 2021). Les 

améliorations du transfert de chaleur et de masse observées, lorsque l’impact de l’hydrodynamique 

est considéré, sont principalement dues à la convection et à la vitesse transversale associée, mais aussi 

à la présence de recirculation dans le film. Comme suggéré par Killion et Garimella (2001), 

l'hydrodynamique devrait être considérée simultanément de manière couplée avec les processus de 
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transfert de chaleur et de masse pour avoir une représentation plus réaliste de sa contribution sur le 

phénomène d'absorption. Cependant, la modélisation des ondes à la surface libre du film tombant 

reste très complexe. 

La plupart des recherches considérant une épaisseur du film variable ont été réalisées sur des films 

tombant sur une plaque verticale. Plus récemment, les études se sont orientées vers les écoulements 

sur des absorbeurs à tubes horizontaux (Tableau 1.3). Plusieurs de ces études se limitent à l’étude d’un 

tube horizontal (Meyer 2014; Giannetti et al. 2017) et très peu d’entre elles étudient l’impact de 

l’écoulement du film d’un tube à un autre ( Jeong and Garimella 2002; Killion and Garimella 2004a; 

Kyung, Herold, and Kang 2007b) (Fig. 1.5). En effet, l'impact des gouttelettes sur le tube suivant génère 

des ondes qui perturbent l'écoulement du film et le film est donc laminaire ondulé. De plus, la gravité 

et la tension de surface jouent un rôle majeur sur la formation des gouttelettes. Des études plus 

détaillées doivent être menées sur les absorbeurs à tubes horizontaux afin de mieux comprendre les 

différents phénomènes qui peuvent être rencontrés, car les études sur les gouttelettes et leur impact 

sur les phénomènes d'absorption sont très récentes.  

Etudes expérimentales 

Sur les modèles numériques et analytiques recensés, la plupart des auteurs ont supposé que 

l'écoulement du film est laminaire et uniforme et ont donc sous-estimé l'efficacité thermique et 

massique de l'absorbeur sachant que les films tombants sont naturellement ondulés (Tableau 1.2). La 

validation expérimentale reste alors indispensable afin de corriger les modèles théoriques et d'avoir 

une représentation plus réaliste des phénomènes locaux. Cette validation locale permettrait 

d'investiguer comment agir au niveau local pour améliorer le comportement à l'échelle de l'absorbeur 

comme le souligne (Killion et Garimella 2001). Cependant, très peu d’études expérimentales ont été 

trouvées et sont plus orientées vers l’études locales des phénomènes sur des absorbeurs à tubes 

horizontaux. De ce fait, plusieurs modèles numériques et analytiques restent jusqu’à lors non validés 

par des études expérimentales.  Le tableau 1.4 résume les différents résultats clés des études 

expérimentales. 

❖ Approche thermodynamique 

Dans tout système, il existe des irréversibilités évitables/non évitables mais aussi 

endogènes/exogènes. Afin d'améliorer les performances de l'absorbeur, des actions doivent être mises 

en place pour réduire les irréversibilités évitables endogènes (Amidpour and Manesh 2021). Les 

irréversibilités inévitables sont celles qui ne peuvent être réduites en raison de contraintes physiques 

et économiques, tandis que les irréversibilités évitables sont celles obtenues par la différence entre les 

irréversibilités totales et les irréversibilités inévitables. Les irréversibilités endogènes d'un composant 

sont dues à l'inefficacité du composant lui-même lorsque tous les autres composants du système sont 

supposés être idéaux. Les irréversibilités exogènes sont obtenues par la différence entre les 

irréversibilités totales et endogènes. La thermodynamique des processus irréversibles permet 

d’identifier les différents phénomènes qui induisent des irréversibilités à l’échelle locale. Cette 

approche thermodynamique permet donc de mieux comprendre les différentes sources de création 

d'entropie. Les chercheurs s'accordent à dire que la création d'entropie est la somme des 

irréversibilités thermiques, visqueuses, convectives et diffusives (Equation 1.10). Jusqu'à présent, seul 

l'impact de la température d'entrée du film a été étudié dans le cas d’une plaque verticale, alors que 

pour un tube horizontal, l’impact du rayon du tube et du nombre de Reynolds du film sur la création 
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d'entropie a aussi été analysé. Le peu d’études retrouvées dans cette partie supposent une paroi 

adiabatique ou isotherme de l’absorbeur. Aucune de recherches menées n’a prise en compte l’effet 

du fluide caloporteur et de la paroi sur la création d’entropie.  

❖ Conclusion 

Ce chapitre présente l'état de l'art des études réalisées sur les machines à absorption en général et sur 

les absorbeurs à film tombant en particulier. Différentes approches numériques et analytiques sont 

décrites pour l'évaluation des profils locaux de température, de concentration et de vitesse pour des 

absorbeurs à plaque plane, à tubes verticaux et horizontaux. La littérature montre à quel point il est 

compliqué de valider les champs de température et de concentration locaux dans les films tombant 

obtenus à l'aide de modèles théoriques avec des résultats expérimentaux en raison de la précision de 

la technologie à utiliser : la plupart des études expérimentales ne fournissent que les températures et 

concentrations moyennes entre la paroi et l'interface du film. Par conséquent, les modèles de film 

tombant développés dans le cadre de cette thèse, ont été comparés avec d'autres résultats de 

simulation. 

La condition limite non isotherme a un impact significatif sur le phénomène d'absorption. Il est donc 

important d’inclure l’étude du fluide caloporteur dans l’analyse du comportement de l’absorbeur.  

Dans le cadre de ce projet de thèse, un débit de fluide caloporteur non nul (non adiabatique) et non 

infini (non isotherme) est modélisé en utilisant les bilans locaux d'énergie et de quantité de 

mouvement. Le fluide caloporteur est considéré soit en régime laminaire (Rehtf < 2300) soit en régime 

turbulent (Rehtf > 4500) dans le but d'analyser son impact sur les films tombant - d'abord sur 

l'évaporateur (chapitre II) puis sur l'absorbeur à film tombant (chapitre III et IV).  

Chapitre II. Analyse thermodynamique d’un évaporateur à film tombant 

laminaire 

Avant d'étudier les phénomènes couplés de chaleur et masse observés dans un absorbeur à film 

tombant, un premier modèle simplifié a été développé pour étudier un évaporateur. Un film laminaire 

d'eau s'écoulant par gravité sur une plaque verticale chauffée par un fluide caloporteur – Fig. 2.1 –est 

étudié pour déterminer les champs de température et de création d'entropie locaux ainsi que le débit 

massique évaporé, en supposant une pression de saturation constante à l'interface libre, dans des 

configurations d’écoulement du fluide caloporteur à co-courant et à contre-courant. Les équations du 

fluide de transfert de chaleur et de l'énergie du film sont résolues simultanément par un modèle 2D 

utilisant un schéma implicite de différences finies.  

Une analyse locale et globale de la création d'entropie est effectuée à travers l'ensemble de 

l'évaporateur - en considérant non seulement le film mais aussi le fluide caloporteur et la paroi afin de 

quantifier la part d'irréversibilités générées dans chaque milieu en fonction des conditions de 

fonctionnement. Connaître la distribution locale de la création d'entropie, permet de mieux 

comprendre les phénomènes physiques qui induisent des irréversibilités, et de les localiser à travers 

l'évaporateur dans l’objectif d'améliorer les performances des évaporateurs à film tombant. Par 

ailleurs, l'effet de la surchauffe et du sous-refroidissement du film ainsi que du nombre de Reynolds 

du fluide caloporteur et du film, sur l’efficacité d’évaporation ainsi que sur le taux d'évaporation et la 

création d'entropie est étudié. L'impact d'autres paramètres tels que la longueur de l'évaporateur est 

également analysé et les résultats sont donnés à la fois à l'échelle locale et à l'échelle des composants.  
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❖ Méthodes et équations 

Les bilans thermiques sont écrits sur les différents médiums de l’évaporateur à savoir le fluide 

caloporteur, la paroi ainsi que le film tombant sur la base d’hypothèses simplificatrice telles que : 

fluides incompressibles, newtoniennes et de propriétés physiques constantes, écoulement laminaire, 

faible débit évaporé (épaisseur du film constant), température d’évaporation égale à la température 

de saturation et supposée constante tout au long de l’interface du film.  

Dans un évaporateur, la création d’entropie est la somme d’irréversibilités thermiques et visqueuses. 

Les irréversibilités thermiques sont dues à la présence de gradient de température alors que les 

irréversibilités visqueuses sont causées par le mouvement du fluide (les frictions). De ce fait, des 

irréversibilités thermiques sont générées dans le film tombant, le fluide caloporteur et la paroi. Les 

irréversibilités thermiques totales de l’évaporateur sont alors égales à la somme des trois 

irréversibilités thermiques produites sur les trois médiums.  Les irréversibilités visqueuses sont 

observées uniquement dans le film tombant et dans le fluide caloporteur : La somme de ces deux 

irréversibilités donne les irréversibilités visqueuses totales du composant. 

❖ Analyse paramétrique  

D’une manière générale, l’étude démontre que les créations d’entropie locale sont principalement 

observées proches de la paroi d’échange et à l’entrée des deux fluides (film et fluide caloporteur).  

Influence du Reynolds du fluide caloporteur 

Pour les deux configurations étudiées (à savoir co et contre-courant), plus le nombre de Reynolds du 

fluide caloporteur est élevé, plus la création d'entropie thermique globale est importante et plus 

l’efficacité thermique est faible. L'augmentation du nombre de Reynolds du fluide caloporteur de 500 

à 2000 augmente la création d'entropie d'environ 44%, 51% et 66% pour L = 0.1, 0.3 et 0.5 m 

respectivement pour les deux configurations en raison du développement lent de la couche limite 

thermique et de l'augmentation de la chaleur transférée (pour un Ref = 50, ehtf = 1 mm et ΔT = Tf,in – 

Tf,sat = 0 – Fig. 2.7). Le taux d’évaporation et le coefficient d’échange du fluide caloporteur sont aussi 

considérablement impactés par ce paramètre alors que le coefficient d’échange du film n’est 

pratiquement pas impacté. 

Dans les conditions étudiées, l'irréversibilité thermique la plus élevée se situe dans le fluide 

caloporteur, suivi par celle dans le film – Fig. 2.8. L'irréversibilité thermique dans la paroi représente 

moins de 2% de la création d'entropie thermique totale. De plus, l'augmentation du nombre de 

Reynolds du fluide caloporteur conduit à une augmentation de l'ensemble des irréversibilités 

thermiques. Cependant, elle a plus d'impact sur l'irréversibilité thermique du film que sur les autres 

irréversibilités en raison de l'augmentation du phénomène d'évaporation : l’irréversibilité thermique 

dans le film passe de 32% à 43% de la création d'entropie thermique totale pour un Rehtf variant de 

500 à 2000 dans les deux configurations. La Fig. 2.9 permet de visualiser l’évolution de la création 

d’entropie d’origine thermique avec le développement des couches limites thermiques. La création 

d'entropie visqueuse du fluide caloporteur augmente avec le nombre de Reynolds (augmentation des 

frictions). Elle est égale à zéro près de la plaque, ce qui s'explique par une vitesse égale à zéro et 

augmente paraboliquement, suivant l'équation (2.9), pour être maximale au centre du canal.  
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Influence du Reynolds du film 

Le nombre de Reynolds du film tombant impacte aussi le comportement de l’absorbeur. En effet, 

l’efficacité d’évaporation diminue avec l'augmentation de la vitesse du film et avec la diminution de la 

longueur de l'évaporateur – Fig. 2.10 : l'augmentation du nombre de Reynolds du film conduit à une 

augmentation de l'épaisseur du film et donc à une augmentation de la résistance thermique, par 

conséquent une plus grande partie de l'énergie transférée du fluide caloporteur au film est utilisée 

pour augmenter la température du film - 6% de l'énergie transférée est utilisée pour augmenter la 

température du film en écoulement à contre-courant pour Ref = 50 et L = 0.1 m contre 27% pour Ref = 

200. L'analyse de la création d'entropie visqueuse montre une augmentation de cette dernière avec 

l'augmentation du nombre de Reynolds du film et de la longueur de l'évaporateur. Cependant, la 

contribution des irréversibilités visqueuses totales sur la création d'entropie totale reste négligeable : 

pour Ref = 50, cette contribution est d'environ 0.4% et 0.7% pour L = 0.1 m et L = 0.5 m respectivement 

contre 0.8% et 1.3% pour Ref = 200.  

Contrairement aux résultats obtenus lors de l'étude de l'impact du nombre de Reynolds du fluide 

caloporteur, l'augmentation du nombre de Reynolds du film entraîne une diminution de l'irréversibilité 

thermique dans le fluide caloporteur tandis que l'irréversibilité dans film est légèrement affectée – Fig. 

2.12. La diminution de l'irréversibilité dans le fluide caloporteur est due à une diminution de la chaleur 

transférée à travers la paroi, causée par le développement lent de la couche limite thermique à 

l'intérieur du film due à augmentation de l'épaisseur du film et de la résistance thermique.  

Influence de la température d’entrée du film 

L’étude de la différence de température entre la température d'entrée du film et la température de 

saturation montre qu’un film sous-refroidi conduit à la création d'entropie thermique la plus élevée et 

au taux d'évaporation le plus faible (Fig. 1.13). Cela est dû au gradient de température élevé entre le 

fluide caloporteur et le film, qui entraîne une diminution de l'efficacité de l'évaporation. L'analyse 

montre également que l’évolution du taux d’évaporation avec la création d’entropie admet un 

minimal. Ce dernier est rencontré lorsque le ΔT = 1 K dans les conditions considérées.  

Cependant, plus la température d'entrée du film est élevée, plus la création d'entropie thermique près 

de la paroi est faible et plus celle à l'interface est élevée – Fig. 2.14. A l’entrée du film, deux couches 

limites thermiques sont en cours de développement. La première est la couche limite thermique 

causée par le flux de chaleur transféré à travers la paroi, tandis que la seconde est la couche limite 

thermique causée par le phénomène d'évaporation à l'interface libre. Ainsi, même si la surchauffe 

conduit à une augmentation significative du taux d'évaporation en raison d'une efficacité 

d'évaporation élevée, la différence de température optimale doit être trouvée afin d'éviter une 

création d'entropie totale élevée. Pour les films surchauffés, l'efficacité d'évaporation est supérieure 

à l'unité car dans sa définition l'énergie transportée par le film à l'entrée n'est pas considérée. Il 

appartient à l'ingénieur de trouver un compromis entre la création d'entropie acceptable et le taux 

d'évaporation désiré, surtout si l'évaporateur est associé à d'autres composants.  

❖ Conclusion 

Dans cette étude, le nombre de Reynolds du film est limité à 200 au-delà de cette valeur, le film ne 

pourrait plus être considéré comme laminaire et le modèle développé n'est pas adapté aux films 

ondulés. L’analyse de l’impact du nombre de Reynolds du fluide caloporteur et du film sur la création 
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d’entropie, montre des tendances opposées de l’irréversibilité dans le fluide caloporteur. Ces 

paramètres peuvent donc être considérés comme des paramètres d’optimisation dans l’objectif de 

diminuer la création d’entropie tout en préservant les performances du composant. Par ailleurs, 

l’analyse paramétrique réalisé a permis de comprendre le développement des couches limites 

thermiques et leur impact sur la distribution de la création d’entropie dans l’ensemble de 

l’évaporateur (à savoir dans le fluide caloporteur, la paroi et le film tombant). Le modèle développé 

pour l’évaporateur à film tombant est étendu, dans le chapitre suivant, au cas d’un absorbeur à film 

tombant dans l’objectif de comprendre l’impact des transferts thermique et massique couplés dans la 

création des irréversibilités. 

Chapitre III. Analyse d'un absorbeur LiBr-H2O à film tombant à l'échelle locale 

basée sur l'évaluation de la génération d'entropie  

Après avoir étudié et compris les phénomènes présents dans l’évaporateur, ce chapitre est consacré, 

d’une part, au développement d’un modèle pouvant simuler les phénomènes observés dans un 

absorbeur et d’autre part, à la formulation de la création d’entropie afin d’identifier les différentes 

sources d’irréversibilités. La particularité de cette étude consiste à l’introduction du fluide caloporteur 

en régime laminaire et en régime turbulent. Le but étant de comprendre l’impact de ce fluide, mal 

modélisé jusqu’à lors, sur les phénomènes rencontrés dans l’absorbeur. Les cas limites, à savoir les cas 

de parois adiabatiques et isothermes sont aussi étudiés afin de relever les différences entre les cas 

limites et les plus réalistes. L’étude se focalise principalement à ce qui se passe à l’échelle locale, 

cependant des résultats à l’échelle du composant sont aussi donnés. 

❖ Description du problème 

Une solution composée de l'absorbant (bromure de lithium, LiBr) et du réfrigérant (eau) qui s'écoule 

sous l'effet de la gravité sur une plaque verticale et en contact avec la vapeur d'eau à une pression de 

vapeur constante (Pvap) – Fig. 3.1. La solution entre dans l’absorbeur avec une concentration 

d'absorbant (CLiBr,in) et une température (Tf,in) uniformes. La solution de LiBr reste en phase liquide, à 

l’entrée et dans tout l’absorbeur, tandis que la vapeur d'eau peut être absorbée ou désorbée par la 

solution (tout au long du processus) dépendamment de si le film est sous-refroidit ou surchauffé à 

l’entrée de l’absorbeur. La différence de potentiel chimique entre le film et la vapeur induit un transfert 

de masse de l’eau dans la solution par absorption. Cette absorption exothermique libère de la chaleur 

qui augmente la température du film. Les profils de température, de concentration et de vitesse sont 

représentés sur la Fig. 1.a. Les phénomènes de transfert de chaleur et de masse conduisent à la 

formation de couches limites thermiques (δhtf,th, δf,th1, δf,th2) et diffusives (δf,m) dans le film comme le 

montrent les Fig. 1.b et 1.c. Dans cette étude, l'hydrodynamique dans le film et dans le fluide 

caloporteur est supposé totalement établie. δhtf,th représente la couche limite thermique dans le fluide 

caloporteur due au changement de température causé par le transfert de chaleur avec la solution. δf,th1 

et δf,th2 représentent les couches limites thermiques dans le film dues, respectivement, à la chaleur 

transférée du film au fluide caloporteur à travers la paroi, et à l'augmentation de la température du 

film causée par l'absorption à l'interface libre. L'absorption entraîne une augmentation de la 

concentration de réfrigérant dans le film et donc, δf,m représente la couche limite diffusive liée au 

transport du réfrigérant à travers le film. Comme le montre la Fig. 3.1, deux cas sont étudiés dans ce 

chapitre : un film sous-refroidi à l'entrée et un film à l'état d'équilibre à l'entrée.  
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❖ Résultats 

Cas limites - parois adiabatiques et isothermes 

Pour étudier le cas adiabatique, le film est supposé sous-refroidit, par rapport à l’interface, à l’entrée 

de l’absorbeur afin d’assurer une absorption. Pour le cas isotherme, deux cas sont étudiés : un cas où 

le film entre sous-refroidit et un autre cas où le film entre en équilibre thermodynamique. 

Lorsque le film est supposé sous-refroidit, il n’y a pas de différence entre le cas adiabatique et le cas 

isotherme, proche de l’entrée – Fig. 3.3. En effet, les couches limites thermiques sont toujours en cours 

de développement et donc l’effet de la paroi n’est pas encore ressenti.  La différence entre les deux 

cas limites se perçoit que lorsque δf,th1 = δf,th2, le débit absorbé dans le cas adiabatique continue à 

décroitre du fait qu’il n’y a pas d’évacuation de la chaleur libérée à l’interface alors que dans le cas 

isotherme, il augmente du fait de la récupération de la chaleur. 

L’analyse de la création d’entropie décrite sur la Fig. 3.4 montre que : 

▪ A l’interface liquide-vapeur, les créations d’entropie d’origine massique dominent celles d’origine 

thermique. De plus, l’évolution de la création d’entropie en fonction de la distance à l’entrée est 

le même que celle du débit évaporé (Fig. 3.3. et 3.4).  

▪ A la paroi, la création d’entropie d’origine thermique et celle d’origine massique tendent vers zéro 

pour le cas d’une paroi adiabatique non seulement à cause de la non récupération de la chaleur 

libérée à l’interface mais aussi à cause des faibles conductivité et diffusivité au sein du film 

tombant : de ce fait, ce sont les irréversibilités d’origine visqueuses qui dominent proche de la 

paroi. Dans le cas d’une paroi isotherme, l’analyse montre que les irréversibilités sont plus grandes 

au niveau de la paroi par rapport à celles à l’interface liquide-vapeur et sont d’origine thermique. 

Ceci s’explique par le gradient de température élevé entre le film et la paroi. 

Cas considérant un fluide caloporteur de débit non nulle et fini 

Après avoir étudié et analysé les deux cas limites, la suite du chapitre s’est focalisée sur l’introduction 

du fluide caloporteur permettant ainsi de modéliser des cas réels d’absorbeur. La Fig. 3.5 montre 

l’évolution du débit absorbé en fonction du Reynolds du fluide caloporteur tout au long de l’absorbeur 

lorsque le film est supposé être en équilibre thermodynamique avec la vapeur à l’entrée de 

l’absorbeur. Les résultats montrent une augmentation du débit absorbée en fonction de 

l’augmentation du Reynolds du fluide caloporteur. Cependant, deux comportements différents sont 

observés en fonction du régime d’écoulement du fluide caloporteur (laminaire ou turbulent). En effet, 

pour des faibles Reynolds du fluide caloporteur, le débit massique absorbé augmente à proximité de 

la sortie. Pour des nombres de Reynolds élevés - écoulements turbulents - et pour le cas isotherme, ce 

comportement n'est pas observé : l’augmentation du débit à la sortie est due, d’une part, au 

développement rapide des couches limites thermiques et d’autre part, au gradient de température 

élevé entre les deux fluides à des faibles Reynolds du fluide caloporteur. Pour une meilleure analyse 

et compréhension des phénomènes, l’analyse de la création d’entropie est faite à l’échelle locale et à 

l’échelle du composant. 
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▪ Echelle locale 

En supposant un film à l'état d'équilibre, aucun phénomène ne se produit près de l'interface film-

vapeur à l'entrée de l'absorbeur – Fig. 3.7. Le film transfère une partie de son énergie au fluide 

frigorifique à travers la paroi. Ce transfert diminue la température du film conduisant au 

développement de la couche limite thermique δf,th1. À ce stade, aucun transfert de masse n'est 

observé. Par conséquent, à l'intérieur de la couche limite thermique δf,th1, des irréversibilités dues au 

transfert thermique apparaissent et au-delà de cette couche limite, aucune génération d'entropie due 

au transfert thermique ou/et de masse n'est observée car le film est en condition d'équilibre. Le 

comportement est le même que celui observé dans l’évaporateur (Chapitre II). Cette irréversibilité 

thermique est élevée près de la paroi et diminue de la paroi vers l'interface du film pendant le 

développement de la couche limite thermique. La différence de potentiel chimique, générée une fois 

que δf,th1 est complètement développé (δf,th1 = ef) entre le film et la vapeur induit l'absorption de la 

vapeur d'eau dans la solution LiBr/H2O, conduisant au développement de la couche limite diffusive 

δf,m. Ainsi, à l'intérieur de la frontière diffusive, on observe à la fois des irréversibilités thermiques et 

massique. Pour le fluide caloporteur, une couche limite thermique δhtf,th se développe en raison de 

l'augmentation de la température, dans le fluide caloporteur, induite par la chaleur reçue du film et 

conduit à la création d'entropie à l'intérieur de la couche limite. L'irréversibilité thermique observée 

dans le fluide caloporteur est élevée près de la paroi et diminue de la paroi vers le centre du canal du 

fluide caloporteur. Dans cette étude, le fluide caloporteur est en écoulement à contre-courant, ainsi la 

couche limite thermique δhtf,th est observée vers la sortie l'absorbeur (entrée du fluide caloporteur). 

Des résultats quantitatifs sur la distribution de la création d’entropie sont donnés sur les Fig 3.7 et 3.8. 

▪ Echelle globale 

Dans les conditions étudiées, le taux de création d'entropie totale par unité de largeur de paroi est 

égal à 0.13 W. K-1.m-1 pour Rehtf = 2000 et à 0.2 W. K-1.m-1 pour Rehtf = 5000 (soit une augmentation de 

54%). Cette augmentation de création d’entropie s’accompagne d’une augmentation du débit absorbé 

(4.7 10-4 kg.m-1.s-1 pour Rehtf = 2000 et 6.5 10-4 kg.m-1.s-1 pour Rehtf = 5000 soit une augmentation de 

38%) et d’une augmentation du flux thermique dégagé (2000 W.m-1 pour Rehtf = 2000 et 2600 W.m-1 

pour Rehtf = 5000 soit une augmentation de 30%). Les résultats montrent que dans les conditions 

étudiées, la création d'entropie est principalement produite à l'intérieur du film avec 49% de la 

création totale d'entropie pour Rehtf = 2000 contre 62% pour Rehtf = 5000 et est principalement due 

aux irréversibilités thermiques. Les irréversibilités massiques restent faibles puisque leur contribution 

est seulement d'environ 12% pour Rehtf = 2000 et 15% pour Rehtf = 5000 en raison de la faible zone 

affectée par la diffusion. Par conséquent, la contribution des irréversibilités produites au sein du fluide 

caloporteur et de la paroi doit être prise en considération car elle représente 51% de la création 

d'entropie totale pour Rehtf = 2000 et 37.5% pour Rehtf = 5000. Cependant, plus le nombre de Reynolds 

du fluide caloporteur est élevé, plus la contribution due aux irréversibilités thermiques est faible - 37% 

contre 5% pour Rehtf = 2000 et Rehtf = 5000 respectivement - et plus la contribution due aux 

irréversibilités visqueuses produite au sein du fluide caloporteur est élevée - 2% contre 16.5% pour 

Rehtf = 2000 et Rehtf = 5000 respectivement. La diminution de la contribution due aux irréversibilités 

thermiques dans le fluide caloporteur est due au faible gradient de température. De plus, 

l'augmentation du nombre de Reynolds du fluide caloporteur augmente significativement les 

irréversibilités thermiques dans le film en raison de la faible résistance thermique. Les irréversibilités 

thermiques à travers la paroi augmentent également avec l'augmentation de la vitesse du fluide 

caloporteur en raison de l'augmentation de la chaleur échangée.   
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❖ Conclusions 

La formulation de la création d’entropie permet de conclure que dans un absorbeur, les irréversibilités 

sont uniquement dues aux irréversibilités thermiques, massiques et visqueuses : les phénomènes de 

couplage entre transferts thermique et massique se compensent et sont parfaitement réversibles. Le 

développement des couches limites thermiques et massiques impacte les phénomènes locaux et par 

conséquent la création d’entropie.  

Par ailleurs, l’analyse des irréversibilités thermiques montre que ces dernières sont plus élevées à la 

paroi par rapport à l'interface, ce qui signifie que le phénomène thermique à la paroi, à savoir le 

transfert de chaleur à travers la paroi, domine le phénomène d'absorption à l'interface, à savoir la 

chaleur libérée pendant l'absorption exothermique de l'eau dans le film. De plus, les irréversibilités 

thermiques dominent largement celles d’origine massique. 

L’analyse à l’échelle du composant montre que la création d’entropie est principalement produite dans 

le film tombant. Cependant, la somme des irréversibilités dans le fluide caloporteur et dans la paroi 

représente plus de 30% de la création d’entropie globale, ce qui démontre la nécessité d’intégrer les 

échanges avec le fluide caloporteur pour une analyse exhaustive.  

Maintenant que les sources de création d’entropie sont identifiées, le chapitre suivant se concentre 

sur l'étude de l'impact des conditions opératoires afin de caractériser leur influence sur les 

irréversibilités produites. 

Chapitre IV. Optimisation multi-objectives d'un absorbeur à film tombant 

Après avoir analysé les phénomènes physiques qui se passent dans l’absorbeur et l’impact de ces 

phénomènes sur les performances du composant et sur les créations d’entropie, ce chapitre est dédié 

à l’optimisation de ce composant. Depuis plusieurs années, les auteurs s’accordent sur le fait que 

minimiser les créations d’entropie reviendrait à améliorer les performances des composants et par 

conséquent des systèmes.  

Sur la base de l'étude bibliographique, il est clair que l'amélioration des performances de l'absorbeur 

améliorera considérablement les performances globales des machines à absorption. Cependant, il n'y 

a pas d'études dans la littérature qui ont abordé l’optimisation multi-objectifs (MOO) d'un absorbeur 

à film tombant, en intégrant des objectifs additionnels tel que les fonctions utiles à savoir le débit 

absorbé dans le cas des machines de réfrigération et la chaleur utile récupérée dans le cas des 

transformateurs de chaleur. L’objectif de ce travail est d’étudier toutes les variables de 

dimensionnement et de fonctionnement des absorbeurs à film tombant. 

Ce chapitre se divise en trois grandes parties. Une première partie qui se focalise sur la compréhension 

de l’impact des variables sur les différentes sources d’irréversibilités, une deuxième partie qui introduit 

le facteur d’équilibre afin d’étudier l’impact des deux fluides de travail sur les performances de 

l’absorbeur et une dernière partie consacrée à l’optimisation multi-objectifs permettant de déterminer 

les solutions multi-optimales sous la forme d’un Front de Pareto.  

❖ Description du problème 

Le problème étudié dans ce chapitre est le même que celui étudié au chapitre III. Les variables de 

dimensionnement et paramètres opératoires considérées dans cette étude sont le nombre de 
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Reynolds du fluide caloporteur et du film, la température d’entrée du fluide caloporteur, la pression 

de vapeur, la longueur de l’absorber ainsi que l’épaisseur de la paroi d’échange. La plage de travail de 

ces différentes variables est regroupée dans le Tableau 4.1. L’étude se divise en trois parties. Les deux 

premières parties consistent à analyser les créations d’entropie et d’évaluer le facteur d’équilibre (ratio 

des deux débits de fluide) afin de comprendre l’impact des paramètres de travail sur les phénomènes 

mise en jeu dans l’absorbeur ainsi que sur la performance de l’absorbeur. La dernière partie a pour 

objectif de minimiser la création d'entropie (Ṡ) de l'absorbeur tout en maximisant la fonction utile 

dépendamment du mode fonction de la machine à absorption. Pour les machines de réfrigération, le 

débit massique absorbé (Ṁabs) à l'interface du film doit être maximisé tandis que pour les 

transformateurs de chaleur, l'objectif est de maximiser la chaleur récupérée (Q̇w) par le fluide 

caloporteur.  

❖ Résultats et discussions 

Analyse des irréversibilités  

Dans cette partie, quatre cas d’études visant à absorber un débit du réfrigérant de 0.001 kg.m-1. s-1 

sont étudiées (Tableau 4.2) afin d’analyser l’influence des conditions opératoires sur les créations 

d’entropie. Le cas 1 étant pris comme solution de référence, est utilisé pour comparer les autres 

solutions. 

 Les résultats ont démontré que pour un même débit de réfrigérant absorbé, la création d’entropie 

change en fonction des conditions opératoires considérées. La création d’entropie la plus faible 

obtenue entre ces quatre cas d’étude vaut 0.275 W.K−1. m−1 et est obtenu pour le cas 3, alors que la 

plus élevée vaut 0.491 W.K−1. m−1 et est obtenue pour le cas 4, soit une augmentation de 72%. Lors 

de l’analyse, il a été trouvé que les irréversibilités sont principalement concentrées dans le film 

tombant – Tableau 4.3, contrairement à l’étude faite dans l’évaporateur où les créations d’entropie 

étaient principalement produites dans le fluide caloporteur (Chapitre II). De plus, l’augmentation du 

nombre de Reynolds du film tombant induit une augmentation des irréversibilités produites au sein 

du film alors qu’une diminution de la température d’entrée du film tombant s’accompagne d’une 

diminution du nombre de Reynolds du film tombant (pour répondre à l’objectif d’un débit absorbé 

fixe) permettant ainsi de réduire les irréversibilités au sein du film. L’étude de ces différents cas 

d’études démontrent à quel point le débit du film tombant peut impacter les irréversibilités dans le 

film alors que les irréversibilités dans le fluide caloporteur et dans la paroi ne sont que faiblement 

impactées. Seule l’analyse du cas 4 montre une augmentation des irréversibilités dans le fluide 

caloporteur causée par l’augmentation du débit de ce dernier. Cependant, augmenter le nombre de 

Reynolds du fluide caloporteur revient à réduire le débit du film nécessaire pour absorber 0.001 kg.m-

1. s-1. Par conséquent, une diminution des irréversibilités dans le film est aussi observée.  

L’analyse du Tableau 4.3 ne permet pas de comprendre quel type d’irréversibilités est impacté. Cette 

information est donnée sur la Fig. 4.2. En effet, comme mentionné dans le chapitre III, les sources 

d’irréversibilités dans le film sont divisées en trois contributions : thermique, massique et visqueuse, 

alors que celles dans le fluide caloporteur ont été divisées en deux : thermique et visqueuse et seules 

les créations d’origines thermique sont observées dans la paroi de l’absorbeur. Les résultats montrent 

que les créations d’entropie d’origine visqueuses dans le film sont négligeables comparées aux autres 

types d’irréversibilités due au faible débit du film considéré. Les créations d’entropie d’origine 

visqueuses dans le fluide caloporteur, quant à elle, ne sont que faiblement impactées par le débit du 

film tombant et la température du fluide caloporteur. Seul le débit du fluide caloporteur a un impact 
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significatif sur cette dernière. Cependant, augmenter le débit du fluide caloporteur revient à réduire 

les irréversibilités d’origine thermique dans le fluide caloporteur dû au faible gradient de température 

observé. Les résultats montrent aussi qu’augmenter le débit du film revient à augmenter les 

irréversibilités rencontrées dans le film du fait de l’augmentation de la résistance thermique, entre le 

film et le fluide caloporteur, induisant ainsi une augmentation des irréversibilités d’origine thermique 

dans le film.  

L’introduction du facteur d’équilibre, Ʀ, a permis de mieux comprendre l’impact des deux débits sur le 

débit de réfrigérant absorbé, le flux de chaleur récupéré ainsi que sur la création d’entropie. Ce 

coefficient permet de définir le mode opératoire de l’absorbeur comme l’explique Perier-Muzet and 

Stutz (2021) et Amin Altamirano (2021). Tout comme ces derniers, il a été trouvé que lorsque Ʀ tend 

vers 0, l’absorbeur a tendance à se comporter comme si la paroi d’échange était adiabatique alors que 

lorsque Ʀ tends vers l’infini, la paroi d’échange se comporte comme une paroi isotherme. De plus, 

l’impact du fluide caloporteur sur le débit absorbé ainsi que sur le flux échangé est plus visible en 

régime laminaire qu’en régime turbulent – Fig.  4.3.a, du fait d’une augmentation considérable du 

coefficient d’échange convectif. Le régime turbulent apparait à des ratios faibles lorsque le débit du 

film tombant augmente du fait de l’augmentation du maximum de flux transférable par la solution (le 

maximum de flux transférable par la solution est inversement proportionnel au facteur d’équilibre).   

L’analyse de la Fig. 4.3.a, montre l’existence d’un nombre de Reynolds optimal pour le film tombant 

compris entre 20 et 120 en régime turbulent. L'analyse de la Fig. 4.4 montre que la création d'entropie 

augmente avec l'augmentation du nombre de Reynolds du film et du fluide caloporteur. Cependant, la 

création d'entropie est concave lorsque le fluide caloporteur est en régime d'écoulement laminaire 

alors qu'elle est convexe lorsque le fluide caloporteur est en régime d'écoulement turbulent. Ceci est 

principalement lié aux contributions différentes des irréversibilités du fluide caloporteur entre ces 

deux écoulements. En effet, dans le régime d'écoulement turbulent, la contribution de la création 

d'entropie d’origine visqueuse est plus élevée par rapport à la contribution de l'irréversibilité 

thermique. L’augmentation de la contribution visqueuse sur la création d'entropie rend la dérivée 

seconde de la création d'entropie totale négative dans le régime turbulent, alors que pour des faibles 

nombres de Reynolds du fluide caloporteur, la dérivée seconde de la création d'entropie totale est 

positive en raison de la faible contribution visqueuse. En conclusion, le phénomène visqueux joue un 

rôle majeur sur les performances de l'absorbeur. De plus, l'écart entre les régimes d'écoulement 

laminaire et turbulent augmente avec l'augmentation du débit d'entrée du film : l'augmentation du 

débit du film induit une augmentation significative de l'irréversibilité thermique du film qui augmente 

ainsi la création d'entropie pour un nombre de Reynolds du fluide caloporteur constant. 

Optimisation multi-objectifs 

La minimisation de la création d’entropie tout en maximisant l’effet utile de l’absorbeur (soit le débit 

absorbé ou le flux transféré) démontre un comportement antagoniste en thermodynamique en 

dimension finie. C’est dans ce contexte qu’une optimisation multi-objectif voit son intérêt afin de 

pouvoir soit maximiser l’effet utile en maintenant une certaine création d’entropie soit minimiser les 

irréversibilités pour un effet utile donné. Le front de Pareto obtenu à partir de cette optimisation mutli-

objectif permet quant à lui de donner les paramètres opératoires permettant d’à la fois minimiser la 

création d’entropie tout en maximisant l’effet utile. 
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Les fronts de Pareto les deux cas d’études sont présentés sur les Fig. 4.5.a et 4.5.b en considérant un 

film entrant dans l’absorbeur à une concentration CLiBr,in = 60%, une température Tf,in = 45.6°C et une 

pression Pvap = 1kPa. L’analyse de ces fronts montrent qu’une augmentation du débit absorbé et/ou 

du flux de chaleur récupéré s’accompagne d’une augmentation de la création d’entropie. L’étude 

montre qu’effectivement, la création d’entropie peut être minimisée tout en préservant les 

performances souhaitées de l’absorbeur en jouant sur les conditions opératoires. Cependant, le Front 

de Pareto montre aussi que l’augmentation du débit absorbé et/ou du flux transféré est associée à une 

augmentation de la création d’entropie. L’analyse de la Fig. 4.5.a permet de conclure à l’existence d’un 

optimum au-delà duquel le débit absorbé diminue alors que la création d’entropie augmente.  

La suite de l’étude s’est focalisée sur l’analyse des solutions donnant le Front de Pareto afin de 

comprendre le comportement de l’absorbeur avec les variables opératoires mentionnées sur le 

Tableau 4.1. Plus l'absorbeur est long, plus le débit massique absorbé et la chaleur récupérée sont 

élevés du fait d’une surface d'échange plus élevée. Cependant, certaines contraintes telles que le coût, 

la taille et la stabilité du film tombant doivent être prises en compte avant de concevoir l'absorbeur. 

De plus, plus l'épaisseur de la paroi est faible, plus le débit massique absorbé et la chaleur récupérée 

sont élevés. En effet, une épaisseur de paroi plus fine permet de réduire la résistance thermique entre 

le film et le fluide caloporteur. Cependant, certaines contraintes telles que des problèmes mécaniques 

et de résistance doivent être prises en compte afin d'avoir des parois à la fois thermiquement efficaces 

et avec une bonne résistance mécanique. En conséquence, les paramètres de conception de 

l'absorbeur doivent être définis au début du projet en tenant compte de la capacité de l'absorbeur 

souhaité, du coût, de l'encombrement ainsi que des propriétés mécaniques. C'est seulement sur cette 

base que les paramètres de fonctionnement doivent être optimisés.  

L’analyse des fronts de Pareto (Fig. 4.6 et 4.8) montre une augmentation du débit absorbé et du flux 

transféré avec l’augmentation du débit du film tombant et de la pression de vapeur et avec une 

diminution de la température d’entrée du fluide caloporteur. L’influence de la vitesse du fluide 

caloporteur sur les solutions de Pareto est faible : il est recommandé de travailler près du début du 

régime de turbulence du fluide caloporteur entre (5000 et 6000). En effet, pour des nombres de 

Reynolds du fluide caloporteur supérieur à 6000, le surplus de débit absorbé est faible comparé à 

l’augmentation de la création d’entropie engendrée. L’optimum observé sur la Fig. 4.5.a est expliqué 

par la variation du débit du film tombant : en effet, l’analyse du débit absorbé avec le débit du film 

montre que seuls les nombre de Reynolds du film inférieur à 50 sont représentés sur le front de Pareto. 

Il existe un débit du film au-delà duquel l’absorbeur n’est donc pas optimisé. 

Les Fig. 4.6 et 4.8 donnent les paramètres optimaux à utiliser tout en indiquant le débit capable d’être 

absorbé ainsi que le flux capable d’être échangé. Le but étant de trouver un compromis entre la 

performance souhaitée et la création d’entropie qui sera générée.  

❖ Conclusions 

En utilisant le modèle développé dans le Chapitre III, cette partie du manuscrit s’est concentrée sur 

l’étude paramétrique des conditions opératoires afin d’étudie leur impact sur les performances de 

l’absorbeur. Un facteur d’équilibre est introduit afin d’analyser l’impact des débits des deux fluides sur 

les performances de l’absorbeur (le film est supposé être en régime laminaire alors que le fluide 

caloporteur peut être en écoulement laminaire ou turbulent).  

Il a été montré que pour un même débit de réfrigérant absorbé, la création d’entropie produite peut-

être plus ou moins élevée dépendamment des conditions considérées ce qui a permis de conclure 
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qu’une optimisation multi-objectifs devait être faite pour obtenir le front de Pareto (conditions 

opératoires permettant d’obtenir le maximum de débit absorbé ou chaleur transféré tout en 

minimisant la création d’entropie).  

Conclusions générales et perspectives 

❖ Conclusions générales 

L’approche thermodynamique est un moyen intéressant permettant d’évaluer les performances des 

composants tout en identifiant les sources de création d’entropie. Une formulation de la création 

d’entropie dans les évaporateurs et dans les absorbeurs à film tombant a été proposée. La différence 

entre les deux est l’existence d’une irréversibilité due aux phénomènes de transfert massique  

uniquement présente dans le film dans l’absorbeur. Cette formulation thermodynamique de la 

création d’entropie dans l’absorbeur a permis de distinguer trois contributions d’irréversibilités dans 

le film à savoir : les irréversibilités thermique, massique et visqueuse, deux contributions 

d’irréversibilités dans le fluide caloporteur : irréversibilités thermique et visqueuse, et une 

contribution thermique au niveau de la paroi. La création d’entropie dépend fortement des conditions 

opératoires considérées. Ces conditions impactent différemment les phénomènes locaux (via le 

développement des couches limites) et par conséquent les irréversibilités. Les principales variables qui 

influencent les performances de l’absorbeur sont le débit du film tombant, la température d’entrée du 

fluide caloporteur ainsi que le débit du fluide caloporteur. L’analyse paramétrique a montré l’existence 

d’un nombre de Reynolds du film optimal au-delà duquel les performances de l’absorbeur diminuent 

en termes de débit absorbé. L’augmentation du débit absorbé et du flux transféré augmente plus 

rapidement avec la vitesse du fluide caloporteur en régime laminaire qu’en régime turbulent. 

Toutefois, les performances sont plus élevées en régime turbulent du fait des grands coefficients 

d’échange.  Par ailleurs, il faut éviter de travailler avec des débits du fluide caloporteur trop élevés afin 

de minimiser la création d’entropie. Les fronts de Pareto présentés peuvent être utilisés comme 

abaque de dimensionnement pour l’absorbeur.  

❖ Perspectives 

Bien que le travail réalisé ait permis de mieux comprendre le comportement de l’absorbeur, des 

nombreuses perspectives sont ouvertes autant à l’échelle locale qu’à l’échelle du composant et du 

système : 

▪ Echelle locale 

Expérimentale 

Les résultats locaux obtenus dans le cadre de ce travail mériteraient d’être validés au moyen d’une 

étude expérimentale. Une première piste serait l’utilisation des techniques d’imagerie utilisant la 

Fluorescence Induite par Laser (Planaire ou pas) à savoir la PLIF et la LIF ponctuelle développées au 

laboratoire LEMTA et récemment au LOCIE pour déterminer les champs de température et de 

concentration à l’échelle du film. Aujourd’hui, les méthodes précitées ne permettent que la 

détermination du champ de température. Une étude peut être menée pour voir la possibilité 

d’appliquer la méthode pour la détermination du champ de concentration.  
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Numérique 

Le problème du mouillage (surface de plaque couverte par la solution) est un problème récurrent qui 

mérite d’être traité en profondeur. Le modèle développé, dans ce projet, considère un mouillage total 

et uniforme. Cependant, la réalité est tout autre : observation de ruisselets. Il serait intéressant 

d’inclure le taux de mouillage dans l’analyse afin de quantifier les différences entre un mouillage total 

et un mouillage partiel ainsi que leur impact sur les phénomènes locaux et par conséquent, sur les 

créations d’entropie.  

Une des limites des modèles développés est la non adéquation des modèles à des nombres de 

Reynolds du film tombant supérieurs à 200. Les effets de vaguelettes à la surface du film et de 

recirculation potentielle dans le film sur les performances de l’absorbeur ne pourront pas être évalués 

avec le présent modèle. Un modèle un peu plus complet pourrait être développé mais nécessite des 

outils de simulations très complexe. 

Les méthodes CFD utilisant des logiciels graphiques comme COMSOL semblent être des méthodes 

intéressantes pour la modélisation des phénomènes dans ce type de composant.  Le fluide caloporteur 

en régime turbulent pourrait être mieux modéliser et les phénomènes dans les films tombant pour des 

nombres de Reynolds supérieur à 200 pourrait être mieux observés.  

▪ Echelle du composant 

Bien que ce projet de thèse ait permis d’identifier les différentes sources d’irréversibilités, de les 

localiser et de les quantifier autant dans l’évaporateur à film tombant que dans l’absorbeur, d’autres 

études restent à mener. Dans tout composant d’un système thermodynamique, il existe des 

irréversibilités endogènes et exogènes mais aussi des irréversibilités évitables et non évitables comme 

mentionnées dans la dernière partie du chapitre I. Il est donc important de pouvoir distinguer les 

différentes contributions afin d’être capable de quantifier la part de la création d’entropie qui peut 

être minimisé et celle où aucune action ne peut être faite.  

▪ Echelle du système 

L’optimisation multi-objectifs réalisée permets de déterminer les conditions opératoires les plus 

favorables pour minimiser la création d’entropie tout en préservant les performances de l’absorbeur. 

Toutefois, aucune analyse de l’impact de cette optimisation sur les autres composants des machines à 

absorption n’a été faite. Il est donc important d’étudier cet impact sur le coefficient de performance 

de ces machines.  
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General introduction 

Context of the present research 

Given the depletion of fossil resources and in view of various international agreements in support of 
environmental goals, countries aim to manage energy in an efficient and sustainable manner. In the 
European Union, climate strategies and policies are being implemented to achieve key targets for 2030 
as the current global context shows a huge growth in energy demand. The European Union objectives, 
by 2030, are to cut greenhouse gas emissions by at least 40% compared with 1990, to increase the 
share of renewable energy by at least 32% and to improve energy efficiency by at least 32.5% 
(European Commission 2019).  

The increase of the energy demand is mainly due to the increase in energy consumption in the building-
tertiary sector where the energy consumption has increased from 43% to 49% between 1990 and 2020 
(Ministre de la transition écologique 2021). In the building sector, 20% of the energy consumption is 
dedicated to air conditioning due to the increase of the average global temperature of 1°C (ADEME 
2018). However, the use of conventional heating and cooling machines has a considerable impact on 
the environment as they contribute to global warming. Acting in the building sector would therefore 
make it possible to considerably reduce the carbon impact. 

Sorption systems have raised the interest of the scientific community in recent years due to their high 
efficiency, high energy density, and potential use for solar energy during summer periods. Absorption 
systems, in particular, appear to be a good alternative to the mechanical compression of the standard 
refrigeration system for different reasons. Indeed, the absorption systems present some advantages 
such as: 

 

❖ The means of compressing the fluid: 
- Mechanical in the case of a standard machine, 
- Thermochemical in the case of the sorption machine. 
 

❖ The type of energy needed for this compression 
- Electrical in the case of a standard machine, 
- Thermal in the case of the sorption machine. 
 

However, absorption machines are known for their big size and high initial cost compared to standard 
machines. In this context, more and more studies are conducted to reduce the initial investment and 
size of these machines by improving the performance of its components in order to make them 
competitive compared to standard machines. 

Research objectives 

Absorption machines work with four main components: a desorber (or generator), a condenser, an 
evaporator and an absorber. The principle is based on the affinity between the refrigerant and the 
absorbent. The operating principle is presented in Fig. 1 and in the Oldham diagram (Fig. 2). 
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In the case of refrigeration cycles, the desorber and the condenser operate at high pressure (Phigh, Fig. 

2), while the absorber and the evaporator operate at low pressure (Plow, Fig. 2). The refrigerant is 

separated from the absorbent–refrigerant solution by supplying heat at high temperature 

(endothermic operation) in the desorber; a concentrated salt solution (1, Fig. 1) and a refrigerant in 

vapor form (7, Fig. 1) are obtained. This vapor is condensed by heat exchange with a coolant fluid: this 

condensation allows heat recovery at medium temperature. From the condenser (5), it passes through 

a valve allowing it to move from high pressure to low pressure (6) and afterwards evaporate (8) using 

low temperature heat before reaching the absorber. In the absorber, the vapor is absorbed by the 

expanded concentrated salt solution (2) coming from the desorber, discharging heat at medium 

temperature (exothermic operation).  Thus, the solution obtained is diluted (3) and is pumped back to 

the desorber (4) closing the cycle. A heat exchanger can be used between the solution flowing from 

the absorber and the desorber to increase the efficiency of the system. 

The operating temperatures greatly depend on the absorbent–refrigerant couple. Many criteria must 

be taken into account for the couple choice (Srikhirin, Aphornratana, and Chungpaibulpatana 2001; 

ASHRAE 2001; Sun, Fu, and Zhang 2012). Lithium bromide/water (LiBr/H2O) and water/ammonia 

(H2O/NH3) couples are the most common working fluids (Altamirano, Stutz, et al. 2019a). Equations 

have been developed for calculating the thermodynamic properties of the LiBr/H2O couple (Kaita 2001; 

Yuan and Herold 2005; Cheng and Liang 2012) and the H2O/NH3 couple (Kherris et al. 2013; Deepak et 

al. 2017). However, there are several other couples used in absorption machines (Cerezo et al. 2011; 

Ghyadh et al. 2018; Dardouch et al. 2020).Heat and mass transfer coefficients of falling film and 

correlations were studied by (Islam et al. 2003; Fujita and Hihara 2005; Narváez-Romo et al. 2017). In 

Figure 1: Operating principle of an absorption machine 
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this work, the focus is on the LiBr-H2O couple for three reasons. The first one is that it is one of the 

most used couple, the second one is that it is simpler to model compared to the couple ammonia water 

(because of the non-volatility of lithium) and finally because the observed phenomena can be exported 

to other non-volatile couples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The efficiency of these machines is affected by the chosen absorbent–refrigerant couple (Kang, Kunugi, 

and Kashiwagi 2000; De Lucas, Donate, and Rodríguez 2007; Wakim 2018; Li et al. 2018), system design 

( Yoon et al. 2008; Gomri 2009; Erregueragui et al. 2015; Nikbakhti et al. 2020) and operating conditions 

(Florides et al. 2003; Kaynakli and Kilic 2007; Wonchala, Hazledine, and Goni Boulama 2014; Keinath, 

Garimella, and Garrabrant 2017) but also by the performance of the different components. Studies 

concluded that the absorber is the key component of any absorption machine (Srikhirin, Aphornratana, 

and Chungpaibulpatana 2001; Izquierdo et al. 2008; Ibarra-Bahena and Romero 2014). Its performance 

has a direct impact on the size and heat load of all the other components (Ibarra-Bahena and Romero 

2014). Indeed, improving absorber performance by achieving improved operating conditions would 

increase the absorption phenomenon, maximize recovery of the heat released during absorption, 

enable better component design and reduce costs. 

There are different types of heat and mass exchangers configurations, namely: plate, membrane, 

vertical and horizontal tube exchangers for different modes: falling film, spray and bubbles (Mehrez 

2019). This work will focus on falling film exchangers as they are more flexible and suitable for different 

applications, are relatively low cost and offer great performance (Altamirano et al. 2020). In addition, 

falling film exchangers provide a good exchange surface between the liquid and vapour phases, and 

facilitate heat transfer from the liquid–vapor interface to the heat transfer fluid (HTF) (Michel, Le 

Pierrès, and Stutz 2017). Furthermore, a review comparing falling film absorbers with bubble absorbers 

(Triche 2018), shows that despite the greater wetted area of bubble absorbers, falling film plate heat 

Figure 2: Oldham diagram for the LiBr - water solution 
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exchangers are more attractive due to their compactness and the high heat transfer coefficient they 

can achieve. These absorbers are more flexible and suitable for different applications, are relatively 

low cost and offer great performance (Altamirano et al. 2020).  

Consequently, the objective of this present research is to characterize in detail the phenomena of 
coupled mass and heat transfer at the local scale in the most critical components: the evaporator and 
the absorber. The approach adopted is based on the thermodynamic analysis of these exchangers, 
according to the recent developments of the Thermodynamics of Irreversible Processes (TIP), with the 
aim of identifying the various local sources of irreversibilities, responsible for a degradation of the 
overall performances of the system. These studies allow to better understand the physical, thermal 
and mass phenomena involved in these components in order to identify ways to optimize the overall 
performance of the system from the levers identified at the local scale. 

Thesis organization 

In order to address the research objectives, the thesis was structured in the following chapters, which 
are based on results that were presented in peer-reviewed journal and conference papers. 

Chapter I is an up-to-date review of coupled heat and mass transfers models and applications of the 
thermodynamic of irreversible processes in the key components of absorption machines, since the 
2000s. The objective is to report the scientific advances made in a specific type of absorber, namely, 
the falling film ones, since the review made by Killion and Garimella’s (2001), in order to understand 
the most suitable approach that has to be used in this project to analyze the absorber performance. 
This chapter is divided in two parts. The first part focuses on the theoretical approaches used and 
assumptions made to find the temperature and concentration distribution over a falling film for both 
smooth and wavy-laminar falling liquid film in order to deeply understand the physical phenomena 
that occur during the absorption process. Experimental studies at the local scale are also mentioned 
in this part. The second part is dedicated to the application of the thermodynamic of irreversible 
processes to these absorbers to understand how this approach can be used to further understand the 
phenomena encountered during the absorption phenomenon. 

Chapter II is devoted to the study of an evaporator. Indeed, before studying the coupled heat and 

mass phenomena observed in an absorber, a first simplified model has been developed to study an 

evaporator, where no mass transfer occurs. In this second chapter an evaporative water laminar falling 

film flowing by gravity on a vertical plate heated by a HTF is studied to determine the local 

temperature, entropy generation and evaporated mass flow, assuming constant saturation pressure 

at the free interface, in co-current and counter-current configurations. The HTF and film energy 

equations are solved simultaneously through a 2D model using an implicit finite difference scheme. 

Local and overall analysis were performed in order to study the impact of parameters such as the heat 

transfer fluid and film Reynolds numbers and inlet film temperature on entropy generation (thermal 

and viscous irreversibilities) and on thermal and evaporation efficiencies. Comparison with literature 

results was performed for the model validation.  

Chapter III deals with the development of an absorber 2D model. Here, an absorbing solution of 

laminar LiBr-H2O falling film flowing by gravity on a vertical plate heated by a heat transfer fluid is 

studied to determine the local temperature, concentration and velocity fields from a numerical 

resolution considering both mass and energy transport equations through a model using an implicit 

finite difference scheme. In order to investigate realistic absorber cases, the heat transfer fluid is 

assumed to flow in counter-current with the falling film and different heat transfer fluid flow regimes 

are studied and compared with the limit cases– adiabatic and isothermal walls. Details about the 
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physical phenomena observed are given. A local entropy generation formulation is performed to 

identify the different sources of irreversibilities with the aim of locating and quantifying them. The 

impact of the heat transfer fluid flow regime (laminar and turbulent flow) on the entropy generation 

and absorber performance has been discussed. Comparison with numerical models from the literature 

results was performed for the model validation. 

Chapter IV allows, in one hand, a parametric analysis of the falling film absorber, and in the other 

hand, its multi-objectives optimization. Two optimization approaches were used in order to determine 

the Pareto front and to validate the multi-optimal solutions. Two case studies were considered: the 

case where the absorber is used in an absorption chiller and the case where it is used in a heat 

transformer. The objective, in the first case study, is to maximise the absorbed mass flow rate when 

minimizing the entropy generation while, in the second case study, the objective is to maximize the 

recovered heat by the heat transfer fluid while minimizing the entropy generation. An analysis is also 

made to study the behavior of the different sources of entropy generation when considering different 

operating conditions. 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 



 

 
 

 

 

 

 

Chapter I. Review of coupled heat and mass transfer studies in 

falling film absorbers: modeling, experimental and thermodynamic 

approaches 
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Article: Mahamoudou, Le Pierrès and Ramousse (2022). Review of Coupled Heat and Mass Transfer 

Studies in Falling Film Absorbers: Modeling, Experimental and Thermodynamic Approaches. 

International Journal of Refrigeration, vol 136, p.229-244, January 2022. DOI: 

10.1016/j.ijrefrig.2022.01.024 

Conference: Mahamoudou, Le Pierrès and Ramousse. Uptodate review of coupled heat and mass 

transfer models and applications of the thermodynamic of irreversible processes in falling film 

absorbers, 15th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics 

(HEFAT2021), presented online in July 26-28, 2021. 
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1.1. Introduction 
 

As explained in the introduction, there are different types of absorber configuration, namely: plate, 

membrane, vertical and horizontal tube absorbers for different absorption modes: falling film, spray 

and bubbles (Mehrez 2019). This review focuses on falling film absorbers. The main objective of this 

study is thus to provide an overview of the different ways of solving coupled heat and mass problems, 

and use of the thermodynamics of irreversible processes to understand heat and mass transfer 

phenomena over a falling film absorber at limited flow regimes. This work focuses on studies 

undertaken since 2000 and updates the conclusions of Killion and Garimella’s (2001) critical review of 

coupled heat and mass transfer models. Thus, this paper is divided into two parts. First, the theoretical 

approaches used to find the temperature and concentration distribution over a falling film are 

reviewed for both smooth and wavy-laminar falling liquid film. Experimental studies at the local scale 

are also mentioned. Application of the thermodynamic of irreversible processes to these absorbers is 

presented subsequently. 

 

1.2. Theoretical and modeling approaches  
 

1.2.1 Problem description 

Improvement of falling film absorber performance requires an understanding of the phenomena 

encountered. The performance of an absorber can be improved by improving its efficiency and/or 

effectiveness depending on the situation. In absorbers, thermal and mass effectiveness and efficiency 

can be defined as follows:  

- Mass effectiveness can be defined as the ratio of the actual vapor flow rate absorbed in the 

component to the vapor flow rate in an ideal absorber where the absorbent leaves the absorber 

with an equilibrium concentration at the same temperature as the entering cooling medium 

(Islam, Wijeysundera, and Ho 2006; Perier-Muzet and Stutz 2021).  

- Thermal effectiveness can be defined as the ratio of the heat transfer rate collected by the heat 

transfer fluid to the maximum heat transfer rate that could be collected by this fluid (Islam, 

Wijeysundera, and Ho 2006; Perier-Muzet and Stutz 2021). The maximum transferable flux in an 

absorber is achieved in an infinitely long counter-flow absorber. 

- Absorber efficiency can be defined as the ratio of the heat transfer rate collected by the heat 

transfer fluid to the heat transfer rate released during the absorption phenomenon at the 

solution free interface.  

These ratios are often used at the component level to quantify the performance of absorbers (Rogdakis 

and Papaefthimiou 2002; Islam, Wijeysundera, and Ho 2006; Perier-Muzet and Stutz 2021). The 

highest efficiency is usually reached when effectiveness is low. Indeed, in a heat exchanger, the energy 

losses to the surroundings are low for small lengths, allowing to obtain a high efficiency but also a low 

effectiveness. However, the effectiveness increases with the length of the exchanger to be maximal 

for an infinite exchanger that leads to a decrease of its efficiency due to the increase of heat losses to 

the environment.  However, there are very few studies at local scale that define these ratios. The local 
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studies performed so far are more focused on studying the behavior of absorbers when subjected to 

different operating conditions or design conditions.  Fig 1.1 shows the detailed flow of a solution on a 

vertical plate and in contact with vapor refrigerant. At the solution–vapor interface, the chemical 

potential difference induces a mass transfer process from the vapor to the solution by absorption. This 

exothermic absorption releases heat that increases the falling film temperature. Depending on 

machine design, two extreme cases arise: Adiabatic wall and Isothermal wall.  

 

 

 

 

 

 

 

 

 

 

 

 

Between these two extreme cases appear all the cooled absorbers with non-infinite coolant flowrates. 

The falling film flows from the top to the bottom; however, the vapor and the heat transfer fluid flows 

depend on the absorber configuration. The heat transfer fluid can be in counter–or co–current with 

the solution for plate and vertical tube absorbers, or in cross–flow for horizontal tubes. The vapor may 

be either in counter–or co–current with the falling film (Kwon and Jeong 2004; Govindaraju 2005; Fan 

and Luo 2017; Tahir et al. 2019).  Although some researchers assert that the interaction between the 

mass and the heat transfer is negligible and they could be studied independently (Deng and Ma 1999), 

other studies show that falling films are the core of thermal and mass phenomena strongly coupled to 

falling film hydrodynamics (Raisul Islam, Wijeysundera, and Ho 2004; Goel and Goswami 2005b; 2005a; 

Fernández-Seara, Uhía, and Sieres 2007). The coupling between these phenomena can be realized 

through two boundary conditions: the vapor pressure equilibrium and energy balance at the interface 

(Killion and Garimella 2001; Gonzalez 2005). The first boundary says not only that the vapor and 

solution interface temperature must be the same but also that at any contact point between solution 

and vapor, the vapor pressure of each species in the film must be equal to the partial pressure of each 

species in the vapor side – Equation (1.1): 

 

{
𝑇𝑓,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝑇𝑣𝑎𝑝,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒         

𝑃𝑣𝑎𝑝 = 𝑓(𝑇𝑓,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 , 𝐶𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)
                                                                                                               (1.1) 

Figure 1.1: Schematic description of heat and mass transfer in flat plate falling film absorbers 
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The second condition states that as a mass is transferred from the vapor to the liquid phase, there is a 

change in enthalpy known as the heat of absorption (Ha) resulting in a heat source at the interface – 

Equation (1.2): 

ℎ𝑎ɱ̇abs = 𝜆𝑓 (
𝜕𝑇

𝜕𝑦
)
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

                                                                                                                             (1.2) 

Thus, in order to understand the absorber and predict its performance, it is essential to solve the heat 

and mass transfer simultaneously and not as independent functions. Moreover, these phenomena lead 

to the formation of the diffusive 𝛿𝑚, thermal  𝛿𝑡ℎ and hydrodynamic 𝛿ℎ𝑦𝑑𝑜 boundary layers in the 

solution.  

For more than 50 years, these phenomena have been studied through three main equations: 

momentum, energy and mass conservation. Falling film absorption models are generally based on the 

assumption listed below (Yoon et al. 2005): 

 

- The falling film solution is Newtonian and incompressible; 

- Steady-state regime is fully developed; 

- All thermo-physical properties of the liquid and vapor are assumed constant and independent 

of temperature and concentration; 

- Vapor pressure equilibrium exists between the vapor and the liquid at the interface, and is 

uniform in the vapor phase; 

- No heat transfer in the vapor phase;  

- The Dufour and Soret effects are neglected: The Dufour effect implies an energy flux due to 

the chemical potential gradient. The Soret effect is its reciprocal and it implies a gradient of 

concentration due to the temperature gradient;  

- Negligible dissipation effects and pressure gradients. 

Moreover, one of the following hypotheses is made at the vapor–solution interface: finite dilution or 

infinite dilution. The dilution is said to be infinite when the vapor absorption does not affect the 

concentration of the absorbent in the falling film. This infinite dilution assumption remains valid only 

if the absorbed flow is very low compared with the solution flow. In this case, Equation (1.3) gives the 

absorbed flow rate at the interface (Yoon et al., 2005) 

 

ɱ̇abs = [− 𝜌𝐷𝑅−𝐴
𝜕𝐶𝑅
𝜕𝑦

]                                                                                                                                    (1.3) 

However, in real cases, vapor absorption dilutes the concentrated solution. In this case, Equation (1.4) 

can be used at the interface (Nakoryakov and Grigor’eva, 2010): 

ɱ̇abs = [− 𝜌 (
𝐷𝑅−𝐴
𝐶𝐴

)
𝜕𝐶𝑅
𝜕𝑦

]                                                                                                                               (1.4) 
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Despite the significant progress made between 1977 and 2000, work remains to be done at local scale 

to deeply understand the absorption phenomenon (Killion and Garimella 2001): 

- Some hypotheses have yet to be validated; 

- Resolution of hydrodynamic phenomena should be studied with heat and mass balances;  

- More experimental studies must be carried out to validate the models. 

The next paragraphs summarize the mathematical models in the literature. The analytical and then 

numerical solutions developed to solve the problem of coupled heat and mass transfer over a smooth 

and wavy-laminar falling film are analyzed starting with flat plates, then horizontal and ending with 

vertical absorbers.  

1.2.2 Free falling film surfaces in the laminar regime 

In a smooth laminar regime, the fluid layers are linear and slide in parallel with no disruption between 

them. A summary of the main assumptions and methods used to study the phenomena in falling film 

absorbers operating in the smooth laminar regime are given in Table 1.1.  

1.2.2.1 Flat plate absorbers 
Flat plate heat exchanger technologies are increasingly used in industry due to their compactness, 

excellent heat transfer characteristics and low cost (Ayub 2003; Abu-Khader 2012), which is also of 

interest in the specific case of absorbers. 

o Analytical studies 

The first studies of coupled heat and mass phenomena were carried out 45 years ago by  (Nakoryakov 

and Grigor’eva 1977) for a smooth laminar LiBr/H2O falling film flowing over an isothermal vertical 

plate. In addition to the assumptions mentioned above, they assumed: 

- The velocity in the laminar film is uniform; 

- The shear forces exerted by the vapor on the solution are neglected; 

- The diffusion and thermal phenomena are neglected in the streamwise direction; 

- The absorbed flow rate is negligible compared to the solution flow rate: constant falling film 

thickness and infinite dilution; 

- The concentration at the interface varies linearly with the interface temperature;  

- There is no heat transfer to the vapor; 

- There are no-condensable gases in the solution.   

 
Under these assumptions, (Nakoryakov and Grigor’eva 1977) solved the following equations system 
(1.5): 
 

{
 
 

 
 
𝑢𝑥 = 𝑢𝑥,𝑖𝑛                       

𝑢𝑥
𝜕𝑇

𝜕𝑥
=  𝑎𝑓

𝜕2𝑇

𝜕𝑦2
                 

𝑢𝑥
𝜕𝐶

𝜕𝑥
=  𝐷𝑅−𝐴

𝜕2𝐶

𝜕𝑦2
            

                                                                                                                           (1.5) 

 
By developing an exact solution in another study, the same author concluded that the phenomena 
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within the falling film depend on the Lewis number (DR-A/a), the Prandtl number (μf/af𝜌f), the Reynolds 

number (4uxef𝜌/μf), another dimensionless number Ka (hak1/Cp) and the initial film state parameters. 

Near the inlet, the thermal boundary layer is not yet developed, the interface temperature remains 

almost constant while far from the inlet, the temperature profile becomes linear and decreases 

(Nakoryakov et al., 2003). Another dimensionless number conditions the change in the layer thickness: 

the Froude number (ein g/ux,in) (Nakoryakov et al., 2011).  

 
More recently Nakoryakov and Grigor’eva (2010) showed that a uniform velocity profile 

underestimates the temperature and concentration profiles for an adiabatic exchanger whatever the 

Lewis number for the LiBr/H2O couple. In an isothermal exchanger, the opposite tendency is observed 

for small Lewis numbers.  

Heat and mass transfer analysis in the entrance region of the falling film were carried out by 

(Nakoryakov, Grigoryeva, and Bartashevich 2011; Vladimir E. Nakoryakov and Bartashevich 2017) using 

analytical method: self-similar solution and corrections were derived when taking into account the film 

thickness change due to mass inflow in absorption. They concluded that the Froud number is the main 

one that defines the film thickness change. 

o Numerical studies 

Karami and Farhanieh, (2009) studied the LiBr/H2O absorption process by considering variable film 

thickness with vapor absorption and variable film properties under the same conditions as Grigor’eva 

and Nakoryakov (1977). The Nusselt solution, equation (1.6), which assumes a symmetrical parabolic 

velocity profile was considered:  

𝑢𝑥(𝑦) =  
3

2
𝑢̅ [2 (

𝑦

𝑒𝑓
) − (

𝑦

𝑒𝑓
)

2

]                                                                                                                      (1.6) 

 They explained the slow decrease of the interface temperature and absorbent concentration far from 

the inlet by the rapid decrease of the vapor pressure driving force.   

Flores (2014) studied the LiBr/H2O couple in an adiabatic and an isothermal exchanger according to 

two different scenarios: imposed and unknown variable surface temperature. A ‘partially-established’ 

zone and an ‘established’ zone appeared after introducing the thermal and mass boundary layers. 

Flores (2014) underscored the importance of coupling thermal and mass phenomena in falling film 

absorber studies.  

Mittermaier and Ziegler (2014) assumed variable thermophysical solution properties and an additional 

differential heat of solution released in the bulk due to growth of the concentration boundary layer in 

the flow direction. According to them, the effect of the additional heat is slightly larger than that of 

the variable properties, but both remain low especially for sorption couples with high transport 

properties, such as LiBr/H2O.An investigation of a NH3 /H2O solution was carried out by Triché et al. 

(2017) assuming a saturated solution at the vapor–solution interface and constant film thickness. The 

vapor is in co–current flow with the falling film solution. They explained (Fig. 1.2) that at the inlet of 

the absorber, the desorbed vapor phase contains water at low concentration and ammonia at high 

concentration, so the water is desorbed from the liquid phase to the vapor phase (𝑌𝐴,𝑣𝑎𝑝 > 1). At the 

top of the plate, the average ammonia mass fraction on the vapor side (𝑌𝑅,𝑣𝑎𝑝) is higher than that at 

the vapor interface   (𝑌𝑅,𝑖,𝑣𝑎𝑝). Along the plate, the ammonia mass fraction on the vapor side (𝑌𝑅,𝑣𝑎𝑝) 
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decreases and (𝑌𝑅,𝑖,𝑣𝑎𝑝) increases as the ammonia is absorbed. Then, the vapor phase becomes more 

concentrated in water and so the water is absorbed from vapor to the liquid phase (𝑌𝐴,𝑣𝑎𝑝 < 1). The 

liquid interface (𝑌𝑅,𝑖,𝑠) and the average liquid phase  (𝑌𝑅,𝑠) ammonia mass fraction increases along the 

absorber. Thus, for a NH3/H2O solution, it is important to know the impact of water desorption on 

ammonia absorption near the inlet. 

 

 

 

 

 

 

 

 

 

 

 

 

The study of a lithium bromide – water film flowing on a cooled horizontal wall under the action of co 

and counter-current surround flow of saturated water vapor was investigated by Bartashevich (2018) 

under the same assumptions as in (Nakoryakov and Grigor’eva 2010; Nakoryakov, Grigoryeva, and 

Bartashevich 2011) . A linear velocity profile was considered as shown in (1.7): 

𝑢(𝑦) = (
𝑦𝜏

𝜇
)                                                                                                                                                      (1.7) 

Where 𝜏 is the film surface shear stress. This study is one of the few studies that considers that the 

liquid film flows under the action of the external tangential stress on the film surface. 

Recently Habib et al. (2019) studied LiBr/H2O absorption adopting a Reynolds number of 30 for the 

film and introducing the shear stress at the interface. They confirmed that a part of the heat energy 

released at the interface is transferred to the vapor phase. At the entrance, the vapor temperature is 

lower than at the interface and increases with the streamwise direction toward the equilibrium 

temperature. The absorption rate in the entrance region is limited by the inlet flow temperature.  

Rosa et al. (2020) developed a model with the same assumptions as Triché et al. (2017). At the 

interface, the ammonia and water mass fractions were calculated using a thermodynamic model. Both 

liquid and vapor mass transfer resistances were studied: the liquid phase controls the mass transfer 

resistance while the heat fluid transfer controls heat transfer resistance under their conditions.   

Figure 1.2: Ammonia concentrations in the vapor and liquid phase along the absorber length adapted from (Triché et 
al., 2017) 
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1.2.2.2  Vertical tube absorbers 
Vertical tube absorbers are widely used in industry. The modeling of this kind of absorber is quite 

similar to that of plate absorbers. In addition, many authors have used Cartesian coordinates to solve 

the vertical tube problem. 

o Analytical resolution 

Mortazavi and Moghaddam, (2016) studied the absorption of H2O in a LiBr/H2O falling film and solved 

the same problem as Meyer (2014) for horizontal tubes using the same resolution method. Mortazavi 

and Moghaddam (2016) compared the results obtained when a linear film velocity profile is assumed 

with those obtained for a uniform velocity profile assumption. They noted an overestimation of the 

absorption rate of about 30% when uniform velocity is used compared to a more realistic linear profile.  

Wu (2016) used cylindrical coordinates to solve their problem whereas previous works considered 

Cartesian coordinates. The same resolution method as Meyer and Ziegler (2014) has been used to 

study a LiBr/H2O falling film. Wu (2016) confirms, as for the flat plate configuration, that the thermal 

boundary layer develops faster than the diffusive boundary layer. For short tubes, the concentration 

profile results agree with those of Meyer and Ziegler (2014).  

o Numerical resolution 

Gommed et al. (2001) studied the impact of the coolant inlet temperature, and inlet temperature and 

concentration of the solution on ammonia-water falling film absorption inside a vertical tube. The 

coolant temperature is an important parameter in the absorber design and the same result was 

highlighted by Rogdakis et al. (2003). The latter explained the importance of applying an energy 

balance on the coolant side instead of just carrying out the two limit cases of adiabatic and isothermal 

absorbers, as the coolant flow rate significantly affects the absorption process.  

Bo et al. (2010) investigated numerically absorption in aqueous LiBr solution falling film. The convective 

boundary condition at the cooling water side was considered by assuming linear heat transfer fluid 

temperature. The McNeely (1979) equation at the interface was considered. They added a term 

corresponding to the inter-diffusion equation (1.8), as in (Yoon et al 2005).  

𝑢𝑥
𝜕𝑇

𝜕𝑥
+ 𝑢𝑦

𝜕𝑇

𝜕𝑦
=  𝑎𝑓 (

𝜕2𝑇

𝜕𝑥2
+ 
𝜕2𝑇

𝜕𝑦2
) + 

1

𝜌𝑓𝑐𝑝,𝑓

𝜕

𝜕𝑦
(∑𝜌𝑓𝐷𝑖

𝜕𝐶𝑖
𝜕𝑦

2

𝑖=1

ℎ𝑖)                                                   (1.8) 

The subscripts 1 and 2 here correspond to LiBr and H2O respectively. The absorbed flow over 1 m is 

6.5% greater when the falling film properties are assumed constant. The difference found is higher 

than that of Kawae et al. (1989): 5% for 10 m.   

Hosseinnia et al. (2017) included the inter-diffusion and the Soret and Dufour effects in their mass and 

energy equations (Equation 1.9).  

{
 
 

 
 𝑢𝑥

𝜕𝑇

𝜕𝑥
=  𝑎𝑓 (

𝜕2𝑇

𝜕𝑥2
+ 
𝜕2𝑇

𝜕𝑦2
) + 

1

𝜌𝑓𝑐𝑝,𝑓

𝜕

𝜕𝑦
(∑𝜌𝐷𝑖

𝜕𝐶𝑖
𝜕𝑦

2

𝑖=1

ℎ𝑖) + 
𝒩𝐷𝑠𝑜𝑙
𝑐𝑝,𝑓

(
𝜕2𝐶

𝜕𝑥2
+
𝜕2𝐶

𝜕𝑦2
)   

𝑢𝑥
𝜕𝐶

𝜕𝑥
=  𝐷𝑅−𝐴 (

𝜕2𝐶

𝜕𝑥2
+
𝜕2𝐶

𝜕𝑦2
) + 𝐷𝑠𝑜𝑙 (

𝜕2𝑇

𝜕𝑥2
+ 
𝜕2𝑇

𝜕𝑦2
)                                                    

                  (1.9) 
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Where 𝒩 = 𝑇0 (
𝜕𝜇∗

𝜕𝐶
)
𝑇,𝑃

 is the Dufour parameter, 𝜇∗ the chemical potential of the solution, 𝑇0 a 

reference temperature at which 𝒩 is calculated, 𝐷𝑠 = 
𝑆𝑇

𝐷𝑅−𝐴
 the thermo-diffusion coefficient (m2.s-1 .K-

1 ) and 𝑆𝑇 the Soret coefficient (K-1).  

Hosseinnia et al. (2017) found that for water vapor absorption in LiBr solution, there is an increase in 

the average heat flow and in the average absorbed mass of 9.5% and 4% respectively due to the 

introduction of inter-diffusion and Soret-Dufour effects. The effect of the variation of physical 

properties of the solution on the heat of absorption and the absorbed mass flow is less than 5%.  

Aminyavari et al. (2017) studied the absorption of ammonia in water and considered the convective 

heat and mass transfer coefficients between the liquid and the interface, but also between the 

convective heat and mass transfer coefficients between the liquid and the wall. The energy released is 

five times greater at the inlet of the absorber than at the outlet. 

1.2.2.3 Horizontal tube absorbers 
Although horizontal tube absorbers have high heat and mass transfer coefficients (Ding et al. 2018), 

they are complex to model because the solution has three regimes. It flows as a falling film over the 

tube, as half drops (drop formation) at the bottom of the tube and as drops (drop fall) from one tube 

to another (Fig. 1.3). Despite these complexities, there is literature on the modeling of horizontal 

absorbers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Description of the three different flow regimes for a horizontal tube absorber 
(Kyung, Herold, et Kang 2007) 
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o Analytical resolution 

Falling film over horizontal tubes has not been studied much analytically (Killion 2003). However, 

progress has been made. Meyer and Ziegler (2014) and Meyer (2014)  used the Laplace transform. The 

partial differential equations for an isothermal wall were solved by considering a uniform film velocity. 

Their results show good agreement with Nakoryakov and Grigor’eva (2010) when the wall temperature 

is equal to the inlet flow temperature.  

Following Jeong and Garimella (2002) who used a numerical resolution, Giannetti et al. (2017) found 

that partial wetting reduces the local mass transfer over the whole surface at reduced mass flow rates. 

The wetting ability was defined as the ratio of the rivulet to the total width. The average wetting 

behavior of the LiBr/H2O falling film was estimated by minimizing the kinetic and surface tension 

energy. The solution not only considered the partial wetting effect but also the shape of the cylinder, 

the temperature of the coolant and the inlet conditions of the solution.  

Instead of using the Nusselt’s equation which assumes a symmetrical parabolic velocity profile, Zhang 

and Gao (2016) developed the film thickness and velocity equations based on the linear superposition 

principle and on the method of separation of variables with the aim of analyzing the effect of the 

inertial force on the velocity in the entrance region to study an ammonia-water falling film. Giannetti 

et al. (2018) investigated the same problem as Giannetti et al (2017). If the wettability decreases, the 

Nusselt number decreases when decreasing the Reynolds number. However, if the effect of wettability 

is not included the Nusselt number increases when decreasing the Reynolds number. As conclusion, a 

horizontal-tube falling film absorbers can realize high heat and mass transfer rates with compact size 

and negligible pressure losses. They compared their results with some experimental studies namely 

(Soto Francés and Pinazo Ojer 2003; Kyung, Herold, and Kang 2007a; Lubis et al. 2017) and found no 

agreement. Indeed, in those experimental studies, authors did not consider the wettability effect 

although total wetting could not be achieved. 

o Numerical resolution 

Facing the challenge of analytical resolution of such complex flows, numerical resolutions have also 

been used to model horizontal tube absorbers. Although there is no analytical resolution that includes 

the three different regimes, almost all numerical resolutions consider it. Jeong and Garimella (2002) 

studied the LiBr/H2O couple and explained that the absorption is adiabatic during the drop formation 

and the drop fall. The authors concluded that vapor absorption occurs primarily in the film and droplet-

formation region of the flow and that the absorption is negligible in the droplets between the tubes. 

The film thickness and the velocity are both affected by the wetting ratio. Depending on the flow rate 

and the wetting ratio, 50% of the total absorption occurs in the droplets. Jeong and Garimella (2004) 

also analyzed the performance of lithium bromide absorbers for different tube diameters, spacing, and 

pass arrangements. It was observed that smaller tube diameters provide a significantly better absorber 

performance than larger tube diameters. Babadi and Farhanieh (2005) studied the absorption of 

LiBr/H2O on a completely wetted horizontal tube assuming constant film thickness and both normal 

and transverse velocity in the range of Reynolds number from 5 to 100. The heat transfer coefficient 

is high at the inlet due to the large difference temperature between the incoming solution and the 

heat transfer fluid. At the bottom of the falling film, this coefficient decreases significantly due to the 

increase in the thickness of the film. 
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By incorporating an appropriate thermodynamic and transport phenomena formulation, 

Papaefthimiou et al. (2006 ; 2012) studied a LiBr-H2O solution. The thermophysical properties of the 

superheated water vapor was estimated using a real gas equation of state avoiding saturation 

approximations at the liquid – vapor interface and using Helmholtz’s relationship. The considered heat 

transfer fluid Reynolds number was 4500 and the energy balance was set through an overall heat 

transfer coefficient. They concluded that the increase of the solution mass flow rate results in the 

reduction of the solution outlet temperature and concentration: above a certain value of the solution 

mass flow rate, adding tubes does not contribute to the solution’s cooling. 

Using a parametric analysis with simplified mathematical model, the actual film thickness was 

estimated by Lee et al. (2005) by assuming that the half circumference of the tube as a vertical wall.  

Kyung et al. (2007b) made the same assumptions, as Babadi and Farhanieh (2005), to analyze the effect 

of inlet subcooling. In drop formation and fall regimes, they examined the dynamic regime and derived 

the corresponding energy and mass equations. 60% of the bulk LiBr mass fraction change occurs during 

the drop formation if the heat transfer fluid is not subcooled. However, there is almost no change in 

temperature and mass fraction in the drop fall regime.  

Considering the spherical coordinates problem, Harikrishnan et al. (2011) found that the interface 

temperature and heat flux at the tube increase with the solution flow rate for the R-134a-DMAC 

couple. Moreover, the surface temperature gradient between the inlet and the outlet decreases with 

the flow rate. This is because the rate of thermal diffusion to the wall decreases for high flow rates 

with an increase in film thickness. An increase in the bulk solution temperature and interface 

temperature is also observed.   

Ben Hafsia et al. (2015) carried out the analysis in Reynolds number range from 10 to 100. Two 

contradictory phenomena occur in the drop regimes. The first is the increase of the bulk temperature 

due to adiabatic absorption leading to a decrease in the absorption process. The second is the increase 

in the contact area between the liquid and the generated vapor water leading to an increase in the 

absorption phenomenon. Like Kyung et al. (2007b), they found that absorption is higher in the droplet 

regime than in falling film. However, they also mentioned that 74% to 77% of the absorption process 

occurs in the droplets when the inlet temperatures of cooling water and poor solution are 28°C and 

41.25°C respectively. 

Nguyen et al. (2018) studied the heat and mass transfer of NH3-H2O falling film using the Nusselt’s 

theory to model the film hydrodynamics. Their study shows that the same equation could be used to 

analyze the LiBr-H2O and NH3-H2O behavior at local scale. The solution flow rate, cooling water 

temperature and solution concentration (28%-31%) have significant impact on the heat and mass 

transfer coefficient.  

Zhang et al. (2019) stated that the falling film absorption process can be divided into four regimes: 

falling film regime on the tube surface, pendant droplet on the underside of the tube, liquid column 

regime between tubes and falling droplet regime between tubes, in order to have a more accurate 

description of the droplets between tubes.  

1.2.2.4 Summary on laminar falling film absorption 
Killion and Garimella (2001) pointed out the importance of considering more realistic boundary 

conditions, than assuming adiabatic or/and isothermal wall. In the film, there is the development of a 

thermal boundary layer due to the thermodynamic equilibrium at the liquid – vapor interface, but also 
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a thermal boundary layer due to the heat transfer fluid. In recent studies, many authors aimed to add 

the coolant fluid study in their scope. None of them analyzed the interaction at local scale, the energy 

balance through the wall was done by means of an overall heat transfer coefficient or by assuming a 

linear profile of the coolant temperature. Studies showed that the heat transfer fluid flow and inlet 

temperature influence not only the total mass absorption but also the outlet solution temperature and 

concentration. The review also shows that the impact of variable thermophysical properties on the 

absorbed mass flow is still not enough studied. Further investigations have to be carried out to have a 

more realistic idea of their impact. Although many works tried to remove some of the common 

assumptions applied on falling film absorbers, many simplified ones are until now used to model the 

local heat and mass transfer. Some of them are mentioned in table 1.1.  From the suggestion of Killion 

and Garimella (2001), many studies investigated the different types of droplets by studying not only 

their impact on heat and mass transfer but also by determining the part of the absorption that occurs 

in those regions. Most of the local analyses are performed on the LiBr-H2O couple because of the same 

physical phenomena encountered when using different working fluids.
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Table 1.1: Syntheses of main hypotheses and methods of resolution used for the study of phenomena in falling film absorbers – laminar regime 

Geometry Author Wall type (boundary 

condition) 

Film 

thickness 

Fluid 

properties 

Solution type Velocity profile Type of dilution Reynolds 

number range 

Comments 

 

 

 

 

 

 

 

Plates 

(Nakoryak

ov and 

Grigor’eva 

1977) 

Isothermal Constant Constant Analytic Uniform Infinite -  

(Yoon et 

al.2005) 

Isothermal Constant Constant Numerical 

 

Parabolic Infinite  

 

 8–20  Study of inter–diffusion  

(Nakoryak

ov and 

Grigor’eva, 

2010) 

Adiabatic 

Isothermal 

Constant Constant Series expansion 

method 

Constant Finite 12, 44, 94 Lewis number <<1 

Kapitza number = 5-20 

(Nakoryak

ov et al. 

2011) 

Large thickness 

(Concentration 

boundary layer not 

fully developed) 

Variable Constant  Self-similar 

solution  

Uniform Semi-finite  

- 

Lewis number = 0.01 

Peclet number = 400 

Froude number = 0.5 

(Flores 

2014) 

Adiabatic 

Isothermal  

Constant Constant Numerical 

 

Parabolic Finite 20–220  Established and partially – 

established zone  

(Mittermai

er and 

Ziegler 

2014) 

Isothermal Constant Variable Numerical Uniform Infinite - Study of inter-diffusion. 

Lewis number = 100 

(Vladimir 

E. 

Nakoryako

v and 

Bartashevi

ch 2017) 

Isothermal Constant Constant Analytical Uniform Finite  Applied at the entry region. 

Results use as initial conditions 

Lewis number < 1 

(Habib et 

al. 2019) 

Isothermal Constant Variable Numerical Two components Infinite 5–150  Study of the vapor phase and 

added shear stresses to their 

equations 

(Rosa et 

al.2020) 

Non-isothermal Constant  Constant Differential 

algebraic model 

Uniform - 49–300  The flow is one dimensional as in 

Aminyavari et al. (2017); Triché 

et al. (2017) 

The vapor and liquid are in co-

current flow while the coolant is 

in counter-current flow 
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Vertical 

tubes 

(Rogdakis 

et al, 2003) 

Heat Transfer fluid 

model 

Constant Constant Implicit finite 

difference 

scheme 

Parabolic Infinite 50–100  Application of the energy balance 

on the coolant side 

(Bo et al. 

2010) 

Coolant heat transfer 

coefficient is used to 

model the heat 

transfer fluid 

Constant Constant Numerical 

resolution (CFD 

software and 

Fluent) 

Parabolic Infinite - Absorbed mass fluxes of 

0.0002–0.0022 kg.s-1.m-2 

Lewis number is in order of 

magnitude of 100 

(Mortazavi 

and 

Moghadda

m, 2016) 

Adiabatic Constant Constant Laplace Linear Infinite - Lewis number = 100, 257 

Stefan number = 0.1 

(Wu 2016) 

 

Coolant heat transfer 

coefficient is used to 

model the heat 

transfer fluid 

Constant Constant  Laplace Uniform Infinite - Lewis number = 100, 200 

Biot number = 0.1, 1 

Stefan number = 0.1 

(Hosseinni

a et al. 

2017) 

Isothermal Constant Variable Numerical Parabolic  Infinite  

75 

Study of the inter-diffusion 

phenomenon and the Soret and 

Dufour effects 

 

Horizontal 

tubes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Jeong and 

Garimella 

2002) 

Coolant heat transfer 

coefficient is used to 

model the heat 

transfer fluid 

Impacted by 

the wet ratio 

Constant Numerical Parabolic and 

Impacted by the wet 

ratio 

- >100 Three different regimes were 

studied: Falling film, drop 

formation and drop fall. Linear 

temperature was assumed across 

the film. Wetting ratio is included. 

(Papaefthi

miou, 

Karampino

s, and 

Rogdakis 

2006; 

Papaefthim

iou et al. 

2012) 

an overall heat 

transfer coefficient is 

used to model the 

heat transfer 

coefficient 

Variable Constant Method-of-lines 

approach 

Two components Infinite < 50 Effect of the heat transfer fluid; 

Non-ideal gas is assumed for the 

stream; 

Incorporation of a more 

appropriated thermodynamic 

properties. 

(Babadi 

and 

Farhanieh, 

2005) 

Isothermal Variable Constant Numerical Two components Finite  

 5–100  

 

(Lee et al. 

2005) 

Coolant heat transfer 

coefficient is used to 

model the heat 

transfer fluid 

 

 

 

Constant Constant Numerical Parabolic infinite 8-88 for the 

film flow 

2200-3320 

for ammonia 

gas 

 

Estimation of the falling film 

thickness using a parametric 

analysis 
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(Meyer, 

2014; 

Meyer and 

Ziegler 

2014) 

Adiabatic 

Isothermal 

Constant Constant Laplace Uniform Semi-infinite  - Study carried out with Cartesian 

coordinates 

Lewis number = 100, 200 

Modified Stefan number = 0.1 

(Q. Zhang 

and Gao 

2016) 

Non-isothermal Constant Constant Analytical Two components - 237, 2373, 

4746 

New velocity and film thickness 

for horizontal tube: the inertial 

force is considered 

(Giannetti 

et al. 

(2017), 

(2018)) 

Isothermal Variable Constant Separation of 

variables 

Two components Finite 1–175  Partial wetting 

(Nguyen, 

Hiep-Chi 

Le, and 

Quoc-An 

Hoang 

2018) 

Isothermal Constant Constant - Two components Finite 10-300 NH3-H2O 

Impact of the operating condition 

on heat and mass transfer 

coefficients between the interface 

and the tube wall 

(H. Zhang 

et al. 2019) 

Non-isothermal Constant Constant Numerical Parabolic - 32 Four different regimes considered 

Partial wetting = 0.8 

vapor absorption rate of droplet 

regime can reach about 50% at 

high solution flow rate 
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1.2.3 Wavy-laminar flow regime 

Rotem and Neilson (1969) affirm that there are three distinct flow regimes depending on the Reynolds 

number (Table 1.2).  The Nusselt theory is valid only for low Reynolds Number due to hydrodynamic 

instabilities encountered at high Reynolds number (Miller 1998). More recently, the study conducted 

by Seol and Lee (2005) confirmed that the formation of waves at the free interface of the solution 

increases the absorption performance. 

Table 1.2: Type of flow corresponding to the Reynolds number (Rotem and Neilson 1969) 

Type of flow Reynolds number 

Laminar flow without rippling of the free surface Re < 13 

Laminar flow without rippling (wavy) of the free surface 13 < Re < 500 

Turbulent flow 500 < Re  

 

According to Brauner (1989), waves may be classified into two different categories: capillary or inertial 

laminar waves. The capillary waves have low amplitude, are sinusoidal with regular frequency (Fig. 

1.4.a). When increasing the Reynolds number, inertial waves appear. They are also called roll waves 

and have high amplitude (Fig. 1.4.b).  

The presence of recirculation regions may be observed in the roll waves. The roll-wave equation taking 

into account heat and mass transfer through the liquid–vapor interface has been derived by 

Nakoryakov et al. (2012).  Although hydrodynamics of falling liquid film plays a major role in heat and 

mass transfers, the general aspects of the free-surface wave generation are still poorly understood 

(Nakoryakov, Ostapenko, and Bartashevich 2012). Although many authors studied the falling film 

hydrodynamic (Demekhin, Kalaidin, and Rastaturin 2005; Boudlal and Liapidevskii 2012; Chhay et al. 

2017; Qiu 2018; Q. Wang et al. 2020; Cellier and Ruyer-Quil 2020) only few works have been carried 

out the effect of waves on the heat and mass transfer phenomena in an absorber and only few were 

Figure 1.4: Schematic description of (a) sinusoidal wavy – laminar and free-wavy laminar flow regimes; (b) wavy – 
laminar flow regime without the sinusoidal shape assumption  
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found after 2000. Indeed, many authors still assume uniform laminar falling film flow even at Reynolds 

number up to 100 as shown in the previous section.  Falling film absorbers in the wavy-laminar flow 

regime are discussed in the following sections and the Table 1.3 summarizes the different results.  

1.2.3.1 Flat plate absorbers 
Sabir et al., (1996) assumed constant LiBr/ H2O thermo physical properties and no recirculation of the 

liquid at Re =  100. They explained that wave characteristics depend on the Reynolds number, falling 

film length and physical properties of the liquid. Wavy flow improves thermal and mass transfer and 

the improvement was not due to recirculation but to the transverse component velocity (𝑦 𝑎𝑥𝑖𝑠) – 

which is absent in smooth flows and the convection associated with it.  

Islam et al. (2009) focused on inertial waves with recirculation rather than regular periodic wavy film 

for LiBr/H2O couple and found that temperature and concentration profiles fluctuate with the waves. 

Fig. 1.5 shows the evolution of the streamlines, temperature and concentration for wavy film versus 

downstream distance. At the entrance of the absorber, the absorption rate is slightly higher in a 

smooth film than in a wavy one as the waves are in the developing stage. Afterwards, the solution 

recirculation induced by wave, brings the cold and salt concentrated solution to the interface. This 

phenomenon favors the absorption of water due the high potential gradient at the interface. 

Moreover, the recirculation also allows the increase of the absorption phenomenon by removing heat 

from the interface. Given the low diffusivity of the absorbent for the LiBr/H2O couple, the transfer of 

vapor into the film is limited and consequently the absorption rate decreases. 

 

 

 

A two-dimensional numerical simulation was performed by Bo et al. (2011) in order to investigate the 

effect of solitary waves on heat and mass transfer by considering a thin film flow of LiBr/H2O solution 

for a film Reynolds number of 100. The recirculation flow induced by the solitary waves moves the high 

temperature and concentration from the wave front to the wave rear and the enhancement of the 

absorption rate is observed on the capillary waves formed in front of solitary wave. The capillary wave 

region is the one with the most absorption rate contribution with 52.8% followed by the wave rear 

region, 38% and then the wave front region, 9.2%. The enhancement ratio is 34.2% for the heat 

transfer coefficient and 23.6% for the mass transfer coefficient. 

Figure 1.5: (a) Streamlines (b) temperature contour and (c) concentration contour of wavy film (Islam et al 2009) 
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1.2.3.2 Vertical and horizontal tube absorbers 
García-Rivera et al. (2016) studied the absorption of H2O in a LiBr/H2O solution over a vertical tube and 

focused their work on Reynolds numbers between 20 and 320, considering variable fluid properties in 

the streamwise direction with temperature and concentration. The number of waves formed and their 

velocity were determined. Heat and mass transfers are at a maximum at an optimal Reynolds number 

of 196, and beyond this optimal value, a decrease in absorption is observed 

Horizontal tube absorbers were also studied. Indeed, Killion and Garimella (2004) calculated the 

surface area and volume of the droplet. Although many authors considered uniform film flow on the 

tube surface, Subramaniam and Garimella (2014) considered that the flow actually occurs as wavy film 

on the tube surface and as droplets in the inter-tube space. They successfully modeled the effect of 

mixing and waves caused by droplet impact on heat and mass transfer with a 3D model and temporal 

resolution for low Reynolds number < 500. They found that gravity and surface tension are the two 

main forces acting on the fluid.  

Subramaniam et al. (2021) developed a 2D numerical model and considered the impact of the surface 

tension. Plots of temperature, concentration, velocity and local heat and mass transfer coefficients are 

presented and discussed for different inlet concentrations, temperatures, flow rates and coolant 

temperatures. The results were compared with those found by Subramaniam and Garimella (2014) 

when using a 3D model. They explained that the 2D model does not account the enhancement due to 

the axial propagation but still accounts for the most of the key elements of the flow. 

1.2.3.3 Summary on wavy falling film 
Not enough studies investigated the impact of the hydrodynamics – wavy and turbulent flows – on the 

heat and mass transfer process encountered in falling film absorbers. The heat and mass transfer 

enhancements are mainly due to the convection and the transversal velocity associated, but also to 

the presence of recirculation. As suggested by Killion and Garimella (2001) and in recent work, the 

hydrodynamics should be considered simultaneously in a coupled manner with the heat and mass 

transfer processes to have a more realistic representation of its contribution on the absorption 

phenomenon. One of the main simplifications to the governing equations is the use of uniform laminar 

falling film on horizontal tubes surface which is not true when considering more than a single tube. 

The impact of droplets on the next tube generates waves that mix the film flow and so the film is wavy 

laminar. Moreover, gravity and surface tension play a major role on droplet formation.  More detailed 

studies must be carried out on horizontal tube absorbers in order to better understand the different 

phenomena that can be encountered, as the studies on droplets and their impact on the absorption 

phenomena are very recent. 
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Table 1.3: Syntheses of wavy-flow regime studies with key assumptions, specific details and key findings.  

Geometry Study Fluid pair/conditions Key assumptions Specific details Key findings 

Flat plate 

absorbers 

(Sabir et al., 1996) LiBr/H2O 

Re = 100 

Isothermal wall. 

Linear dependency of concentration 

and temperature at the liquid–vapor 

interface. 

At lower Reynolds numbers, the 

mixing (recirculation) effect is 

low. 

Inertial waves without 

recirculation. 

At low Reynolds numbers, enhancement 

of the absorption rate is not due to 

recirculation as there is no mixing at these 

Reynolds numbers. The convection 

associated with the vertical component of 

the velocity is responsible for 

enhancement of the transfer phenomena. 

Mass transfer is improved when operating 

at higher Lewis numbers and lower heat 

of absorption. 

(Islam et al., 2009) LiBr/H2O (%LiBr: 55) 

 

Isothermal wall. 

Inertial waves with recirculation. 

Surface tension is a function of 

interface temperature and 

concentration. 

Solitary waves produce recirculation, and 

the latter enhances the absorption rate 

Vertical tube 

absorbers 

(García-Rivera et al., 

2016) 

LiBr/ H2O 

Re = 20–320  

Variable fluid properties in the 

streamwise direction with 

temperature and concentration. 

The number of waves and their 

velocity are determined using 

the Orr-Sommerfeld Equation 

(Goussis and Kelly 1991). 

Heat and mass transfers have their 

maximum at an optimal Reynolds number 

of 196. 

Absorption performance decreases 

beyond this Reynolds number value in the 

conditions studied. 

 

Horizontal tube 

absorbers 

(Killion and Garimella 

2004a) 

LiBr/ H2O (%LiBr: 

53.44%) 

 

 CFD representation  Determination of surface area and volume 

of droplets. 

(Subramaniam and 

Garimella 2014) 

LiBr/ H2O (%LiBr: 65%) 

Re < 500 

 

At the interface, the equilibrium 

parameters are determined using the 

(Yuan and Herold 2005) method 

Wavy film on the tube surface 

CFD representation  

3D model 

Surface tension considered 

The droplet does not only impact the 

mixture of the film concentration but also 

generated axial propagation that play an 

important role on heat and mass 

enhancement.  

(Subramaniam, 

Chandrasekaran, and 

Garimella 2021) 

LiBr/ H2O 

Re < 500 

 

At the interface, the equilibrium 

parameters are determined using the 

(Yuan and Herold 2005) method 

Wavy film on the tube surface 

CFD representation  

2D model 

Surface tension considered 

The droplet impact leads to the mixture of 

the film concentration and allow to form a 

new surface for the absorption. 

Determination of local heat and mass 

transfer coefficients. 
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1.3. Experimental studies 
 

Numerical and theoretical approaches are an interesting first step in understanding phenomena but 

validation through experimental work is important. This section summarizes the experimental work 

carried out on falling films. Despite the recommendation in (Killion and Garimella 2001), there is not 

much experimental work on coupled heat and mass transfer at the local scale due to the complexity 

involved and the measuring devices required. 

Miller and Keyhani, (2001) set up a loop to measure film thickness, and wave amplitude and frequency 

for a LiBr/H2O falling film at Re = 290. They used high speed video recordings to detect even the 

smallest changes in falling film thickness over a vertical tube. The film thickness was time-averaged.  

Wave amplitude is affected by the flow rate of the falling film and the outer diameter of the tube. 

Unfortunately, they did not give results on how hydrodynamics affect heat and mass transfer. The 

same authors used thermographic phosphors to measure the temperature profile along the length of 

the absorber tube (Miller and Keyhani 2001a). They found that the concentration gradient in the flow 

direction is almost constant.  

The study of  heat and mass transfer during water absorption in LiBr/H2O solution by Takamatsu et al. 

(2003) for film Reynolds number in the range of 50 to 550 on vertical tubes showed that the surface is 

completely wetted for a film Reynolds number of 130 and higher. They explained that decreasing the 

film Reynolds number below 130 or increasing the tube length leads to a decrease of heat and mass 

transfer due to the breakdown of the liquid film to rivulet. The analysis was made by observing the 

tube inside using an industrial endoscope.  

The assumption of a smooth laminar film is not valid over horizontal tubes (Killion and Garimella 2002; 

Killion and Garimella 2003; Killion and Garimella 2004a; Killion and Garimella 2004b; Subramaniam and 

Garimella 2009). Indeed, they studied the flow in horizontal tube absorbers using high-speed 

visualization in combination with quantification algorithm. Depending on the solution flow rate and 

the diameter of the tube, the droplet can either be detached or not before it hits the next tube. The 

impact of the droplet on the next tube causes waves and oscillations that play an important role in 

heat and mass transfer. The surface tension role in the mechanics of drop formation was also 

underlined. Killion and Garimella (2004) also showed that the flow affected absorption and in turn the 

absorption affects the flow characteristics due to variation in fluid properties.  

High speed and high resolution videos using phothron digital camera were used by Bohra et al. (2019) 

to study falling film for Reynolds numbers between 34 and 102. This study is the first one to detail film 

and droplets in a water-ammonia falling film. As in the case of LiBr-H2O, they found that the droplets 

offer additional surface area for absorption. Absorber pressure and solution concentration impact the 

absorber performance by impacting the thermophysical properties, film thickness, residence time and 

droplet-site spacing. 

The experimental study conducted by Zhang et al. (2019) was divided into two parts: the image 

acquisition experiments using high-speed camera shooting and the falling film absorption experiment. 

The variation of the surface area and volume with time were determined. They showed that vapor is 

mainly absorbed in the falling-film and droplet regime, while it is negligible in the liquid column regime 

and falling droplet regime. Under low solution Reynolds number, the absorption phenomenon 

decreases with solution flowing down the tube bundle. As the solution flow rate increases, the amount 
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of vapor absorption in falling film regime gradually decreases, and the effect of the droplets between 

tubes becomes more and more significant. 

On numerical and analytical models, most authors assumed to be under a uniform laminar film flow 

and so underestimated the thermal and mass effectiveness of the absorber knowing that falling film 

are naturally wavy. Experimental validation will allow to correct the theoretical models and to have a 

more realistic representation of the local phenomena. This local validation is important as it may be 

possible to broaden the scope of absorber improvement by studying how to act at the local level to 

improve behavior at absorber scale as highlighted in (Killion and Garimella 2001). Table 1.4 summarizes 

the different key findings of the experimental studies. 
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Table 1.4: Syntheses of experimental studies with key assumptions, specific details and key findings.  

Authors Geometry Fluid pair/conditions Specific details Key findings 

(Miller and Keyhani 

2001a) 

 

Single stainless-steel absorber 

Tube diameter: 0.01905 m  

Tube length: 1.524 

Mass fraction: 60%, 62%, 64% LiBr- 

H2O 

Absorber pressure: 1.0, 1.3, 1.5 kPa 

Inlet coolant temperature: 35°C 

Reynolds = 290 

Thermographic Phosphor Data 
One tube: droplets not considered 

Linear heat and mass transfer coefficients along the film 

length; 

Bulk concentration gradient approximately constant in 

the flow direction: Constant flux approximation can be 

used to solve the heat and mass transfer problem. 

(Miller and Keyhani 

2001b) 

Tube length: 0.7 m Mass fraction: 55% LiBr- H2O 

Tube diameter: 9.53, 12.7, 19.05 mm 

Video recordings Film thickness measurements at different position; 

Impact of the tube diameter on the wavy flow; 

The average film thickness for a wavy-laminar flow is 

small compared to that of smooth laminar. 

 

(Killion and Garimella 

2003) 

Single column of 6 horizontal 

tubes 

Tube diameter: 12.7 mm 

- High-speed digital video camera by 
photron 
Resolution 1024 x 1024 at 500 frames. s-1 

512 x 240 pixels 

The nature of the waves and oscillations generated from 

the detachment of droplet and their frequency depend on 

design parameters, film flow rate, thermophysical 

properties such as fluid viscosity, surface tension and 

density. 

(Killion and Garimella 

2004b) 

9 copper tubes 

Tube diameter: 15.9 mm 

Tube length: 0.5 m 

Tube center -to – center spacing: 

31.8 mm 

 

Mass fraction: 53.44% LiBr- H2O 

Pressure: 1 kPa 

Reynolds < 100 

Surface tension considered 
7.3 10-2 N.m-1 for water 
9.1 10-2 for LiBr 
 
High-speed digital video camera by 
photron 
Resolution 1024 x 1024 at 500 frames. s-1 

Evolution of droplet surface area and volume  

Horizontal tubes elongate the droplets in the direction of 

the tube axis; 

The behaviour of droplets can be impacted by the 

interaction of neighbouring ones; 

The assumption that films are well distributed along the 

top surface does not hold if the droplet that arrives at the 

top is in discrete drops. 

(Subramaniam and 

Garimella 2009) 

- Mass fraction: 65% LiBr- H2O 

 

Reynolds < 110 

Time step used 0.2 ms Droplet impact and detachment causes circumferential 

and axial waves and oscillations of the liquid film; 

The droplet account for 4.4% of the total absorption; 

Non-uniform wavy films around the tubes. 

(Bohra, Lee, and 

Garimella 2019) 

Tube assembly  

Tube outer diameter. 9.5 mm  

Tube wall thickness 0.7 mm  

Tube length 0.292 m  

Number of rows 6  

Number of columns 4 

Horizontal pitch 30.5 mm 

Vertical pitch 20.1 mm  

Width 0.120 m  

Height 38.1 mm  

H2O/NH3 

Re = 34 - 102 

Realistic absorber pressure: 150, 345 and 
500 kPa 
 
High speed and high-resolution videos 
using photron digital 

The dominant flow mode is observed in the droplet mode 

for the range the experiments. 

They are droplets that grown by themselves due to the 

absorption and those that are driven by the momentum 

carried by the impacting droplets. 

For a pressure of 345 kPa, mass fraction 25%, film flow 

rate 0.0019 kg. s-1: Droplet diameter ~ 5 mm; Droplet site 

spacing ~ 18 mm; Droplet formation time 0.21 s; Film 

residence time ~ 0.134 s 
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Capillary tube outer diameter 1.5 

mm Number of rows 4  

(H. Zhang et al. 2019) 14 copper plain tubes 

Tube diameter: 16 mm 

Tube length: 0.5 m 

Mass fraction: 56% LiBr-H2O 

Pressure: 1 kPa 

Reynolds < 100 

Image acquisition experiments using high-
speed camera shooting and falling film 
absorption experiment; 
High – speed camera shooting frequency: 
1000 frame. s-1 
256 x 240-pixel image 

vapor is mainly absorbed in the falling-film and pendant 

droplet regime. 



Chapter I. Review of coupled heat and mass transfer studies in falling film absorbers: modeling, 
experimental and thermodynamic approaches   

 

 
55 

 

1.4. Thermodynamic approach 
 

The concept of applying the thermodynamic of irreversible processes on a system with the aim of 

reducing exergy destruction was introduced by McClintock (1951) to design heat exchangers. Over the 

years, different approaches that use the thermodynamic of irreversible processes have been 

developed to evaluate and optimize thermodynamic systems. Two such approaches are the most 

popular: entropy generation analysis (EGA) and entropy generation minimization (EGM) (Sciacovelli, 

Verda, and Sciubba 2015). The latter explained that EGA is the method of identification and reduction 

of thermodynamic irreversibilities while EGM is the method of minimizing the losses of a system by 

respecting constraints. Entropy generation minimization was introduced by Bejan (1996) and has been 

widely used to optimize different types of heat exchangers (Hong, Du, and Wang 2017; Kiyasatfar 2018; 

Pussoli 2012; Zarea et al. 2014). The idea is to find the improved operating conditions or dimensions 

that give a lower entropy generation rate with respect to certain constraints. The first principle can be 

used to calculate the energy balance of any absorption machine component, but the second principle 

also provides information on entropy production (or exergy destruction) in each component (Fartaj 

2004).   

Before discussing optimization, it is important to identify, locate and quantify the entropy generation 

sources. A second law analysis of an LiBr/H2O absorption chiller was investigated by Myat et al. (2011) 

and found that it can be reduced by optimizing input parameters such as the inlet solution temperature 

and the flow rates of the different components but also by optimizing the heat transfer area of the 

component.  

For each component of absorption machines, there are avoidable and unavoidable irreversibilities, but 

also endogenous and exogenous irreversibilities (Kelly 2008). The idea of splitting the 

irreversibilities/exergy destruction was proposed by Morosuk and Tsatsaronis (2009) and Tsatsaronis 

and Park (2002).  The theoretical basis for splitting the exergy destruction using thermodynamic cycle 

analysis was often discussed (Tsatsaronis and Park 2002; Morosuk and Tsatsaronis 2006a; Morosuk  

and Tsatsaronis 2006b; Morosuk and Tsatsaronis 2008; Morosuk and Tsatsaronis 2009). The 

unavoidable irreversibilities are those that cannot be reduced due to physical and economic 

constraints while the avoidable irreversibilities are those obtained by the difference between the total 

and the unavoidable irreversibilities. The endogenous irreversibilities of a component are due to 

inefficiency within the component itself when all the other components of the system are assumed to 

be ideal. The exogenous irreversibilities are obtained by the difference between the total and 

endogenous irreversibilities. Only the part of avoidable irreversibilities should be considered for the 

improvement of any system and components (Amidpour and Manesh 2021) by improving the 

component efficiency for the endogenous avoidable irreversibilities and by optimizing/improving the 

overall system/other components for the exogenous avoidable irreversibilities. The exergy destruction 

of the different components of a single-effect LiBr/H2O absorption refrigeration cycle is mainly 

endogenous and the endogenous irreversibilities are mostly unavoidable for the desorber and 

absorber, unlike endogenous irreversibilities in the evaporator and condenser (Gong and Goni 

Boulama 2014).  

Thu et al. (2013) found that an increase in the solution circulation ratio, defined as the ratio between 

the flow rate of the diluted solution coming from the absorber and the vapor coming from the 

evaporator of a LiBr/H2O absorption refrigeration cycle, results in an increase of the endogenous 

irreversibilities of the absorber and the desorber.   
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Altamirano, Le Pierrès, et al. (2019b) developed an innovative bi-adiabatic system configuration of a 

LiBr/H2O solar absorption system, determined the optimum conditions for a nominal cooling capacity 

of 5 kW and studied the exergy destruction of the system. This new configuration uses conventional 

heat exchangers for heat transfers and adiabatic mass exchangers for mass transfers for both 

absorption and desorption processes. The highest entropy generation is concentrated in the adiabatic 

desorber and absorber. They explained this result by the low mass efficiencies considered for both 

adiabatic exchangers (0.4 and 0.6) and the impact of the enthalpy of mixing. 

As the absorber is one of the most critical components, some researchers have focused on it and on 

understanding how local entropy is generated depending on the scale, controls on patterns and 

processes change. Entropy generation in an absorber is due to different phenomena: heat transfer, 

mass transfer, hydrodynamics of the falling film.. Most thermodynamic studies in the literature 

examines local entropy generation (S𝑔𝑒𝑛
′′′
) rate using the Hirschfelder et al. (1954) equation (1.10): 

𝜎̇ =  q
f 
⃗⃗  ⃗ ∙ ∇⃗ (

1

T
) +

τ̿: ∇̿(u)⃗⃗  ⃗

T
− 
1

T
 j
vap
⃗⃗ ⃗⃗  ⃗  ∙ ∇⃗ (γ

vap
)             with  q

f
⃗⃗  = −λf∇⃗ (T) − hvapj vap      (1.10) 

The first term on the right is the entropy generation due to heat transfer; the second term is due to 

viscous flow and the third term to the mass transfer.  

At local scale, few studies have applied the thermodynamic approach to falling film absorbers due to 

their complexity. In the following paragraphs, those that have applied this approach to plate and tube 

absorbers are analyzed. 

1.4.1 Flat plate absorbers 

Chermiti et al. (2011) studied the absorption of CO2 by H2O at constant temperature and pressure in 

co-current flow. They studied a laminar falling film flowing down an adiabatic vertical plate. The mass 

flux transferred by convection is much greater than that transferred by diffusion. Moreover, the 

entropy generation is due to the mass transfer phenomenon near the interface and to the viscosity 

near the wall. This entropy generation is overall greater near the interface and decreases with the film 

thickness until reaching a minimum corresponding to the minimum of mass irreversibilities before 

increasing due to the viscous irreversibilities 

Chermiti et al. (2013) also considered that absorption occurs at a constant temperature and so there 
is no heat irreversibilities. The evolution of the viscous and mass entropy generation with the film 
temperature is studied. Viscous entropy generation increases with the film temperature while in the 
diffusive boundary layer, mass transfer irreversibilities increases with an increase in film thickness and 
temperature. As the convective mass transfer irreversibilities increases with the temperature it 
induces an increase of the film fluid velocity. Beyond the diffusive boundary layer, mass transfer 
irreversibilities decreases with a decrease in the film fluid temperature.  

Thermodynamic studies concerning the coupled effects in absorption chiller absorbers are recent. 

Hidouri et al. (2013) considered an adiabatic absorber with the NH3/H2O couple and included the 

irreversibilities due to heat transfer in their study. Entropy generation due to the heat and mass 

coupling caused by the thermodynamic equilibrium is almost 200 times the heat transfer 

irreversibilities at the interface. The heat transfer irreversibilities here is defined as the irreversibilities 

due to the thermal conduction phenomenon only, which is different from the heat and mass coupled 

entropy generation related to the simultaneous heat and mass gradients. In addition, the higher the 

difference in temperature between the interface and the wall, the higher the total entropy generation 

but that the viscous irreversibilities are not affected by that temperature gradient.  
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1.4.2 Tube absorbers 

Giannetti et al. (2015a; 2015b) carried out a study of absorption in a LiBr/H2O solution over a horizontal 

cooled tube. In the streamwise direction, the viscous irreversibilities have a parabolic profile and that 

the diffusion mass transfer and viscous irreversibilities are negligible. Moreover, total entropy 

generation is dominated by the heat irreversibilities. Total entropy generation increases with 

decreasing tube thickness, inlet film temperature and solution mass flow rate for Reynolds numbers 

between 4 to 28 (Giannetti et al. 2015a). The irreversibilities due to the coupled effects of mass 

convection and heat transfer has a critical impact on the total entropy generation. Fig. 1.6 shows the 

evolution of the entropy generation per unit of tube length (Eg) versus the Reynolds number and shows 

a minimal value (Giannetti et al. 2016). Thus, for each tube radius, the operating conditions that leads 

to the minimum entropy generation could be determined.  

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.3 Summary of the thermodynamic approach 

In all systems there are avoidable/unavoidable but also endogenous/exogenous irreversibilities. In 

order to improve the absorber performance, actions must be set to reduce the endogenous avoidable 

irreversibilities. Thermodynamic of irreversible processes is applied at local scale to better understand 

the different sources of these entropy generations. Researchers agree that the local entropy 

generation rate is the sum of thermal, viscous, convective and diffusive irreversibilities. Until now, only 

the impact of the film inlet temperature, tube radius and of the Reynolds number on the entropy 

generation is analyzed. The focus should be to identify, locate and quantify the sources of entropy 

generation but also to deeply understand the different contributions on the entropy generation with 

the aim of identifying the parameters and regions of the falling film (or absorber) on which to act at 

the local level for better performance at the component level.  

Figure 1.6: Entropy generation per unit of tube length (Eg) as a function of Reynolds number of the flow for different 
tubes radius values (Giannetti et al. 2016) 
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Conclusions and scope of this work 
 

This chapter presented the state of the art of studies carried out on absorption machines in general 

and on absorbers at low solution regime flows in particular. Different numerical and analytical 

approaches are described for the evaluation of local temperature, concentration and velocity profiles 

for flat plate, vertical and horizontal tube absorbers.  

The analysis of the literature shows how much it is complicated to validate the local falling film 

temperature and concentration obtained using theoretical models with experimental results due to 

the sensor precision needed: most experimental studies only provide bulk temperatures and 

concentrations between the wall and the film interface. Consequently, the falling film models 

developed in this thesis, were compared with other numerical results. 

The non-isothermal boundary condition has a significant impact on the absorption phenomenon. For 

many years, searchers focus on studied the falling film absorber assuming either adiabatic or 

isothermal condition. More recently, some of them started to include a HTF by assuming linear coolant 

temperature profile or overall heat transfer coefficient. In the present work, this assumption is 

eliminated and a non-null non-infinite HTF is modelled properly using local energy and momentum 

balances. The HTF is considered to flow either in laminar (Rehtf < 2300) or turbulent (Rehtf > 4500) 

regime with the aim of analyzing its impact on falling film phenomena – firstly on falling film evaporator 

(chapter II) then on falling film absorber (chapter III). The transitional flow regime (2300 < Rehtf < 4500) 

is not studied as it is complex to model due to lack of correlations. 

More recently, studies demonstrated the importance of the second law of thermodynamics: the 

entropy generation analysis has been accepted as a method for heat exchanger’s design and 

optimization. However, before talking about optimization, the sources of entropy generation need to 

be identified, located and quantified.  The application of the TIP on entropy generation is recent, thus, 

the identified studies from the literature are not sufficient to give definitive conclusions on the entropy 

generation of the absorbers both at local and component scales. In the following chapters, a 

formulation of the local entropy generation is carried out – by applying the thermodynamic of 

irreversible process (TIP) – in order to identify the different sources of entropy generation associated 

to the operation of the evaporator and absorber (chapter II and III). Although the two limit cases – 

adiabatic or isothermal – were investigated, this thesis is the first one which includes the wall and the 

heat transfer fluid in the analysis of the entropy generation of a falling film absorber. To go further in 

the study, a parametric analysis is performed in chapter IV and Pareto fronts for chillers and heat 

transformers via a multi-objective optimization are given and discussed. 
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2.1. Introduction 
 

Before studying the coupled heat and mass phenomena observed in a falling film absorber, a first 

model was developed to study a falling film evaporator. There are different ways to model the 

evaporator, either by analytical or numerical methods. However, the application of the 

thermodynamic of irreversible processes (TIP) to this component is still very limited according to the 

literature.  

In this chapter, three novelties compared to what can be found in the literature can be highlighted. 

The first particularity is the study of the film by describing the thermal coupling between the HTF and 

the film through the wall. The HTF is modeled by considering the 2D heat transfer equation instead of 

calculating an overall heat transfer coefficient or assuming limit cases, which allows to model more 

realistic cases. The second particularity is the local analysis of the entropy creation through the whole 

evaporator - considering not only the film but also the HTF and the wall in order to quantify the share 

of irreversibilities generated in each medium depending on the operating conditions: most authors 

have applied the TIP, at the local scale, only on the film. Knowing the local distribution of the entropy 

generation, allows to better understand the physical phenomena which induce irreversibilities, and to 

localize them through the evaporator. It is therefore a way to improve the performance of falling film 

evaporators while minimizing the impact of their irreversibilities on the other components of the 

absorption machines. The third point to emphasize is the link made between the local and global 

phenomena of the evaporator. 

The effect of film superheating and subcooling, as well as the Reynolds number of the HTF and the 

film, on the thermal and evaporation efficiencies, as well as on the evaporation rate and entropy 

creation, is studied. The impact of other parameters such as the length of the evaporator is also 

analyzed and results are given both at the local and component scales. 

2.2. Problem description 
 

2.2.1 Evaporator description 

The study and analysis of the entropy generation produced during the evaporation process requires 

an understanding of the heat and viscous phenomena encountered. Fig. 2.1 shows a laminar film of 

incompressible liquid that enters the evaporator component at 𝑥 = 0. The film flows down under the 

gravity effect (from the top to the bottom) over a vertical plate heated by means of a HTF. The latter 

can be in co–current (from the top to the bottom) or counter–current (from the bottom to the top) 

with the falling film. The HTF enables to increase the film temperature and then to evaporate a part of 

it at the free interface, assumed at constant saturation temperature along the film (constant pressure).  

The heat and viscous transfer phenomena lead to the formation of the thermal 𝛿𝑡ℎ boundary layer in 

the HTF (𝛿ℎ𝑡𝑓,𝑡ℎ ) and in the film (𝛿𝑓,𝑡ℎ ). From Fig. 2.1, 𝑥 =  0 and 𝑥 =  𝐿 at the input and output of 

the absorber respectively while the axis 𝑦 is equal to zero at the center of the HTF channel and to 

𝑒ℎ𝑡𝑓 + 𝑒𝑤 + 𝑒𝑓  at the falling film interface. The axis 𝑦1 ∈ [0, 𝑒𝑓], it varies from the heated plate – film 

side – until the film interface while the axis 𝑦2 ∈ [0, 𝑒ℎ𝑡𝑓], it varies from the heated plate – HTF side to 

the center of the HTF channel thickness to. 
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2.2.2 Evaporator model description  

2.2.2.1  Model Assumptions 
Heat transfer is greatly intensified in the presence of capillary and solitary waves in the film (Kalliadasis 

et al. 2012). However, this paper will be limited to the modeling of falling film in the established laminar 

regime where these wave phenomena are attenuated (Flores 2014) as the falling film Reynolds number 

is considered to be lower or equal to 200. Moreover, as the impact of edge effect in this falling film is 

almost non-existent and as the vertical plate is assumed to be smooth and without corrugation, a 2D 

model seems to be appropriate to model the problem. However, for heat transfer fluids flowing over 

ribbed or corrugated plates, it is strongly advised to take into account the impact of edge effects by 

using 3D models. In formulating this model, the following assumptions were made: 

 

- The falling film flow is assumed to be laminar, one-dimensional and fully developed 

hydrodynamically throughout. 

- The liquid solution is incompressible, Newtonian and its physical properties (the viscosity, 

thermal conductivity and specific heat) are assumed constant since the flow is in steady-state 

and the temperature difference between the evaporator inlet and outlet is small – about 5°C. 

- The evaporated mass is negligible compared to the inlet mass flow rate of the film (𝑚̇𝑒𝑣𝑎𝑝 ≪

 𝑚̇𝑓). Indeed, the film thickness is assumed to be small compared to the length of the 

evaporator and the interfacial shears are negligible. Consequently, the mass flow rate of the 

film 𝑚̇𝑓 is assumed constant so as its thickness 𝑒𝑓 along 𝑥. 

- The evaporation process occurs at constant pressure, so that the saturation temperature 𝑇𝑠𝑎𝑡 

at the interface is constant along 𝑥. 

- Thermodynamic equilibrium is assumed at the interface 

- There are no shear forces exerted on the film by the vapor at the interface. 

 

Figure 2.1: Description of a vertical falling film evaporator at local scale 
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2.2.2.2 Hydraulic model 

2.2.2.2.1 Falling film 

As the falling film flow is assumed to be laminar, one-dimensional and fully developed 

hydrodynamically throughout and no shear forces is assumed at the free interface, a Nusselt profile, 

equation (2.1), can be used for the film velocity (Brauner 1991). 

𝑢𝑓(𝑦1) =  
𝜌𝑓𝑔

𝜇
𝑒𝑓
2 (
𝑦1
𝑒𝑓
−
1

2
(
𝑦1
𝑒𝑓
)

2

)                                                                                                               (2.1) 

with  𝑢𝑓(0) = 0 and  
𝜕𝑢𝑓(𝑒𝑓)

𝜕𝑦1
= 0                                               

The following parameters can be determined knowing the mass flow rate per unit of width of the film. 

The mass flow rate per unit of width of the film is given in equation (2.2): 

𝛤𝑓 = 
𝑚̇𝑓

𝑙
=  𝜌𝑓  𝑒𝑓𝑢̅𝑓                                                                                                                                            (2.2) 

The mean velocity is defined as in equation (2.3), (Incropera et al. 2006): 

𝑢̅𝑓 =
1

𝜌𝑓𝐴𝑓
∫𝜌𝑓𝑢𝑓(𝑦1)𝑑𝐴𝑓                                                                                                                               (2.3) 

For a Nusselt profile with constant density, it reduces to equation (2.4): 

𝑢̅𝑓 =
1

𝑒𝑓
∫𝑢𝑓(𝑦1)𝑑𝑦  =  

𝜌𝑓𝑔

3𝜇𝑓
𝑒𝑓
2 = 

2

3
𝑢𝑓,𝑚𝑎𝑥                                                                                               (2.4) 

From the two above equations, the film thickness can easily be determined through the equation (2.5): 

𝑒𝑓 = (
3𝜇𝑓𝛤𝑓

𝜌𝑓
2𝑔

)

1
3

                                                                                                                                                    (2.5) 

The film Reynolds number is defined as in equation (2.6):  

𝑅𝑒𝑓 = 
4𝛤𝑓
𝜇𝑓
                                                                                                                                            (2.6) 

2.2.2.2.2 Heat transfer fluid 

For the HTF, both mass flow rate per unit of width and the channel thickness are known, thus the 

mean velocity and the HTF Reynolds number are defined in equation (2.7) and (2.8) respectively:  

𝑢̅ℎ𝑡𝑓 = 
𝛤ℎ𝑡𝑓

2𝑒ℎ𝑡𝑓 ∗ 𝜌ℎ𝑡𝑓
                                                                                                                                          (2.7) 

𝑅𝑒ℎ𝑡𝑓 = 
2𝜌ℎ𝑡𝑓𝑢̅ℎ𝑡𝑓𝑒ℎ𝑡𝑓

𝜇ℎ𝑡𝑓
                                                                                                                                    (2.8) 

For the HTF, the Poiseuille equation is used to determine the velocity profile through the equation 

(2.9) with respect to the following: incompressible and Newtonian fluid; high channel length compared 

to the channel thickness; laminar flow through a constant cross-section and no fluid acceleration:  
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𝑢ℎ𝑡𝑓(𝑦2) =  3𝑢̅ℎ𝑡𝑓((
𝑦2
𝑒ℎ𝑡𝑓

) −
1

2
(
𝑦2
𝑒ℎ𝑡𝑓

)

2

)                                                                                                  (2.9) 

with 𝑢ℎ𝑡𝑓(0) = 0 and 
𝜕𝑢ℎ𝑡𝑓(𝑒ℎ𝑡𝑓)

𝜕𝑦2
= 0   

2.2.2.3 Thermal model 
According to the above hypothesis, the heat balance in the different medium can be expressed as 

following: 

In the falling film, the energy balance is given by the equation (2.10): 

𝜌
𝑓
𝐶𝑝,𝑓𝑢𝑓(𝑦1)

𝜕𝑇𝑓(𝑥, 𝑦1)

𝜕𝑥
= 𝜆𝑓 (

𝜕2𝑇𝑓(𝑥, 𝑦1)

𝜕𝑦
1
2

+ 
𝜕2𝑇𝑓(𝑥, 𝑦1)

𝜕𝑥2
)                                                                     (2.10) 

Through the wall, equation (2.11): 

𝜕𝑇𝑤(𝑥, 𝑦)

𝜕𝑦
= 
𝑇ℎ𝑡𝑓(𝑥, 𝑒ℎ𝑡𝑓) − 𝑇𝑓(𝑥, 𝑒ℎ𝑡𝑓 + 𝑒𝑤)

𝑒𝑤
                                                                                       (2.11) 

In the HTF, equation (2.12): 

𝜌ℎ𝑡𝑓𝐶𝑝,ℎ𝑡𝑓𝑢ℎ𝑡𝑓(𝑦2)
𝜕𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑥
= 𝜆ℎ𝑡𝑓 (

𝜕2𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑦22
+ 
𝜕2𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑥2
)                                    (2.12) 

The energy equation on the heat transfer fluid side is solved by assuming a symmetry at the center of 
the channel. To solve the problem, the followings boundary conditions are considered: 
 

 

 

 

 

 

 

2.2.2.4 Performance parameters 
To measure the performance of the falling film evaporator, the following parameters are defined: 

▪ The overall heat transfer coefficient per unit of width is defined as in equations (2.13) and 

(2.14): 

ℎℎ𝑡𝑓 = ∫

𝜆ℎ𝑡𝑓 (
𝜕𝑇ℎ𝑡𝑓
𝜕𝑦2

)
𝑦2=𝑒ℎ𝑡𝑓

(𝑇𝑏𝑢𝑙𝑘,ℎ𝑡𝑓(𝑥) −  𝑇ℎ𝑡𝑓(𝑥, 𝑒ℎ𝑡𝑓))
 𝑑𝑥

𝐿

0

                                                                                       (2.13) 

  

  

 

 
 

  

 

At 𝑦1 = 0 and 𝑦2 = 𝑒ℎ𝑡𝑓      

At 𝑦1 = 𝑒𝑓  

 

At 𝑦2 = 0  

𝜆ℎ𝑡𝑓 (
𝜕𝑇ℎ𝑡𝑓

𝜕𝑦2
)
𝑦2=𝑒ℎ𝑡𝑓     

= 𝜆𝑓 (
𝜕𝑇𝑓

𝜕𝑦1
)
𝑦1=0

   

 𝑇𝑓(𝑥, 𝑒𝑓)  = 𝑇𝑠𝑎𝑡 

  

(
𝜕𝑇ℎ𝑡𝑓

𝜕𝑦2
)
𝑦2=0

          = 0 
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ℎ𝑓 = ∫

𝜆𝑓 (
𝜕𝑇𝑓
𝜕𝑦

1

)
𝑦1=0

( 𝑇𝑓(𝑥, 0) − 𝑇𝑏𝑢𝑙𝑘,𝑓(𝑥))

𝐿

0

 𝑑𝑥                                                                                                        (2.14) 

With  

𝑇𝑏𝑢𝑙𝑘,𝑓𝑙𝑢𝑖𝑑(𝑥) =  
∬𝜌𝑓𝑙𝑢𝑖𝑑𝐶𝑝,𝑓𝑙𝑢𝑖𝑑𝑢𝑓𝑙𝑢𝑖𝑑𝑇𝑓𝑙𝑢𝑖𝑑(𝑥, 𝑦)𝑑𝑦

𝜌𝑓𝑙𝑢𝑖𝑑𝐶𝑝,𝑓𝑙𝑢𝑖𝑑𝑢̅ 𝑓𝑙𝑢𝑖𝑑𝐴
 

 

Where the subscript fluid here can either be the HTF or the falling film. 

▪ The thermal efficiency of the falling film evaporator is classically defined as in equation (2.15): 
 

ԑ𝑡ℎ = 
𝑄̇ℎ𝑡𝑓

𝑄̇𝑚𝑎𝑥
                                                                                                                                                       (2.15) 

with               𝑄̇𝑚𝑎𝑥 = 𝑚̇ℎ𝑡𝑓𝐶𝑝,ℎ𝑡𝑓(𝑇ℎ𝑡𝑓,𝑖𝑛 − 𝑇𝑓,𝑖𝑛) 

▪ The evaporated mass flow rate is calculated at the interface as in equation (2.16): 
 

𝑚̇𝑒𝑣𝑎𝑝 = 
𝑄̇𝑓,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

∆𝐻𝑙𝑖𝑞−𝑣𝑎𝑝
                                                                                                                                     (2.16) 

With  

𝑄̇𝑓,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = ∫ (∫ 𝜆𝑓 (
𝜕𝑇𝑓

𝜕𝑦1
)
𝑦1=𝑒𝑓

𝑑𝑥
𝐿

0

)
𝑙

0

𝑑𝑧 = 𝑙 ∫ 𝜆𝑓 (
𝜕𝑇𝑓

𝜕𝑦1
)
𝑦1=𝑒𝑓

𝑑𝑥
𝐿

0

 

▪ The evaporation efficiency of the falling film evaporator is defined as in equation (2.17): 
 

ԑ𝑒𝑣𝑎𝑝 = 
𝑚̇𝑒𝑣𝑎𝑝∆𝐻𝑙𝑖𝑞−𝑣𝑎𝑝

𝑄̇ℎ𝑡𝑓
                                                                                                                              (2.17) 

with               𝑄̇ℎ𝑡𝑓 =  𝑙 ∫ 𝜆ℎ𝑡𝑓 (
𝜕𝑇ℎ𝑡𝑓

𝜕𝑦2
)
𝑦2= 𝑒ℎ𝑡𝑓

𝑑𝑥
𝐿

0

 

▪ The total evaporation rate is defined as in equation (2.18): 
 

𝜏𝑒𝑣𝑎𝑝 = 
𝑚̇𝑒𝑣𝑎𝑝

𝑚̇𝑓
                                                                                                                                                (2.18) 

2.2.2.5 Entropy generation 

2.2.2.5.1 Local entropy generation 

Analysis of irreversibilities in the evaporator is essential to identify, locate and quantify the different 

sources of entropy generation. Indeed, the second law of thermodynamics provides a measure of 

entropy generation rate and irreversibilities within a system or process aiming to characterize the 

efficiency of the transfer process. In this section, the entropy generation at local scale is described. All 
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along x, negligible pressure drop is assumed. Some extra assumptions are needed in order to formulate 

the entropy generation namely: 

▪ No chemical reactions. 

▪ Steady state regime of the two-dimensional flow. 

▪ Gravity-driven laminar flow of Newtonian incompressible liquid film. 

▪ The irreversible processes take place near equilibrium 

Under the problem formulation and the mentioned assumptions, the entropy generation rate is given 

by  Hirschfelder et al. (Hirschfelder, Curtiss, and Bird 1954) and Haase (Haase 1990) as the sum of the 

product of thermodynamic forces and fluxes – equation (2.19): 

𝜎̇ =  ∑𝑋 𝑘𝐽 𝑘
𝑘

                                                                                                                                                     (2.19) 

With 𝑋  and 𝐽  are the driving force and the flux of the k phenomenon respectively. 

In the study case, the only phenomena present are those due to heat transfer and hydrodynamics, as 

there is no chemical reaction and no mass transfer (the water and vapor are pure), thus the local 

entropy generation can be written as equation (2.20):  

 

𝜎̇𝑓𝑙𝑢𝑖𝑑 = −𝑗 𝑞,𝑓𝑙𝑢𝑖𝑑𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (
1

𝑇
) + 

𝜏̿: ∇̿(𝑉⃗ )

𝑇
                                                                                              (2.20)  

 

 

With 𝑗𝑞,𝑓𝑙𝑢𝑖𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ∙ = −𝜆𝑓𝑙𝑢𝑖𝑑𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗(𝑇) for conductive heat transfer 

By developing the above equation with respect to equations (2.3) and (2.5), the local entropy 

generation can be expressed as in equation (2.21): 

 

𝜎̇𝑓𝑙𝑢𝑖𝑑(𝑥, 𝑦) =  
𝜆𝑓𝑙𝑢𝑖𝑑

𝑇𝑓𝑙𝑢𝑖𝑑(𝑥, 𝑦)2
[(
𝜕𝑇𝑓𝑙𝑢𝑖𝑑(𝑥, 𝑦)

𝜕𝑦
)

2

+ (
𝜕𝑇𝑓𝑙𝑢𝑖𝑑(𝑥, 𝑦)

𝜕𝑥
)

2

]

+ 
𝜇𝑓𝑙𝑢𝑖𝑑

𝑇𝑓𝑙𝑢𝑖𝑑(𝑥, 𝑦)
(
𝜕𝑢𝑓𝑙𝑢𝑖𝑑(𝑦)

𝜕𝑦
)

2

                                                                                        (21)  

Where the subscript fluid here can either be the HTF or the falling film. 

2.2.2.5.2 Overall entropy generation 

Here, the overall entropy generation will be defined in two different manners. Firstly, from the local 

definition by integration and secondly by applying the second law of thermodynamics directly to the 

whole falling film exchanger. 

o Overall entropy generation calculated from local modeling  

The global entropy generation is obtained by integration of the equation (2.21) as following, 

equation (2.22): 

Thermal entropy generation Viscous entropy 

generation 
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𝑆̇𝑔𝑒𝑛 = ∭𝜎̇𝑡𝑜𝑡𝑑𝑥𝑑𝑦𝑑𝑧

=  𝑙 ∫ ∫ (𝜎̇ℎ𝑡𝑓,𝑡ℎ + 𝜎̇ℎ𝑡𝑓,𝑣)𝑑𝑥𝑑𝑦
𝑒ℎ𝑡𝑓 

0

𝐿

0

 +  𝑙 ∫ ∫ 𝜎̇𝑤,𝑡ℎ  𝑑𝑥𝑑𝑦
𝑒ℎ𝑡𝑓+𝑒𝑤  

𝑒ℎ𝑡𝑓

𝐿

0

+  𝑙 ∫ ∫ (𝜎̇𝑓,𝑡ℎ + 𝜎̇𝑓,𝑣)𝑑𝑥𝑑𝑦
𝑒ℎ𝑡𝑓+𝑒𝑤+𝑒𝑓 

𝑒ℎ𝑡𝑓+𝑒𝑤

𝐿

0

                                                              (2.22) 

The first integral gives the thermal and viscous irreversibilities in the HTF, the second integral 

represents the thermal irreversibilities through the wall – no viscous irreversibilities is observed in the 

wall as the latter is impermeable. The thermal and viscous irreversibilities in the film is given by the 

third integral. 

The two contributions of the entropy generation, namely the thermal and viscous entropy generations, 

could be distinguished as following: 

𝑆̇𝑔𝑒𝑛  =    𝑆̇𝑔𝑒𝑛,𝑡ℎ + 𝑆̇𝑔𝑒𝑛,𝑣                                                                                                        

The thermal entropy generation is defined in equation (2.23), while the viscous entropy generation is 

defined in equation (2.24) 

𝑆̇𝑔𝑒𝑛,𝑡ℎ = 𝑆̇𝑔𝑒𝑛,ℎ𝑡𝑓,𝑡ℎ + 𝑆̇𝑔𝑒𝑛,𝑓,𝑡ℎ + 𝑆̇𝑔𝑒𝑛,𝑤,𝑡ℎ                                                                                     (2.23) 

       𝑆̇𝑔𝑒𝑛,𝑣 =  𝑆̇𝑔𝑒𝑛,ℎ𝑡𝑓,𝑣 + 𝑆̇𝑔𝑒𝑛,𝑓,𝑣                                                                                                                 (2.24) 

o From the second law of the thermodynamics applied to the whole exchanger 

By application of the second law of the thermodynamic to the whole falling film exchanger with phase 

change, the entropy generation is given by the equation (2.25): 

𝑆̇𝑔𝑒𝑛,𝑡ℎ  = 𝑚̇ℎ𝑡𝑓𝑐𝑝ℎ𝑡𝑓 ln (
𝑇ℎ𝑡𝑓,𝑜𝑢𝑡

𝑇ℎ𝑡𝑓,𝑖𝑛
) +

𝑚̇𝑒𝑣𝑎𝑝∆Hliq−vap

𝑇𝑠𝑎𝑡
+ 𝑚̇𝑓𝑐𝑝𝑓 ln (

𝑇𝑓,𝑜𝑢𝑡

𝑇𝑓,𝑖𝑛
)                                       (2.25) 

The first contribution of the thermal entropy generation in the above equation, represents the entropy 

variation due to the temperature gradient in the HTF, while the second and third ones represent the 

entropy variation in the falling film due to the phase change at the film free interface and to the 

temperature gradient.  By using equations (2.15) and (2.17), equation (2.25) can be rewritten as in 

equation (2.26):  

𝑆̇𝑔𝑒𝑛,𝑡ℎ

𝑚̇ℎ𝑡𝑓𝑐ℎ𝑡𝑓
= 𝑙𝑛(1 −  𝜀𝑡ℎ (1 −

𝑇𝑓,𝑖𝑛

𝑇ℎ𝑡𝑓,𝑖𝑛
)) + 𝜀𝑒𝑣𝑎𝑝𝜀𝑡ℎ (

𝑇ℎ𝑡𝑓,𝑖𝑛 − 𝑇𝑓,𝑖𝑛

𝑇𝑠𝑎𝑡
 )

+
1

𝑅𝑝
𝑙𝑛 (𝜀𝑡ℎ𝑅𝑝(1 − 𝜀𝑒𝑣𝑎𝑝) (

𝑇ℎ𝑡𝑓,𝑖𝑛

𝑇𝑓,𝑖𝑛
 − 1) + 1)                                                       (2.26) 

Where the dimensionless parameter Rp is defined as,  

𝑅𝑝 = 
𝑚̇ℎ𝑡𝑓𝑐𝑝,ℎ𝑡𝑓

𝑚̇𝑓𝑐𝑝,𝑓
                                                                                                                                           (2.27) 
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2.3. Resolution method and operating conditions 
 

2.3.1 Numerical solution 

The resolution of the thermal and hydrodynamic models is done by applying a finite difference 

discretization on the spatial derivative terms using the Julia programming language, then numerically 

solving the system of non-linear equations obtained using the Trust-Region Method (Conn, Gould, and 

Toint 2000) to obtain the solution for a steady state condition. A first-order backward difference is 

used in the x-direction while a second-order central difference is adopted in the y-direction for both 

fluids. The numerical domain was discretized into N nodes in the x-direction, M nodes in the y2-

direction and P nodes in the y1-direction. Initially, a matrix 𝑁 × (𝑀 + 𝑃) that contains the initial HTF 

temperature in the 𝑁 ×𝑀 and the inlet film temperature in the 𝑁 × 𝑃 is defined. The function 

developed in the code contains boundary conditions and loop controls. Iteration is required for each 

step to fill the matrix with the new temperature values until the boundary conditions (paragraph 2.2.3) 

are satisfied in the steady-state conditions. The absolute and relative tolerance errors are set to have 

a value of 10-6 and 10-8 respectively. Knowing the temperature field in both fluids, the evaporated mass 

flow rate is calculated at the free interface and the local entropy generation is determined in the whole 

domain. 

2.3.2 Grid size effects 

In order to investigate the grid size effect, runs were performed with 160 × (40 + 40), 500 × (40+40), 
600 × (40+40), 750 × (40+40), 160×(30+30), 600×(30+30), 750×(30+30) and 750×(50+50). The total 
evaporated mass is calculated for the different runs, leading to a maximum difference of 2% in terms 
of evaporated mass flow rate for a reference case Rehtf = 1000, Ref = 49.8, 𝛿ℎ𝑡𝑓 = 2 mm. The 500 × (40

+40), meshes were chosen in the final calculation as the running time increases from 245 seconds for 
160 × (40+40) to 2500 seconds for 600 × (40+40). The chosen meshes have a running time of around 
1200 seconds. However, the study of the grid size effect shows that an increase in the flow rate of the 
HTF requires an increase in the number of meshes in order to remain on results where the maximum 
difference is 2% in terms of evaporated mass flow rate. Increasing the mesh size means increasing the 
computation time - about 1h10 per simulation for the case of Rehtf = 2000. Because of the long compu
tation time, the 500×(40+40) has been retained even for simulations different to the reference case, 
and this even if the maximum deviation of the evaporated mass flow rate is no longer 2% but around 
6% for Rehtf = 2000. To conclude, the mesh size was chosen by making a compromise between the ma
ximal acceptable variation of evaporated mass flow rate and running time. In the following the same 
mesh grid –500×(40+40) – is used for all simulations.  

2.3.3 Operating conditions 

The evaporator considered in this study is an evaporator that can be used in absorption systems for 
building heating and cooling. The parameters used here are in accordance with the studies carried out 
in the LOCIE laboratory in the framework of the improvement of absorption machines (Perier-Muzet 
and Stutz 2021). The main design characteristics of the evaporator are summarized in Table 2.1. The 
behavior of the evaporator is studied by analyzing the impact of the evaporator length on the 
evaporated mass flow rate, entropy generation and on the thermal and evaporation efficiencies.  
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Table 2.1: Main design characteristics of the evaporator  

Configuration Co and counter HTF flow 

Evaporator length (L) 0.1 – 0.5 m 

Thickness of the wall (e) 3×10-3 m 

Conductivity of the wall (λw) 500 W.K-1.m-1 

Width of the evaporator (l) 0.1 m 

Thickness of the HTF channel 1.75×10-3 - 4×10-3 m 

 

The chosen film fluid and HTF for the simulation are both water. Thus, the evaporation temperature 

Tsat is maintained at 300.0 K for a saturation pressure of 3.4 kPa (Saul and Wagner 1987) and the 

evaporation heat (𝛥𝐻𝑙𝑖𝑞_𝑣𝑎𝑝) is 2549 kJ/kg (Florides et al. 2003)– see Appendix 1 and 2  for the used 

equations. Table 2.2 summarizes the main operating parameters used for the simulation. To study the 

impact of the falling film and HTF Reynolds numbers on the evaporated mass flow rate, a parametric 

study was conducted by considering Reynolds number between 49.8 and 200 (Perier-Muzet and Stutz 

2021) and between 500 to 2000 for the falling film and the HTF respectively. 

 

Table 2.2: Fluids characteristics (Salvagnini and Taqueda 2004; Qiu 2018) 

 Γ, kg. m-1. s-1 λ, W.K-1.m-1 ρ, kg.m-3 Cp, J.K-1.kg-1 Tin, K Re,- 

Heat transfer 
fluid 

0.4 – 1.6 0.61 997.5 4178.0 305 500 – 2000 

Film 0.01 – 0.04   0.61 997.5 4178.0 300 – 302.5 49.8 – 200 

 

The study was made for both co and counter-current configurations with the aim of analyzing their 

performance and studying the impact of both configurations on the local and overall entropy 

generation for different film inlet temperature, falling film and heat transfer fluid Reynolds but also for 

different evaporator length. 

2.3.4 Model validation 

For the validation of the model, two different comparison points were considered. The first point is to 

validate the model by comparing only the thermal entropy generation obtained using equations (2.22) 

and (2.26) for counter-current configuration. Fig. 2.2 shows the evolution of the thermal entropy 

generation obtained by integration using the equation (2.22) with the thermal entropy generation of 

the equation (2.26) for different HTF Reynolds number using the design characteristics mentioned in 

Table 2.1 and the parameters in Table 2.2. The film Reynolds number is assumed equal to 49.8, the 

evaporator length equal to 0.5 m and the HTF channel thickness equal to 2 mm. 

The black line represents the ideal case where the entropy generation obtained from equation (2.22) 

is equal to the one obtained from equation (2.26). From this figure, it can be concluded a great 

agreement between the two entropy generations as the maximum deviation is about 7% and the mean 

deviation is less than 5%. The deviation when increasing the Reynolds number is linked to the mesh 

chosen as the test grid has been performed for HTF Reynolds number equal to 1000. In order to reduce 

the incertitude and error, in the following section, the parametric analysis is done mainly by assuming 

a Rehtf = 1000.  

 



Chapter II. Thermodynamic analysis in laminar falling film evaporator   
 

70 
 

 

 

 

 

 

 

 

 

 

 

 

The second point is a comparison of the present work with the analytical results of Flores (Flores 2014) 

in order to validate the falling film model by assuming an adiabatic wall and a constant temperature 

at the film interface. The difference of temperature between the interface and the inlet temperature 

of the film is equal to 2°C. The comparison is carried out using non-dimensional variables, namely, Ϛ =
𝑦1

𝑒𝑓
  coordinate in y1 direction and temperature θ. In Flores (Flores 2014), the plate length is divided into 

two parts. Near the entrance of the exchanger corresponds to the part where the thermal boundary 

layer is not yet fully developed while the second part corresponds to the fully thermally developed 

region. 

In the entrance region, the non-dimensional temperature is defined as in equation (2.28): 

𝜃 =  
𝑇𝑓(𝑥,  𝑦1) − 𝑇𝑓(𝑥, 0)

𝑇𝑓(𝑥, 𝑒𝑓) −  𝑇𝑓(𝑥, 0)
= (

𝑒𝑓 − 𝛿𝑓,𝑡ℎ

𝛿𝑓,𝑡ℎ
)

2

− 2 
(𝑒𝑓 − 𝛿𝑓,𝑡ℎ)𝑒𝑓

𝛿𝑓,𝑡ℎ
2 Ϛ + (

𝑒𝑓

𝛿𝑓,𝑡ℎ
)

2

Ϛ2                   (2.28) 

The evolution of the temperature through the film thickness at different x positions for the entrance 

region is shown in Fig. 2.3. As it can be seen, great agreement is observed between the two models as 

the mean deviations is about 0.7% even if the maximal absolute deviation is 100%. Indeed, at x = 

4.5×10-5 m and Ϛ = 0.77, the non-dimensional temperature obtained by Flores is 0 while the one 

obtained with the present model is 0.06. The same figure shows that the thermal boundary layer grows 

more rapidly in the present model than in the one developed by Flores. This result can be explained 

by the impact of the temperature parabolic profile assumed by Flores.  

Figure 2.2: Comparison of the entropy generations for different Reynolds number and for counter-current 
configuration 
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In the fully developed region, the non-dimensional temperature is defined as in equation (2.29): 

𝜃 = 
𝑇𝑓(𝑥,  𝑦1) − 𝑇𝑏𝑢𝑙𝑘,𝑓(𝑥)

𝑇𝑓(𝑥, 𝑒𝑓) − 𝑇𝑏𝑢𝑙𝑘,𝑓(𝑥)
=
𝑇𝑓(𝑥, 0) − 𝑇𝑏𝑢𝑙𝑘,𝑓(𝑥) + (𝑇𝑓(𝑥, 𝑒𝑓) − 𝑇𝑓(𝑥, 0))

𝑇𝑓(𝑥, 𝑒𝑓) − 𝑇𝑏𝑢𝑙𝑘,𝑓(𝑥)
Ϛ2                   (2.29) 

Fig. 2.4 shows the temperature evolution through the film thickness at different x positions. It shows 

a great agreement between this model and the one developed by (Flores 2014) mainly far from the 

inlet of the evaporator.  

Indeed, the maximum deviation is about 14% and is found near the entrance of the fully developed 

region. The deviation decreases with the increase of the film length to be almost equal to 0.7% at x = 

0.1 m. 

Figure 2.3: Validation of the model by comparing the present work with those of Flores [22] 

Figure 2.4: Validation of the model by comparing the present work with those of Flores (2014) 
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2.4. Evaporator analysis 
 

In this section, results of the present study are presented. First, the analyze of equation (2.26) is done 

in order to have an overview of the evolution of the thermal entropy generation with the evaporation 

and thermal efficiencies at the component scale. Afterwards, a local analysis is performed to deeply 

understand the local behavior of a falling film evaporator. To do that, the impact of the heat transfer 

fluid Reynolds number, Rehtf = [500 – 2000], falling film inlet temperature, Tin,f (K) = {298.00, 299.00, 

300.0, 301.0, 302.0, 303.0} and of the film Reynolds number, Ref = [49.8 – 150], on the evaporation 

process and entropy generation rate are determined, presented and analyzed for a saturation 

temperature of 300.0 K and for both heat transfer fluid flow configurations. In the following, only the 

mass flows and inlet temperatures are assumed the same for both configurations as inputs of the 

model.  

2.4.1 Overall analysis and reference case 

Fig. 2.5 shows the temperature profile in the HTF, film and wall. As excepted, the temperature 

decreases from the channel centre to the film interface as the heat flux is transferred from the HTF 

fluid to the film.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From equation (2.26), the thermal entropy generation varies with the thermal efficiency, the R-value 

and the evaporation efficiency. Here, the impact of these parameters on the thermal entropy 

generation is discussed for a reference case where Ref = 49.8 and  ṁhtf = 0.04 m. s-1. The HTF inlet 

temperature is equal to 305 K whereas the film inlet temperature is assumed equal to the interface 

film temperature (300 K). Fig. 2.6 shows the evolution of the thermal entropy generation with the 

evaporation and thermal efficiencies using equation (2.26). The thermal entropy generation increases 

Figure 2.5: Temperature profile through the HTF, wall and film side at x = 0.0005 m 
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with the increase of the evaporation efficiencies. The thermal entropy generation also presents a 

maximum value depending on the thermal efficiency.  

 

 

 

 

 

 

 

 

 

 

For the considered mass flows, the analysis shows that the evaporation efficiency cannot be below 

83%.  The analysis at component scale of the thermal entropy generation does not give any information 

about the reason why the evaporator cannot work with an evaporation efficiency lower than 0.83 for 

high thermal efficiency. Local study is then important in order to have more information on thermal 

entropy generation sources and evolution. 

Fig. 2.7 shows the evolution of the total entropy generation through the film thickness and along the 

plate length for the same previous reference case – ehtf = 2mm, ṁhtf = 0.04 m. s-1, HTF Reynolds 

number of 1000, film Reynolds number of 49.8 and a temperature difference between the inlet and 

the interface of the film (ΔT) equal to 0. However, the focus is on the thermal entropy generation as 

the total viscous irreversibilities are 100 times lower compared to the total thermal ones. 

In the film, when assuming a temperature difference between the inlet and the interface of the film 

(ΔT) null, at the entrance, only the thermal boundary layer due to the heat transferred from the HTF 

to the film is in developing stage, leading to the increase of the film temperature. Inside this thermal 

boundary layer, thermal irreversibilities is observed due to the heat transfer and these irreversibilities 

are higher near the wall and decrease with the development of the boundary layer. Beyond this 

thermal boundary layer, no phenomenon occurs, as the film temperature is equal to the interface 

temperature and thus, no thermal irreversibilities is observed. Consequently, for both configurations, 

the main entropy generation is located near the wally1 = 0 (for the film) where the temperature 

gradient is higher and so the transfer is larger and this, even after the complete development of the 

thermal boundary layer in the falling film. 

Figure 2.5: Evolution the thermal entropy generation with the thermal and evaporation efficiencies 
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Indeed, the irreversibilities are higher near the wall compared to the film interface: the heat 

transferred from the HTF to the film is high compared to the evaporation phenomenon under the 

studied conditions. For counter-current, Fig. 2.7.a, the maximal local entropy generation is around 

10 000 W. K-1. m-3 while for co-current, Fig. 2.7.b, the maximal local entropy generation is around 30 

000 W. K-1. m-3 (three times higher than in counter-current flow). However, the local entropy 

generation in the co-current configuration rapidly decreases along the x axis due to the decrease of 

the heat flux through the wall. The decrease of the heat flux transferred from the HTF to the film also 

leads to the decrease of the evaporated mass flow rate. For the counter-current flow (Fig. 2.7.a), the 

entropy generation variation along the x axis is small compared to the entropy generation variation in 

co-current flow, due to the almost constant small temperature gradient observed in the evaporator 

with this configuration leading to a slight variation of the heat transfer flux through the wall. Fig. 2.7.a 

shows that the local entropy generation in the falling has a minimum value in the flow direction 

corresponding to the position where the thermal boundary layers of both fluids are fully developed.  

Moreover, for a considered configuration (counter or co-current), the thermal entropy generation in 

the HTF and in the film are of the same order of magnitude near the plate – slightly higher in the heat 

transfer fluid side as shown in Fig. 2.8. This is due to the heat flux conservation through the wall and 

to the fact that both fluids considered are water (same conductivity). In the HTF, a thermal boundary 

layer is also observed due to the decrease of the temperature linked to the heat flux transferred to the 

film.  

Figure 2.7: Thermal entropy generation through the film for both co and counter-current configurations, Rehtf = 1000, Ref 
= 49.8, ehtf = 2mm and ΔT = 0 K 
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Depending on the flow configuration, the thermal boundary layer develops from the top to the bottom 

or from the bottom to the top. Moreover, due to the fix channel thickness, the laminar HTF flow 

assumption (leading to a slow development of the thermal boundary layer), the small HTF conductivity, 

and to the small Prandtl number – around 5 -, the thermal irreversibilities within the HTF quickly 

decreases from the wall to the channel center. The thermal entropy generation through the wall is 

small. For co-current flow, it varies from around 29 W. K-1. m-3 at the entrance to 0.6 W. K-1. m-3 at the 

bottom of the evaporator. However, for counter-current flow, the thermal entropy generation through 

the wall varies from 11 W. K-1. m-3 at the bottom of the evaporator then decreases until reaching a 

minimal value of around 0.7 W. K-1. m-3 before increasing to 3 W. K-1. m-3 at the top of the evaporator. 

In counter flow configuration, the increase of irreversibilities observed at the bottom of the falling film 

evaporator near the wall is due to the thermal boundary layer development and to the large 

temperature difference between the two sides of the wall caused by the HTF uniform temperature 

imposed at the bottom of the evaporator. Indeed, this phenomenon implies the existence of a 

minimum value of the heat flux transferred from the HTF to the film, along the x axis: consequently, a 

minimum value of thermal entropy generation is also observed. In conclusion, in counter-current flow, 

the irreversibilities are mainly concentrated near the wall at the bottom of the evaporator (x = 1 m, y2 

= 1 mm) for the HTF and (x = 1 m, y1 = 0) for film and a little near the entrance (x = 0, y2 = 1 mm) and 

(x = 0, y1 = 0). However, in co-current flow, the irreversibilities are concentrated near the wall at the 

entrance of the evaporator (x = 0, y2 = 1 mm) for the HTF and (x = 0, y1 = 0) for the film.  

Knowing the local distribution of the entropy generation, allows to better understand the physical 

phenomena which induce irreversibilities, and to locate them through the evaporator. It is therefore a 

way to understand the interest of minimizing entropy generation and to improve the performance of 

falling film evaporators while minimizing the impact of their irreversibilities on the other components 

of absorption machines. In the type of falling film evaporators studied here, the main parameters that 

impact their performance are the HTF Reynolds number and temperature, the vapor pressure, the film 

inlet temperature and mass flow rate but also the evaporator length and wall thickness. In the 

following, the focus is to understand how some of the above-mentioned parameters influence the 

total entropy generation – in the HTF, wall and film – and then to analyze how this impact is done by 

studying the local distribution mainly at the region where the entropy generation is the highest.  

Figure 2.8: Thermal entropy generation through the film for both co and counter-current configurations, Rehtf = 1000, Ref 
= 49.8, ehtf = 1mm and ΔT = 0 K 
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2.4.2 Parametric study 

2.4.2.1. HTF Reynolds number influence 
In this section, the impact of the heat transfer fluid mass flow rate on the entropy generation and 

efficiencies is discussed by varying the HTF Reynolds number.  Fig. 2.9 shows the evolution of the 

overall thermal entropy generation and of the thermal efficiency with the increase of the heat transfer 

fluid Reynolds number. For both configurations, the higher the Reynolds number, the higher the 

overall thermal entropy generation and the lower the thermal efficiency. The increase of the overall 

entropy generation is due to the increase of the HTF heat capacity rate. Therefore, the heat flux 

transferred from the HTF to the film also increases leading to an increase of the evaporated mass flow 

rate while the decrease of the thermal efficiency is due to the increase of the maximum transferrable 

flux from the HTF to the film.  For a given HTF Reynolds number, the increase of the evaporator length 

leads to an increase of the total thermal entropy generation and of the thermal efficiency. Moreover, 

the increase of the HTF Reynolds number from 500 to 2000 increases the entropy generation of about 

44%, 51% and 66% for L = 0.1, 0.3 and 0.5 m respectively for both configurations due to the slow 

development of the HTF thermal boundary layer encountered at high HTF Reynolds number and to the 

increase of the heat transferred when increasing the evaporator length. Another conclusion is the 

larger counter-current configuration performance (thermal efficiency) compared to the co-current one 

with the increase of the evaporator length as expected. Indeed, when considering small evaporator 

length, there is almost no difference in terms of performance between both configurations – the 

thermal efficiency difference is less than 5% for Rehtf = 2000 and L = 0.1 m. It can be concluded that to 

benefit from the performances offered by the counter-current configuration compared to those 

offered by the co-current configuration, it is preferable to consider longer falling film evaporators. 

However, longer evaporators are associated to higher entropy generation that can have significant 

impact on the other components of the absorption machine. Moreover, other drawbacks such as cost 

and size must also be considered. 

 

 

 

 

 

 

 

 

 

This conclusion is also made by analyzing the evaporation rate for both configurations in Table 2.3. 

Indeed, Table 2.3 shows the evolution of the evaporation mass flow rate and of the evaporation 

Figure 2.9: Overall entropy generation and thermal efficiency versus the heat transfer fluid Reynolds number and the 
evaporator length for ehtf = 2mm and ΔT = 0 K 
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efficiency with the evaporator length and HTF Reynolds number.  The Reynolds number of the HTF 

does not have a large impact on the evaporation efficiency but its increase leads to the increase of the 

evaporation rate. Indeed, the evaporation efficiency is defined as the ratio of the evaporation flux at 

the film interface to the transferred flux from the HTF to the film. The increase of the HTF Reynolds 

number leads to an increase of both terms. However, the amount of energy needed to increase the 

film temperature is quite the same as the evaporation efficiency mainly depends on the film 

properties.   

Table 2.3: Evolution of the evaporation mass flow rate, evaporation efficiency and heat transfer coefficients with the HTF 
Reynolds number and with the evaporator length 

  Evaporation rate % Evaporation 

efficiency  

% 

hf  

W.m-1. K-1 

hhtf 

W.m-1. K-1 

L 

m 

Rehtf 

- 

Co-

current 

Counter-

current 

Co-

current 

Counter-

current 

Co-

current 

Counter-

current 

Co-

current 

Counter-

current 

0.1 

 

500 2.18 2.2 97.78 93.33 712 730 244 247 

1000 2.59 2.62 97.68 93.78 713 729 286 290 

1500 2.84 2.89 97.66 94.04 713 729 316 322 

2000 3.03 3.08 97.59 94.22 714 728 341 348 

0.3 

 

500 4.93 5.03 99.57 97.09 2132 2156 610 613 

1000 5.99 6.13 99.51 97.35 2134 2156 681 685 

1500 6.66 6.83 99.48 97.42 2135 2156 738 743 

2000 7.16 7.36 99.46 97.6 2136 2156 786 792 

0.5 

 

500 7.01 7.2 99.93 98.01 3553 3581 963 966 

1000 8.69 8.93 99.86 98.17 3556 3581 1044 1048 

1500 9.73 10.02 99.83 98.28 3558 3581 1116 1120 

2000 10.51 10.83 99.81 98.40 3559 3581 1178 1183 

 

The HTF and film heat transfer coefficients per unit of width are both calculated from the equations 

(2.13) and (2.14) and are also gathered in Table 2.3. it shows that the overall heat transfer fluid 

coefficient of the HTF increases with the increase of its Reynolds number for both configurations. This 

can be explained by the slow development of the thermal boundary layer when increasing the heat 

transfer fluid Reynolds number and by the increase of the energy capacity of the HTF. In addition, the 

analysis shows a higher heat transfer coefficient in the case of counter-current flow due to the small 

temperature pinch encountered. The higher the heat transfer fluid velocity and the higher the HTF 

heat transfer coefficient difference between both configurations. The falling film heat transfer 

coefficient variation is very small, less than 1%, with the increase of the heat transfer fluid velocity for 

both configurations as the heat transfer coefficient of a fluid depends only on the fluid thermophysical 

properties (assumed constant), fluid flow (assumed laminar) and exchange configuration.  The HTF 

Reynolds number does not affect the heat transfer coefficient of the film in this case nor the 

evaporation efficiency; however, it increases the evaporation mass flow rate as the heat transferred 

through the wall also increases. The evaporator length also impacts significantly the heat transfer 

coefficient of both fluids – an increase of around 80% when assuming an evaporator length of 0.5 m 

compared to an evaporator length of 0.1 m. Fig. 2.10 shows the impact of the HTF Reynolds number 

on the HTF, wall and film irreversibilities for L = 0.1 m. Under the studied conditions, the highest 

thermal irreversibilities is situated in the HTF, followed by the film. The wall thermal irreversibilities 

represents less than 2% of the total thermal entropy generation. Moreover, the increase of the HTF 

Reynolds number leads to an increase of the whole thermal irreversibilities. However, it impacts more 
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Figure 2.11: Evolution of the film thermal entropy generation versus the film thickness for different heat transfer fluid 
Reynolds number at x = 0 m and x = 0.1 m for ΔT = 0 K for both counter and co – current flows. 

the film thermal irreversibilities than the other irreversibilities due to the increase of the evaporation 

phenomenon: the contribution of the film thermal irreversibilities increases from 32% to 43% of the 

total thermal entropy generation from Rehtf = 500 to 2000 and for both configurations.  

 

 

 

 

 

 

 

It is interesting to understand how the HTF Reynolds number impacts the local thermal entropy 

generation to understand the result obtained at the component scale. Fig. 2.11 shows the evolution of 

the film thermal entropy generation along the film thickness and for different heat transfer fluid 

Reynolds numbers at the entrance of the evaporator (x = 0 m) and at the bottom (x = 0.1 m) for ΔT = 0 

K, Ref = 49.8, ehtf = 2 mm and for both co and counter-current flows.  

 

 

 

 

  

   

 

  

 

 

The increase of the overall thermal entropy generation with the HTF Reynolds number (Fig. 2.9 and 

2.10) is explained by an increase of the local thermal entropy generation for both configurations as 

Figure 2.10: Evolution of the entropy generation in the HTF, wall and film with the HTF Reynolds number for co-current 
and counter-current configurations 
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shown in Fig. 2.11. Indeed, the higher the HTF Reynolds number, the higher the local irreversibilities 

due to the increase of the heat transferred through the wall and consequently the higher is the 

evaporated mass flow rate: the quick development of the film thermal boundary layer caused by the 

increase of the HTF velocity – small thermal resistance – allows to evaporate earlier a part of the film. 

At the entrance near the wall, it is more than six times higher in co-current than in counter-current 

flow due to the large temperature gradient, while it is equal to zero at the free interface – region not 

yet impacted by the heat transfer as the thermal boundary layer of the film is still in its developing 

stage: no phenomenon occurs as the film temperature is equal to the interface temperature. At the 

bottom (x = 0.1 m), the thermal entropy generation is more than 2 times higher in the counter-current 

configuration than in co-current one: The heat transferred from the heat transfer fluid to the film is 

lower in the co-current configuration and the temperature difference is larger in counter current flow. 

The variation of the thermal entropy generation with the film thickness, at x = 0.1 m, is very small, less 

than 0.6% whatever the heat transfer fluid Reynolds number in the case of a co-current flow 

configuration. This result can be explained by the complete development of the thermal boundary 

layer at x = 0.1 m and by the fact that almost all the energy transferred from the plate to the film is 

used for the evaporation. Near the wall (y1 = 0), The variation of the thermal entropy generation with 

x is higher in the co-current flow due to the monotonically decrease of the heat transferred from the 

HTF to the film.   

The study of the local viscous entropy generation of the two fluids shows – not presented here – that 

it is no affected by the flow configuration. For the film, the local entropy generation due to the fluid 

friction is equal to zero at the free interface and increases along the film thickness to be maximal, 

around 8 W.K-1.m-3, at the wall, y1 = 0. This result is in accordance with the second term of equation 

(2.21) as the velocity profile is parabolic. From the previous results, it can be concluded that the film 

viscous irreversibilities are negligible compared to the thermal irreversibilities. For the heat transfer 

fluid, the analysis shows that the local viscous entropy generation depends on the HTF Reynolds 

number. The increase of the HTF Reynolds number and of the evaporator length lead to a significant 

impact of the viscous entropy generation contribution on the overall one. Indeed, the contribution of 

the fluid friction irreversibilities on the total entropy generation for L = 0.5 m, under the studied 

conditions, varies from 4% to 18% and from 3% to 17% for co and counter flows respectively when 

varying the HTF Reynolds from 500 to 2000. Locally, the HTF viscous entropy generation is equal to 

zero near the plate which is explained by a velocity equal to zero. This viscous entropy generation 

increases parabolically, following equation (2.10), to be maximal at the center of the channel. The local 

viscous entropy generation along x is almost constant – variation of about 0.4%. It can be concluded 

that the effect of the local temperature on this viscous irreversibilities is small. The higher the Reynolds 

number, the higher the local friction irreversibilities near the center. To conclude here, the thermal 

boundary layer plays a significant role on the local entropy generation distribution and consequently 

on the overall one. The variation of the HTF Reynolds number leads to the variation of the HTF mass 

flow rate when assuming constant HTF channel thickness, but one could also change the HTF mass 

flow rate by changing the HTF channel thickness and assuming constant HTF Reynolds number. Thus, 

both parameters namely the HTF Reynolds number and the channel thickness could be used as 

parameters of optimization to find the optimal geometry and heat transfer fluid velocity that will lead 

to a minimal overall entropy generation and an acceptable evaporation rate. 

2.4.2.2. Film Reynolds number influence 
In this section, the impact of the film Reynolds number on the falling film evaporator is studied. The 

analysis is limited at the overall scale as the distribution at local scale of the irreversibilities are similar 

as those studied previously in section 2.4.2.1. The HTF Reynolds number is maintained at 1000, the 
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channel thickness is equal to 2 mm and the film inlet temperature is assumed to be equal to the 

interface temperature (saturation temperature). As in the previous analysis, the difference of 

temperature between the film and HTF inlet temperatures is about 5°C. Fig. 2.12 shows the impact of 

the film Reynolds number on the evaporation efficiency. The latter decreases with the increase of the 

film velocity and with the decrease of the evaporator length. Indeed, increasing the film Reynolds 

number leads to an increase of the film thickness and thus to an increase of the thermal resistance, 

consequently more of the energy transferred from the HTF to the film is used to increase the film 

temperature – 6% of the transferred energy is used to increase the film temperature in counter-current 

flow for Ref = 50 and L = 0.1 m against 27% for Ref = 200.  The difference of the evaporation efficiency 

is smaller when considering a co-current flow as only 3% of the transferred energy is used to increase 

the film temperature for Ref = 50 and L = 0.1 m against 16% for Ref = 200. Moreover, the higher the 

evaporator length, the higher the evaporation efficiency. Consequently, for an infinite evaporator 

length, the evaporation efficiency would be equal to 1. The smaller the evaporator length, the higher 

the difference of the evaporation efficiency between both configurations and between Ref = 50 and 

Ref = 200. The evaporation efficiency is higher for co-current flow than for counter-current flow.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in Fig. 2.6, the evaporation efficiency cannot be lower than 0.83 for Ref = 50, 𝑚̇ℎ𝑡𝑓  = 0.04 m. 

s-1. Indeed, the evaporation efficiency decreases either by considering small evaporator length or by 

increasing the film thickness (film Reynolds number). However, for an evaporator length of 0.1 m and 

Ref = 50, the evaporation efficiency is already up to 0.9 for both configurations which means that there 

is no evaporator length that leads to a lower evaporation efficiency with a high thermal efficiency. 

The decrease of the evaporation efficiency due to the increase of the film Reynolds number leads to a 

decrease of the entropy generation and evaporation mass flow rate as shown in Fig. 2.13. Moreover, 

increasing the evaporator length leads to an increase of the difference between Ref = 50 and 200. 

Indeed, the increase of the film Reynolds number, from 50 to 200, leads to a decrease of the entropy 

generation of about 8 % for L = 0.1 m against 14% for L = 0.5 m for a co – current flow. For high film 

Reynolds numbers, almost no difference is noticed for both configurations in term of evaporated mass 

Figure 2.12: Evaporation efficiency evolution with the film Reynolds number for different evaporator length 
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flow due to the high thermal resistance between the plate and the film that leads to the slow thermal 

boundary layer development. In order to take advantage of the flow configuration impact at high film 

Reynolds number, engineers should also work at high HTF Reynolds number however that also means 

increasing the thermal entropy generation as explained in the section 2.4.2.1.  

The analysis of the viscous entropy generation shows an increase of the latter with the increase of the 

film Reynolds number and evaporator length. However, the contribution of the total viscous 

irreversibilities on the total entropy generation remains negligible. Indeed, for Ref = 50, this 

contribution is about 0.4% and 0.7% for L = 0.1 m and L = 0.5 m respectively against 0.8% and 1.3% for 

Ref = 200.  

The study of the thermal efficiency shows a decrease of the latter with the increase of the film Reynolds 

number as the film velocity has an impact on the energy transferred by the HTF to the film. However, 

this decrease is small – for counter flow, the thermal efficiency is 27.7% and 25.16% for (Ref = 50, L = 

0.5 m) and (Ref = 200, L = 0.5m) respectively against 26.5% and 23.8% for co-current flow.  

 

 

 

 

 

 

 

 

 

 

 

The distribution of the thermal irreversibilities within the HTF, wall and the film are given in Fig. 2.14. 

Unlike to the results obtained when studying the impact of the HTF Reynolds number, the increase of 

the film Reynolds number leads to the decrease of HTF thermal irreversibilities while the film 

irreversibilities is slightly affected.  

 

Figure 2.13: Evaporation mass flow rate and entropy generation versus the film Reynolds number and for different 
evaporator length and for Rehtf = 1000, ehtf = 2 mm and ΔT = 0 K  
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The decrease of the HTF irreversibilities is due to a decrease of the heat transferred from the HTF to 

the film caused by the slow development of the thermal boundary layer within the film due to the 

increase of the film thickness and consequently by the increase of the thermal resistance. This also 

explains the slight increase of the film thermal irreversibilities. Indeed, the film thermal irreversibilities 

goes from around 37% of the total thermal entropy generation for Ref = 50 to 43% for Ref = 150 while 

the HTF irreversibilities decreases from 61% to 53% for Ref = 50 to Ref = 150 respectively. The wall 

irreversibilities contribution remains negligible less than 1.5%. In conclusion, the wall is the medium 

with the less entropy generated. 

Table 2.4 gives the heat transfer coefficient of the film and of the HTF for different film Reynolds 

number. The film heat transfer coefficient increases of about 35% with the decrease of the film 

Reynolds number – from 200 to 50 – due to the decrease of the thermal resistance. The heat transfer 

coefficient of the HTF also increase with the decrease of the film Reynolds number; However, its impact 

is low – less than 3%.  

Table 2.4: Evolution of the evaporation mass flow rate and evaporation efficiency with the HTF Reynolds number and 
with the evaporator length 

  hf  
W.m-1. K-1 

hhtf  
W.m-1. K-1 

L  
m 

Ref  
- 

Co-current Counter-current Co-current Counter-current 

0.1  
 

50 713 730 286 290 

100 570 597 284 293 

150 504 538 282 295 

200 466 506 280 297 
0.3 
 

50 2134 2156 681 685 

100 1695 1732 682 690 

150 1484 1533 681 693 
200 1353 1412 679 696 

0.5 50 3557 3581 1044 1048 

Figure 2.14: Evolution of the HTF, wall and film thermal entropy generation for different film Reynolds number and for 
both configurations 
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 100 2823 2865 1046 1054 

150 2468 2524 1047 1059 

200 2245 2315 1046 1062 

 

In conclusion, the film Reynolds number plays a significant role on the transfer phenomenon as 

increasing it leads to a low evaporator performance – the entropy generation variation is small and 

linear while the evaporation rate decrease is significative. It can also be concluded from paragraph 

4.2.1 and 4.2.2 that for laminar HTF flow regime, the main thermal irreversibilities of a falling film 

evaporator is concentrated in the HTF, followed by the film thermal irreversibilities, while the wall 

irreversibilities is almost negligible.  

In this study, the film Reynolds number is limited to 200 as higher to that value, the film could not be 

considered laminar anymore and the developed model is not adapted for wavy films. When designing 

the falling film evaporator, engineers should determine the adequate film Reynolds number by 

considering HTF characteristic and operating conditions. 

2.4.2.3. Influence of the temperature difference between the film inlet and 

the interface temperature  
In this section the impact of the film inlet temperature is studied. Indeed, the film inlet temperature 

can be controlled by adjusting the operating conditions of the other components of absorption 

machines while the interface temperature of the evaporator can be controlled by assuming a constant 

vapor pressure. The evolution of the overall thermal entropy generation with the evaporation rate and 

with the evaporation efficiency by considering different film inlet temperatures (298 to 303 K) and 

constant interface temperature (300 K) is shown in Fig. 2.15. The subcooled film leads to the highest 

thermal entropy generation and the lowest evaporation rate. This is due to the high temperature 

gradient between the HTF and the film leading to a decrease of the evaporation efficiency. That means 

that a large part of the energy transferred from the HTF to the film serves only to increase the film 

temperature. The thermal entropy generation created by the temperature difference between the film 

inlet temperature and the saturation temperature plays also an important role on the film thermal 

entropy generation. To have efficient evaporator, engineers should avoid subcooled film at the 

entrance in most applications. The analysis also shows that the minimum thermal entropy generation 

is encountered when the ΔT = 1 K under the considered conditions. Indeed, with this small difference, 

the thermal entropy generation through the wall is reduced compared to the case where ΔT = 0 K and 

the local irreversibilities created near the interface due to the overheating of the film has a small 

contribution on the overall thermal entropy generation.  

However, the higher the film inlet temperature, the lower the thermal entropy generation near the 

wall and the higher the one at the interface. Thus, even if the overheating leads to a significant increase 

of the evaporation rate due to a high evaporation efficiency, the optimal temperature difference 

should be found in order to avoid high total entropy generation. Indeed, for overheated films, the 

evaporation efficiency is more than unity as in its definition the energy transported by the film at the 

inlet is not considered. It is up to the engineer to find comprise between the acceptable entropy 

generation and evaporation rate mainly if the evaporator is in conjunction with other components and 

can lead to a higher overall entropy generation and consequently to a lower system performance. 
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The larger the evaporator length and the lower the impact of the inlet film temperature on the 

evaporated mass flow rate (Table 2.5). Moreover, the thermal efficiency is significantly impacted by 

the inlet film temperature – not shown. Indeed, the decrease of the film inlet temperature from 303 

to 298 K leads to a decrease of 70% of the thermal efficiency for both configurations whatever the 

evaporator length.  

The film inlet temperature has also an impact on the heat transfer coefficients as shown in Table 2.5. 
The heat transfer coefficient of the HTF decreases almost linearly with the increase of the film inlet 
temperature for a counter-current flow while the opposite trend is found for the co-current 
configuration. The heat transfer coefficient of the film decreases with the increase of the film inlet 
temperature for both configurations. However, the impact of the film inlet temperature remains low 
for both fluids – less than 5%. 

Table 2.5: Evolution of the evaporation mass flow rate and evaporation efficiency with ΔT and with the evaporator 
length 

  τevap  

% 

hf  

W.m-1. K-1 

hhtf  

W.m-1. K-1 

L  

m 
ΔT  

K 

Co-

current 

Counter-

current 

Co-

current 

Counter-

current 

Co-

current 

Counter-

current 

0.1 
 

-2 2.3 2.4 723 752 280 294 
0 2.59 2.62 713 729 285 290 

2 2.85 2.84 703 705 292 284 

3 2.97 2.95 698 692 296 280 
0.3 

 

-2 5.74 5.93 2145 2188 675 689 
0 5.99 6.13 2134 2156 678 685 
2 6.24 6.3 2124 2125 688 678 
3 6.36 6.43 2119 2109 691 672 

0.5 

 

-2 8.45 8.75 3567 3617 1038 1052 

0 8.7 8.93 3556 3581 1044 1048 

2 8.93 9.13 3547 3547 1051 1041 

3 9.05 9.22 3542 3531 1055 1034 

Figure 2.15: Thermal entropy generation versus the evaporation efficiency and the total evaporation for 
different film inlet temperature, Rehtf  = 1000 and 𝒆𝒉𝒕𝒇 = 2 mm 
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The analyze of the behavior of the film when the latter is subcooled or overheated at the entrance of 

the evaporator gives more details about the distribution of the irreversibilities. The impact of the 

overheated and subcooled film is mainly observed near the entrance when the thermal boundary layer 

due to the transfer of energy from the HTF to the falling film is still in the developing stage, as shown 

in Fig. 2.16 for a HTF Reynolds number of 1000, a channel thickness of 2 mm and a film Reynolds 

number of 49.8. It can be seen that at x = 0 m and near the wall (y1 = 0), the local thermal entropy 

generation is high when the film inlet temperature is subcooled and decreases with the increase of ΔT, 

for both configurations. Indeed, the higher the temperature difference between the inlet film and the 

HTF temperature, the higher the local entropy generation near the wall due to the large temperature 

gradient and the thermodynamic disequilibrium. At the top, two thermal boundary layers are in 

developing stage. The first one is the thermal boundary layer caused by the heat flux transferred from 

the HTF to the film while the second one is the thermal boundary layer caused by the evaporation 

phenomenon at the free interface. This can be observed in Figure 2.16 at the top (x = 0 m): the thermal 

entropy generation is null between y1 = 0.05 mm and y1 = 0.09 mm. 

Moreover, when overheating or subcooling the film at the entrance, there is a significant 

disequilibrium near the free surface due to the temperature difference between the film inlet 

temperature and the saturation temperature: the local entropy generation is up to 100 000 W.K-1.m-3 

for |ΔT| = 2 K against zero for ΔT = 0 K. Indeed, at ΔT  = 0 K, there is no heat transfer and consequently 

no evaporation occurs at the free interface. However, the overheating allows evaporating a part of the 

falling film whereas the subcooling leads to the condensation of the saturated vapor. At x = 0.0015 m, 

the inflexion point at the middle of the film thickness is explained by the thermal boundary layer 

development due to the heat transferred from the HTF to the film and by the 

evaporation/condensation phenomenon that already occurs at the free interface due to the 

overheated/subcooled film.  

 

In terms of configuration, no differences are observed at x = 0 m, near the interface (y1 = 0.13 m), this 

is due to the fact that the thermal boundary layer is not fully developed and so, the impact of the flow 

configuration is not felt: the irreversibilities observed, at the entrance near the interface, are only due 

Figure 2.16: Evolution of the film thermal entropy generation versus the film thickness for different inlet film 
temperature at x = 0 m and x = 0.0015 m for counter-current and co-current flow configurations (Thtf, in = 305 K, 

Tf,interface = 300K) 
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to the evaporation/condensation that occurs when the film is overheated or subcooled. However, 

differences are observed near the wall where the local thermal entropy generation in co-current flow 

is higher than that of the counter-current flow. At x = 0.0015 m, the film is still in its developing stage 

but the difference between the local entropy generations decreases. For ΔT = - 2K, the thermal 

entropy generation is drastically reduced near the interface as the temperature already tends to the 

interface temperature. Once the film temperature near the interface is equal to the interface 

temperature, the condensation process stops. The evaporation phenomenon starts once the film 

temperature near the interface is higher than the interface temperature.  

At the bottom of the evaporator (x = 0.1 m), the impact of overheating/subcooling the film at the inlet 

is not at all observed – thermal boundary layer completely developed – and the local thermal entropy 

generation is higher in counter-current than in co-current flow. The analysis of the thermal entropy 

generation along the x axis shows that less than 20% of the x axis is impacted by the 

overheating/subcooling of the film. Moreover, under the studied conditions, the analysis shows that 

the film inlet temperature impacts the thermal entropy generation of the heat transfer fluid only near 

the wall and is very small elsewhere. 

The impact of the film inlet temperature on the viscous entropy generation of the film is very small. 

Indeed, the viscous entropy generation decreases with the increase of the film inlet temperature. 

However, the difference of the viscous entropy generation in the film for Tin,f = 300.0 K and Tin,f = 302.5 

K is less than 0.01%. 

To summarize, although the increase of the film inlet temperature leads to an increase of the 

evaporated mass flow, the thermal entropy generation should be studied in order to find the film inlet 

temperature that should be considered to minimize the thermal entropy generation mainly when the 

falling film evaporator is used in cofunction with other system – as it has an impact on the whole 

system performance. Moreover, the local analysis shows that at the entrance of the evaporator, the 

behavior of the latter due to the film inlet temperature – at the free interface (x = 0, y1 = 0.13 m) – is 

the same whatever the flow configuration.  

Conclusions and discussions on the evaporator 
 

This chapter deals with the study of a laminar falling film evaporator in the case where the plate is 

heated by a HTF and for co and counter-current HTF flow configurations. The aim was to evaluate the 

effect of the operating conditions, namely, the inlet film temperature and film/HTF Reynolds number 

but also the film length on the evaporation rate and on the overall and local entropy generations. The 

impact of the above-mentioned parameters on the entropy generation was investigated at the overall 

scale and an analysis was performed at the local scale for a deep understanding of the thermal entropy 

generation distribution. Different parameters were defined to evaluated the performance of the 

considered evaporator, namely the evaporator efficiency, total evaporation mass flow rate and the 

thermal efficiency.  

The impact of the thermal boundary layers on the local phenomena and consequently on the local and 

thus overall entropy generation has been investigated. When assuming ΔT = 0 K only the thermal 

boundary layer due to the heat flux transferred from the HTF to the film is observed within the film 

while when assuming ΔT ≠ 0K, two thermal boundary layers are observed: the one described above 

and the one due to the evaporation/condensation at the film free interface.  
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The sources of entropy generation in falling film evaporator are the fluid friction and the temperature 

gradient.  The local viscous entropy generation of the film and of the HTF are almost not impacted by 

the film inlet temperature and by the film Reynolds number. However, the HTF Reynolds number 

impacts the HTF local viscous entropy generation and consequently its contribution to the overall 

entropy generation. Furthermore, the increase of the film inlet temperature leads to an increase of 

the local thermal entropy generation near the free surface while it leads to a decrease of this entropy 

generation near the wall. The results show that the entropy generation is mainly due to heat transfer 

fluid irreversibilities followed by the film irreversibilities while the contribution of the wall 

irreversibilities to the entropy generation remains low. The increase of the HTF Reynolds number leads 

to an increase of all medium contributions due to the increase of thermal resistance while the increase 

of film Reynolds number leads to a decrease of the contribution of the HTF irreversibilities explained 

by a decrease of the heat transferred from the HTF to the film. 

This model is extended, in chapter III, to the analysis of the entropy generation with the absorption 

phenomenon in a falling film absorber. Indeed, unlike to the falling film evaporator model, the 

absorber model takes into account the mass transfer within the film and the coupling effect between 

the thermal and mass phenomena at the free interface of the film.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 



 

 
 

 
 
 
 
 

 

 

Chapter III. Analysis of a falling film LiBr-H2O absorber at local scale 

based on entropy generation 
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Article: Mahamoudou, Ramousse and Le Pierrès. Analysis of a falling film LiBr-H2O absorber at local 

scale based on entropy generation. International Journal of Heat and Mass Transfer, (198) 123425 
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3.1. Introduction 
 

After having studied and understood the phenomena present in a falling film evaporator in chapter II, 

the following chapter is devoted, on the one hand, to the development of a model which can simulate 

the phenomena observed in an absorber and, on the other hand, to the formulation of the entropy 

generation in order to identify the various sources of irreversibilities.  

As explained in previous chapters, the consideration of the HTF on the model of the absorber allows 

to simulate more realistic cases. The HTF is assumed to flow either in laminar or turbulent flow regime. 

In chapter II, only the laminar flow regime was considered for the HTF as it already gives good insights 

about the phenomena that occur. One of the objectives of this chapter is also to understand the impact 

of the HTF, poorly modeled until now, on the phenomena encountered in the absorber. The limit cases, 

namely the adiabatic and isothermal wall cases are also studied in order to note the differences 

between the limit cases and the realistic ones. Due to the high efficiency generally observed in counter 

current flow regime, only this configuration is discussed in the following. The study focuses mainly on 

what happens at the local scale, however results at the component scale are also given. 

3.2. Absorber description 
 

Improvement of falling film absorber performance requires an understanding of the phenomena 

encountered. Figure 3.1 shows a solution composed of the absorbent (lithium bromide, LiBr) and 

refrigerant (water) which flows down under the effect of gravity over a vertical plate and in contact 

with water vapour at a fixed pressure (Pvap). The solution enters the domain at x = 0 with a uniform 

absorbent concentration (CLiBr,in) and temperature (Tf,in).  The LiBr remains in the liquid phase while the 

water vapour may be absorbed or desorbed by the solution. The chemical potential difference 

between the film and the vapour induces a mass transfer process from the vapour to the solution by 

absorption. This exothermic absorption releases heat that increases the falling film temperature. The 

temperature, concentration and velocity profiles are presented in Fig. 1a. The heat and mass transfer 

phenomena lead to the formation of the thermal (𝛿ℎ𝑡𝑓,𝑡ℎ , 𝛿𝑓,𝑡ℎ1, 𝛿𝑓,𝑡ℎ2) and diffusive (𝛿𝑓,𝑚) boundary 

layers in the film as shown in Fig. 1b and 1c. The hydrodynamics in the film and heat transfer fluid are 

assumed to be fully developed, thus, hydrodynamic boundary layers are not represented. The thermal 

boundary layers 𝛿𝑓,𝑡ℎ1 and 𝛿𝑓,𝑡ℎ2 represent the distance from the wall and the interface respectively 

to a point where the local temperatures reach 99% of the falling film bulk temperature. The thermal 

boundary layer 𝛿ℎ𝑡𝑓,𝑡ℎ represents the distance from the wall to a point where the locale temperatures 

reach 99% of the HTF bulk temperature, while the diffusive boundary layer 𝛿𝑓,𝑚  represents the 

distance from the interface to a point where the local concentration reaches 99% of the falling film 

bulk concentration. 
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The HTF flows between two vertical flat plates. A symmetrical distribution of the HTF temperature and 

velocity is assumed making it possible to study only half of the channel. Here, the falling film flows 

from the top to the bottom while the HTF is in counter-current with the solution.  𝑥 =  0 and 𝑥 =  𝐿 

are the inlet and outlet of the absorber respectively, while the 𝑦 axis is equal to zero at the centre of 

the HTF channel and to 𝑒ℎ𝑡𝑓 + 𝑒𝑤 + 𝑒𝑓  at the falling film interface. The 𝑦1 axis ∈ [0, 𝑒𝑓] ranges from 

the heated plate – film side – to the film interface while the 𝑦2 axis ∈ [0, 𝑒ℎ𝑡𝑓] ranges from the heated 

plate – HTF side to the centre of the HTF channel thickness. 𝛿ℎ𝑡𝑓,𝑡ℎ represents the thermal boundary 

layer in the HTF due to the temperature change caused by the heat transfer with the solution. 𝛿𝑓,𝑡ℎ1 

and 𝛿𝑓,𝑡ℎ2 represent the thermal boundary layers in the film due to the heat transferred from the film 

to the HTF through the wall, and to the increase in the film temperature caused by the absorption at 

the free interface, respectively. The absorption results in increasing the refrigerant concentration in 

the film and thus 𝛿𝑓,𝑚  represents the diffusive boundary layer related to the transport of the 

refrigerant though the film. As shown in Fig. 1, two cases are studied in this paper: a subcooled film at 

the inlet that leads to the development of a thermal boundary layer due to the exothermic absorption 

phenomenon 𝛿𝑓,𝑡ℎ2 (the absorption phenomenon starts at x = 0, Fig. 1b) and a film at equilibrium at 

the inlet (the absorption phenomenon only starts after the development of 𝛿𝑓,𝑡ℎ1, consequently, 𝛿𝑓,𝑡ℎ2 

is not observed). Two thermal limit cases arise in the absorber: the adiabatic and isothermal wall. Any 

HTF cooled absorber with non-infinite nor null coolant flowrates range between these two limit cases. 

The heat generated at the solution–vapour interface is transferred into the HTF through the wall.  

Figure 3.1: Description of falling film absorber at local scale, (a) Temperature, concentration and velocity profiles, (b) 
boundary layers when assuming subcooled film at the inlet, (c) boundary layers when assuming film at equilibrium 

condition at the inlet 

(a) (b) (c) 
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This study focuses on understanding the local phenomena which occur in the two fluids by examining 

the impact of the development of the boundary layers on their behaviour.  

3.2.1 Absorber model Assumptions 

As in (Mahamoudou et al. 2022), this work is limited to the modelling of falling film exchangers in 

established laminar regimes where wave phenomena are attenuated (Flores 2014): typically, the 

solution Reynolds number ranges between 5 and 200. In formulating this model, the following 

assumptions were made: 

▪ Steady state regime of the two-dimensional flows. 

▪ The liquid solution is Newtonian and its physical properties are constant and independent of 

temperature and concentration. 

▪ There is no chemical reaction. 

▪ The plate is completely wetted. 

▪ The solution at the liquid – vapour interface is considered to be in equilibrium with vapour 

𝑇𝑓(𝑥, 𝑒𝑓) = 𝑇𝑒𝑞 (𝑃𝑣𝑎𝑝; 𝐶𝐿𝑖𝐵𝑟(𝑥, 𝑒𝑓)) and the absorption process occurs at constant pressure 

(𝑃𝑣𝑎𝑝). 

▪ The water vapour is pure and homogeneous. 

▪ The absorbed mass is negligible compared to the mass flow rate of the film (ṁabs ≪ ṁf). 

Indeed, the film is in steady state and laminar regime.  

▪ Film thickness is assumed constant in both y1 and (the not modelled) z axis. 

▪ The LiBr is considered to be non-volatile; hence the mass transfer resistance in the gas phase 

is neglected (Nakoryakov, Grigoryeva, and Bartashevich 2011). 

▪ There are no shear forces exerted on the film by the vapour. 

▪ The irreversible processes take place near equilibrium. 

3.2.2 Governing equations 

The governing differential equations are the energy and species balance equations in Cartesian 

coordinates. In the following, the equations are written for the HTF, the wall and the falling film. 

3.2.2.1 Falling film 
By solving the momentum equation assuming no shear forces at the free interface, a parabolic profile, 

commonly called the Nusselt profile, is obtained as in equation (3.1) (Babadi and Farhanieh 2005; Bo 

et al. 2010) . 

𝑢𝑓(𝑦1) =  
𝜌𝑓𝑔

𝜇𝑓
𝑒𝑓
2 (
𝑦1
𝑒𝑓
−
1

2
(
𝑦1
𝑒𝑓
)

2

)                                                                                                              (3.1) 

The refrigerant absorbed at the interface diffuses into the film and its absorption generates heat at 

the free interface which is conducted through the film thickness. Under the assumptions mentioned 

above, the heat and mass transfer in the film are described by the mass and energy balances through 

the system (3.2): 
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{
 
 

 
 𝜌𝑓𝐶𝑝,𝑓𝑢𝑓(𝑦1)

𝜕𝑇𝑓(𝑥, 𝑦1)

𝜕𝑥
= 𝜆𝑓 (

𝜕2𝑇𝑓(𝑥, 𝑦1)

𝜕𝑦1
2 + 

𝜕2𝑇𝑓(𝑥, 𝑦1)

𝜕𝑥2
)                  

𝑢𝑓(𝑦1)
𝜕𝐶𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑥
= 𝐷𝐻2𝑂−𝐿𝑖𝐵𝑟 (

𝜕2𝐶𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑦1
2 + 

𝜕2𝐶𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑥2
)

𝐶𝐻2𝑂 = 1− 𝐶𝐿𝑖𝐵𝑟

                                              (3.2) 

3.2.2.2 Heat transfer fluid 
The HTF is assumed to recover the heat released by the film. Assuming that both the HTF mass flow 

rate per unit of width (in the z axis) and the channel thickness (2𝑒ℎ𝑡𝑓) are known, the HTF mean velocity 

is determined as equation (3.3):  

𝑢̅ℎ𝑡𝑓 =
𝛤ℎ𝑡𝑓

2𝑒ℎ𝑡𝑓𝜌ℎ𝑡𝑓
                                                                                                                                               (3.3) 

❖ Laminar flow 

In the laminar flow case, the Poiseuille equation is used to determine the velocity profile through 

equation (3.4) with respect to the following assumptions: incompressible and Newtonian fluid; high 

channel length compared to the channel thickness; laminar flow through a constant cross-section and 

no fluid acceleration: 

𝑢ℎ𝑡𝑓(𝑦2) =  3𝑢̅ℎ𝑡𝑓((
𝑦2
𝑒ℎ𝑡𝑓

) −
1

2
(
𝑦2
𝑒ℎ𝑡𝑓

)

2

)                                                                                                  (3.4) 

with 𝑢ℎ𝑡𝑓(0) = 0 and 
𝜕𝑢ℎ𝑡𝑓(𝑒ℎ𝑡𝑓)

𝜕𝑦2
= 0                      

In this case, the energy balance equation is written as equation (3.5), and no mass transfer is involved 

in the HTF: 

𝜌ℎ𝑡𝑓𝐶𝑝,ℎ𝑡𝑓𝑢ℎ𝑡𝑓(𝑦2)
𝜕𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑥
=  𝜆ℎ𝑡𝑓 (

𝜕2𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑦2
2 +    

𝜕2𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑥2
)                                 (3.5) 

 
❖ Turbulent flow 

 
In the turbulent flow regime case, the energy balance equation can be written as in equation (3.6): 

𝜌ℎ𝑡𝑓𝐶𝑝,ℎ𝑡𝑓𝑢ℎ𝑡𝑓(𝑦2)
𝜕𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑥
=

𝜕

𝜕𝑦2
((𝜆ℎ𝑡𝑓 + 𝜀ℎ(𝑦2)) 

𝜕𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑦2
)                                       (3.6) 

Where 𝜀ℎ  is the eddy thermal diffusivity that introduces the turbulence in the energy equation. The 

Poiseuille equation cannot be used anymore to determine the velocity profile. Thus, the turbulent 

velocity and eddy thermal diffusivity must be determined. The fluid layer in the channel thickness can 

be divided in three regions.  The following expressions are explained and derived in (Bird, Stewart, and 

Lightfoot 1960; Han 2012; Mascarenhas and Mudawar 2013; Shukri 2016):  
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➢ Wall layer 

 
𝜀𝑚
𝜈
= 0           and         𝑢ℎ𝑡𝑓

+ = 𝑦+ =  
𝑢ℎ𝑡𝑓

𝑢∗
                        0 ≤  𝑦+ ≤ 5 

 

➢ Overlap Layer 

 

𝜀𝑚
𝜈
=  0.2𝑦+ − 1       and       𝑢ℎ𝑡𝑓

+ = 5 ln(𝑦+) − 3.05               5 ≤  𝑦+ ≤ 30 

 

➢ Outer layer 

𝜀𝑚
𝜈
=  0.4𝑦+ − 1     and     𝑢ℎ𝑡𝑓

+ = 2.5 ln(𝑦+) + 5             𝑦+ ≥ 30 

With 𝑦+ = 
𝑢∗𝑦2𝜌ℎ𝑡𝑓

𝜇ℎ𝑡𝑓
 and 𝜀𝑚  is the eddy momentum diffusivity assumed to be equal to 𝜀ℎ  (the eddy 

thermal diffusivity) as the turbulent Prandtl number is close to one in turbulent flow. 

𝑃𝑟𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 
𝜀𝑚
𝜀ℎ
≈ 1 

The friction velocity 𝑢∗, is determined using the Blasius equation (Shukri 2016). 

𝑢∗ = 𝑢̅ℎ𝑡𝑓 (
𝑓

8
) 0.5 

Where f is the  friction factor and is given by (Shukri 2016) as: 

1

√𝑓
= 2 log(𝑅𝑒√𝑓) − 0.8        

3.2.2.3 Wall 
The material used for the wall is stainless steel and as only the conduction phenomenon is observed, 

the wall temperature varies linearly within the wall thickness and the energy balance equation through 

the wall is written as in equation (3.7): 

𝜕2𝑇𝑤(𝑥, 𝑦)

𝜕𝑦2
= 0                                                                                                                                                    (3.7) 

3.2.3 Boundary conditions 

At the inlet, the solution enters the absorber at a uniform concentration and temperature: 

At 𝑥 = 0 and ∀ 𝑦1                                    𝑇𝑓(0, 𝑦1) =  𝑇𝑓,𝑖𝑛     and        𝐶𝑓(0, 𝑦1) =  𝐶𝐿𝑖𝐵𝑟,𝑖𝑛                            

The wall is impermeable meaning that there is no mass transfer from the film to the HTF, thus: 

At 𝑦1  =  0 and ∀ 𝑥                                 
𝜕𝐶𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑦1
)
𝑦1=0

= 0                                                                         
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For the wall thermal boundary conditions, heat flux conservation implies: 

At 𝑦1  =  0 and ∀ 𝑥                           𝜆𝑓
𝜕𝑇𝑓(𝑥, 𝑦1)

𝜕𝑦1
)
𝑦1=0

=  𝜆𝑤
𝜕𝑇𝑤(𝑥, 𝑦)

𝜕𝑦
)
𝑦 = eℎ𝑡𝑓+ e𝑤

                                   

And  

At 𝑦2  =  0  and ∀ 𝑥                         𝜆ℎ𝑡𝑓
𝜕𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑦2
)
𝑦2= eℎ𝑡𝑓 

= 𝜆𝑤
𝜕𝑇𝑤(𝑥, 𝑦)

𝜕𝑦
)
𝑦 = eℎ𝑡𝑓

                              

At the solution – vapor interface (𝑦1 = ef and ∀ 𝑥), thermodynamic equilibrium is assumed (see 

Appendix 3).  

At 𝑦1  =  𝑒𝑓  and ∀ 𝑥                          𝑇𝑓(𝑥, e𝑓) =  𝑇𝑒𝑞(𝐶𝐿𝑖𝐵𝑟(𝑥, e𝑓), 𝑃𝑣𝑎𝑝)                                                          

Where 𝑇𝑓(𝑥, e𝑓) and 𝐶𝐿𝑖𝐵𝑟(𝑥, e𝑓) are the interfacial temperature and concentration respectively, both 

unknown function of x. 

At a given vapour pressure, either a linear relationship is assumed between the interface temperature 

and refrigerant concentration (Islam, Wijeysundera, and Ho 2006) or the equation developed by 

McNeely (1979) is assumed. Indeed, both equations are studied here for comparison (see Appendix 3). 

At the free interface, the absorbed flux is equal to the released heat by the exothermic absorption 

process. Hence, the energy conservation at the free interface is written as follows (Arroiabe, Martinez-

Agirre, and Mounir Bou-Ali 2022): 

At 𝑦1  =  𝑒𝑓  and ∀ 𝑥                            𝜆𝑓
𝜕𝑇𝑓(𝑥, 𝑦1)

𝜕𝑦1
)
𝑦1 = 𝑒𝑓

= ɱ̇abs(𝑥)∆𝐻𝑎𝑏𝑠                                                  

Where  

ɱ̇abs(𝑥) =  𝜌𝑓𝐷𝐻2𝑂−𝐿𝑖𝐵𝑟
𝜕𝐶𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑦1
    

At the bottom of the absorber, the HTF enters the absorber at a uniform temperature. 

 

At ∀ 𝑦1  and 𝑥 = 𝐿                             𝑇ℎ𝑡𝑓(𝐿, 𝑦2)  =  𝑇ℎ𝑡𝑓,𝑖𝑛                                                                                  

3.2.4 Numerical resolution 

In the present model, it is assumed that the saturated pressure 𝑃𝑣𝑎𝑝,𝑠𝑎𝑡 and temperature 𝑇𝑣𝑎𝑝,𝑠𝑎𝑡  in 

the vapour phase are known conditions in the system. Moreover, the temperature 𝑇𝑓,𝑖𝑛, LiBr 

concentration 𝐶𝐿𝑖𝐵𝑟,𝑖𝑛 and mass flow rate 𝑚̇𝑓,𝑖𝑛 of the inlet solution are also known, as well as the inlet 

temperature 𝑇ℎ𝑡𝑓,𝑖𝑛 and mass flow rate 𝑚̇ℎ𝑡𝑓 of the HTF.  

The thermal, mass and hydrodynamic balances are resolved by applying a finite difference 

discretisation on the spatial derivative terms using the Julia programming language (Julia), then 

numerically solving the system of non-linear equations obtained using the Trust-Region Method (Conn 

et al. 2000) to solve for a steady state condition. A first-order backward difference is used in the x-

direction while a second-order central difference is adopted in the y-direction for both fluids. The 
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numerical domain is discretised into N nodes in the x-direction, M nodes in the y2-direction and P nodes 

in the y1-direction for temperature and concentration. Initially, a matrix 𝑁 × (𝑀 + 𝑃) that contains 

the initial HTF temperature, film temperature and concentration is defined. The function developed in 

the code contains boundary conditions and loop controls. Iteration is required for each step to fill the 

matrix with the new temperature and concentration values until the boundary conditions (Section 

3.2.3) are satisfied in the steady-state condition. The absolute and relative tolerance errors are set to 

10-6 and 10-8 respectively. A mesh grid of 300×(70+40) is adopted in the simulations as study of the 

grid size effect shows a maximum difference of less than 1% in terms of absorbed mass flow rate. Once 

the temperature and concentration at the free interface are known, the absorbed mass flow rate and 

the heat transfer flux at the free interface and through the wall can be determined. The temperature, 

concentration and velocity fields make it possible to carry out local irreversibilities analysis using the 

entropy generation formulation. 

3.2.5 Entropy generation formulation 

The thermodynamic of irreversible processes has been applied to analyse local irreversibilities. The 

aim of introducing the second law analysis is to identify the different sources of entropy generation 

during the absorption process. The temperature, concentration and velocity fields obtained by solving 

the numerical 2D equation detailed in Section 3.2.2 to Section 3.2.4 are used to determine local 

entropy generation. This study enables location of the different sources of entropy generation by 

identifying the sites where they are generated through the absorber and quantifying them. Moreover, 

it is of great importance to quantify the contribution of each irreversibilities to total entropy generation 

as they affect the operation of the absorber and therefore its performance. For greater 

comprehension, the thermodynamic of irreversible processes is also applied when considering the two 

limit cases, namely for adiabatic and isothermal walls. However, the introduction of an HTF in counter-

current configuration enables a more realistic evaluation of entropy generation within the entire 

system. Unlike previous studies focusing on entropy generation in the film, this paper also evaluates 

entropy generation in the wall and the HTF. 

The total entropy generation is given in here as the sum of the product of thermodynamic forces and 

fluxes: 

𝜎̇ =  ∑𝑋 𝑘 ∙ 𝐽 𝑘
𝑘

 

where 𝑋  and 𝐽  are the driving force and the flux of the k phenomenon respectively. The formulation of the 

entropy generation has been developed based on the work done by Neveu (2002)  Indeed, for an open system, 
the mass conservation can be written as: 

 
𝑑

𝑑
∭𝜌𝑑𝑉 = ∑𝑚̇𝑘

𝑘

                                                                                                                                     (3.8) 

Whereas the mass flow rate is given as in equation (3.9): 

 

𝑚̇𝑘  =  ∬−𝜌𝑘(𝑣𝑘 −  𝑣) ∙ 𝑛 𝑑𝑆 = ∬−𝑗𝑘 ∙ 𝑛 𝑑𝑆                                                                                      (3.9) 

The barycentric velocity 𝒗 is defined by 𝜌𝒗 = ∑𝑘 𝜌𝑘𝑣𝑘, with ∑𝑘 𝜌𝑘 = 𝜌. Consequently,  
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∑ 𝑗𝑘
𝑘

= 0 

By using the transport theorem expressed in Appendix equation (A4-8), the equation (3.8) and (3.9) 

give: 

∭(
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑣))𝑑𝑉 = ∬− ∑𝑗𝑘 ∙ 𝑛 𝑑𝑆

𝑘

                                                                                    (3.10) 

Thus, 

𝜕𝜌

𝜕𝑡
=  𝜌̇ =  − ∇. (𝜌𝑣)                                                                                                                                   (3.11) 

The balance of the k specie when assuming no chemical reaction can be written as: 

𝑑𝑀𝑘
𝑑𝑡

= 
𝑑

𝑑𝑡
 ∭𝜌𝑥𝑘𝑑𝑉 =  ∬−𝑗𝑘 ∙ 𝑛 𝑑𝑆                                                                                              (3.12) 

Thus, from the transport theorem (A4-10):  

𝜌𝑥̇𝑘 = ∇𝑗𝑘                                                                                                                                                     (3.13) 

Moreover, the first thermodynamic principle of an open system is: 

𝑑𝐸

𝑑𝑡
= 𝑞̇ + 𝑤̇ + ∑𝑚̇𝑘ℎ𝑘

𝑘

                                                                                                                        (3.14) 

For an arbitrary volume V(t), whose center of gravity moves at speed 𝒗, the fluxes q̇, ẇ, 𝑚 ̇𝑘, ℎk are 

expressed as: 

𝑞̇ =  ∬− 𝑗𝑞 ∙ 𝑛 𝑑𝑆                                                                                                                                      (3.15) 

𝑤̇ =  ∬(−𝑝𝐼 ̿ + 𝜏̿) ∙ 𝑣 ∙ 𝑛 𝑑𝑆 + ∭𝜌𝐹 ∙ 𝑣 𝑑𝑉                                                                                    (3.16) 

𝑚̇𝑘ℎ𝑘 = ∬−  𝜚𝑘ℎ𝑘 (𝑣𝑘 − 𝑣) ∙ 𝑛 𝑑𝑆 =  ∬−𝑗𝑘ℎ𝑘 ∙ 𝑛 𝑑𝑆                                                               (3.17) 

With 

 (-𝑝𝐼̿+𝜏̿): stress tensor (pressure and viscous) (Pa.m-2), 
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F: force acting on the volume per unit mass (N/kg), e.g., gravity g 

ℎ𝑘: specific constituent enthalpy k (J.kg-1) 

By using equation (3.15), (3.16) and (3.17), equation (3.14) become: 

𝑑𝐸

𝑑𝑡
=  
𝑑

𝑑
∭𝜌𝑒𝑑𝑉 =  ∬− [𝑗𝑞 + (−𝑝𝐼 ̿ + 𝜏̿) ∙ 𝑣 + ∑𝑗𝑘ℎ𝑘

𝑘

] ∙ 𝑛 𝑑𝑆 + ∭𝜌𝐹 ∙ 𝑣 𝑑𝑉  

Thus, by using the equation (A4-10) and Gauss theorem: 

∭𝜌𝑒̇𝑑𝑉 =∭(−∇ ∙ [𝑗𝑞 + (−𝑝𝐼 ̿ +  𝜏̿) ∙ 𝑣 + ∑𝑗𝑘ℎ𝑘
𝑘

] + 𝜌𝐹 ∙ 𝑣 )𝑑𝑉                                      (3.18) 

Where,  

−∇ ∙ [(−𝑝𝐼 ̿ +  𝜏̿) ∙ 𝑣] = 𝑝 ∇ ∙ 𝑣 − 𝜏̿: ∇𝑣 + 𝑣 ∙ ∇ ∙ (𝑝𝐼 ̿ + 𝜏̿) 

Thus, equation (3.18) become: 

𝜌𝑒̇ =  − ∇ ∙ (𝑗𝑞 + 𝑗𝑘ℎ𝑘) − 𝑝∇ ∙ 𝑣 + 𝜏̿: ∇𝑣 − 𝑣 ∙ ∇ ∙ (𝑝𝐼 ̿ − 𝜏̿) +  𝜌𝐹 ∙ 𝑣 

And by replacing e by 𝑢 + 𝑣 ∙ 𝑣/2,  

𝜌(𝑢̇ + 𝑣 ∙ 𝑣̇) =  − ∇ ∙ (𝑗𝑞 + 𝑗𝑘ℎ𝑘) − 𝑝∇ ∙ 𝑣 + 𝜏̿: ∇𝑣 − 𝑣 ∙ ∇ ∙ (𝑝𝐼 ̿ −  𝜏̿) +  𝜌𝐹 ∙ 𝑣                          (3.19) 

By arranging the equation (3.19), it can be written as: 

[𝜌𝑢̇ + ∇ ∙ (𝑗𝑞 + 𝑗𝑘ℎ𝑘) + 𝑝∇ ∙ 𝑣 − 𝜏̿: ∇𝑣 ] + 𝑣 ∙ [𝜌𝑣̇ +  ∇ ∙ (𝑝𝐼 ̿ −  𝜏̿) −  𝜌𝐹] = 0                              (3.20) 

 

Galilean invariance requires that this expression, deduced from the 1stprinciple, be independent of 

the reference frame. In a reference frame in uniform translation at speed 𝒗𝟎 with respect to the initially 

chosen reference frame, equation (3.20) becomes: 

 

𝜌𝑢̇ + ∇ ∙ (𝑗𝑞 + 𝑗𝑘ℎ𝑘) + 𝑝∇ ∙ 𝑣 − 𝜏̿: ∇𝑣 + (𝑣 + 𝑣0) ∙ [𝜌𝑣̇ + ∇ ∙ (𝑝𝐼 ̿ − 𝜏̿) −  𝜌𝐹] = 0                    (3.21) 

Thus 

𝜌𝑣̇ +  ∇ ∙ (𝑝𝐼 ̿ −  𝜏̿) −  𝜌𝐹 = 0                                                                                                                        (3.22) 

𝜌𝑢̇ + ∇ ∙ (𝑗𝑞 + 𝑗𝑘ℎ𝑘) + 𝑝∇ ∙ 𝑣 − 𝜏̿: ∇𝑣 = 0                                                                                                (3.23) 

The expressions (3.22) and (3.23) respectively give the conservation of momentum and internal energy 

for an open system: 

𝜌𝑣̇ = − ∇ ∙ (𝑝𝐼 ̿ −  𝜏̿) +  𝜌𝐹                                                                                                                            (3.24) 

𝜌𝑢̇ = −∇ ∙ (𝑗𝑞 + 𝑗𝑘ℎ𝑘) − 𝑝∇ ∙ 𝑣 + 𝜏̿: ∇𝑣                                                                                                    (3.25) 
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If the volume V(t) is small enough to consider the pressure p and the temperature T uniform in the 

domain, the Gibbs equation expresses the relation existing between the intensive properties 

characterizing the volume V(t): 

𝑑𝑢 − 𝑇𝑑𝑠 + 𝑝𝑑 (
1

𝜌
) − ∑𝛾𝑘𝑑𝑥𝑘

𝑘

= 0                                                                                                        (3.26) 

with  

𝑥𝑘: mass titer of component k (-) 

γ𝑘: chemical potential of component k (J.kg-1) 

The Gibbs equation (3.26) reflects the assumption of local equilibrium, namely mechanical and thermal 

equilibrium. Dividing by dt, we obtain 

𝑢̇ − 𝑇𝑠̇ + 𝜌̇ (
𝑝

𝜌2
) − ∑𝛾𝑘 𝑥̇𝑘

𝑘

= 0                                                                                                                 (3.27) 

Multiplying the Gibbs equation (3.27) by 𝜌 and expressing the Lagrangian derivatives according to the 

expressions (3.25), (3.12) and (3.14), we obtain 

𝜌𝑠̇ =
1

𝑇
[− ∇ ∙ (𝑗𝑞 + 𝑗𝑘ℎ𝑘) − 𝑝∇ ∙ 𝑣 + 𝜏̿: ∇𝑣 −

𝑝

𝜌
(− 𝜌 ∙  ∇(𝑣)) −∑𝛾𝑘(∇𝑗𝑘)

𝑘

] 

Thus, 

𝜌𝑠̇ =
1

𝑇
[− ∇ ∙ (𝑗𝑞 + 𝑗𝑘ℎ𝑘) + 𝜏̿: ∇𝑣 +∑𝛾𝑘∇𝑗𝑘

𝑘

]                                                                                    (3.28) 

In order to obtain the expressions for entropy flow and entropy production, the expression (3.18) must 

be put in the form 𝜌𝑠̇ = ∇.𝐣+σ̇ 

𝜌𝑠̇ =
1

𝑇
[− ∇ ∙ (

𝑗𝑞 + 𝑗𝑘ℎ𝑘

𝑇
) + (𝑗𝑞 + 𝑗𝑘ℎ𝑘) ∙ ∇ (

1

𝑇
) +

 𝜏̿: ∇𝑣

𝑇
+∑∇(𝑗𝑘

𝛾𝑘
𝑇
)

𝑘

] 

By replacing ℎ𝑘 by 𝜇𝑘 + 𝑇𝑠𝑘 as ℎ𝑘 − 𝜇𝑘 = 𝑇𝑠𝑘, this equation become: 

𝜌𝑠̇ = − ∇ ∙ (
𝑗𝑞 + 𝑗𝑘𝑠𝑘

𝑇
) + (𝑗𝑞 + 𝑗𝑘ℎ𝑘) ∙ ∇ (

1

𝑇
) +

 𝜏̿: ∇𝑣

𝑇
− 𝑗𝑘∇ (

𝛾𝑘
𝑇
)                                                   (3.29) 

Thus, by applying equation (A11), equation (3.29) becomes: 

𝜕(𝜌𝑠)

𝜕𝑡
= − ∇ ∙ (

𝑗𝑞 + 𝑗𝑘𝑠𝑘

𝑇
+ 𝜌𝑣𝑠) + (𝑗𝑞 + 𝑗𝑘ℎ𝑘) ∙ ∇ (

1

𝑇
) +

 𝜏̿: ∇𝑣

𝑇
− 𝑗𝑘∇ (

𝛾𝑘
𝑇
)                                (3.30) 

Moreover, 

∇ (
𝛾𝑘
𝑇
 ) = 

𝜕 (
𝛾𝑘
𝑇
)

𝜕𝑇
 ∇𝑇 +  

𝜕 (
𝛾𝑘
𝑇
)

𝜕𝛾𝑘
 ∇𝛾𝑘                                                                                                          (3.31) 
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That gives 

∇ (
𝛾𝑘
𝑇
 ) =  

𝜕 (
𝛾𝑘
𝑇
)

𝜕𝑇
 ∇𝑇 +  

1

𝑇
 ∇𝛾𝑘       

From the Gibbs-Helmholtz relation:  

− 
𝐻

𝑇2
= (

𝜕 (
𝐺
𝑇
)

𝜕𝑇
)

𝑃

 

That allows writing 

− 
∑ 𝐻𝑘𝑁𝑘𝑘

𝑇2
= 
𝜕 (
∑ 𝛾𝑘𝑁𝑘𝑘

𝑇 )

𝜕𝑇
 

And therefore,  

− 
𝐻𝑘
𝑇2

=
𝜕 (
𝛾𝑘
𝑇
)

𝜕𝑇
   

Thus, equation (3.31) become: 

∇(
𝛾𝑘
𝑇
) = −

ℎ𝑘
𝑇2
∇𝑇 + 

1

𝑇
 ∇𝛾𝑘 = −ℎ𝑘∇ (

1

𝑇
) +

(∇𝛾𝑘)𝑇
𝑇

      

By introducing this equation in the equation (3.30), 

𝜕(𝜌𝑠)

𝜕𝑡
= − ∇ ∙ (

𝑗𝑞 + 𝑗𝑘𝑠𝑘

𝑇
+ 𝜌𝑣𝑠) + 𝑗𝑞 ∙ ∇ (

1

𝑇
) +

 𝜏̿: ∇𝑣

𝑇
− 𝑗𝑘

(∇𝛾𝑘)𝑇
𝑇

 

That allows to write the entropy flow 𝑗𝑠and the volume entropy generation 𝜎̇𝑠 

𝑗𝑠 =  
𝑗𝑞 + 𝑗𝑘𝑠𝑘

𝑇
+ 𝜌𝑣𝑠                                                                                                                                     (3.32) 

 

𝜎̇ = 𝑗𝑞 ∙ ∇ (
1

𝑇
) +

 𝜏̿: ∇𝑣

𝑇
− 𝑗𝑘

(∇𝛾𝑘)𝑇
𝑇

                                                                                                            (3.33) 

Thus, for k species, equation (3.33) is written as in (3.34): 

𝜎̇ = 𝑗𝑞⃗⃗⃗  ∙ 𝛻⃗ (
1

𝑇
) − ∑𝑐𝑘𝜐𝑘⃗⃗⃗⃗ 

𝑘

∙ ( 
1

𝑇
 𝛻⃗ 𝛾𝑘  ) + 

𝜏̿: 𝑔𝑟𝑎𝑑̿̿ ̿̿ ̿̿ ̿(𝑢)

𝑇
                                                                            (3.34) 

Hence, when assuming a continuous, open and isotropic system that contains a fluid composed of k 

species, total entropy generation only results from the addition of heat, mass and hydrodynamic 

irreversibilities, each of them being positive. No coupling can be found between the thermal or mass 

phenomenon with the friction one due to the difference in tensor degree. Indeed, the coupling effects 

are related to the Soret and Dufour effects. The Dufour effect implies an energy flux due to the 

chemical potential gradient while the Soret effect is its reciprocal and implies a mass flux due to the 
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temperature gradient. Thus, the entropy variation due to the Dufour and Soret effects compensate 

each other. In the following section, the entropy generation equation is written for each part of the 

absorber, namely, the film, the heat transfer fluid and the wall. 

3.2.5.1 Falling film 
Due to the thermal, concentration and velocity gradients along the falling film, a nonequilibrium state 

is encountered causing entropy generation. The volumetric rate of entropy generation in the falling 

film is given by equation (3.35) according to equation (3.34): 

𝜎̇𝑓 = 𝑗𝑞,𝑓⃗⃗ ⃗⃗⃗⃗ ∙  𝛻⃗ (
1

𝑇𝑓
) −

1

𝑇𝑓
∑𝑗𝑘⃗⃗⃗  

𝑘

 ∙  𝛻⃗ (γk) + 
𝜏̿: 𝑔𝑟𝑎𝑑̿̿ ̿̿ ̿̿ ̿(𝑢⃗ 𝑓)

𝑇𝑓
                                                                         (3.35) 

The first term of the right-hand side of equation (3.35) represents entropy generation due to heat 

transfer 𝜎̇𝑡ℎ,𝑓, the second term is due to mass transfer 𝜎̇𝑚,𝑓  while the third is due to fluid friction 𝜎̇𝑣𝑖𝑠,𝑓.  

By developing the above equation, with respect to system of equations (3.2), the volumetric rate of 

entropy generation in the film can be written as in equation (3.36): 

𝜎̇𝑓(𝑥, 𝑦1) =  
𝜆𝑓

𝑇𝑓(𝑥, 𝑦1)2
[(
𝜕𝑇𝑓(𝑥, 𝑦1)

𝜕𝑦1
)

2

+ (
𝜕𝑇𝑓(𝑥, 𝑦1)

𝜕𝑥
)

2

]

−
1

𝑇𝑓(𝑥, 𝑦1)
(𝑗𝐿𝑖𝐵𝑟,𝑥

𝜕𝛾𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑥
+ 𝑗𝐿𝑖𝐵𝑟,𝑦1

𝜕𝛾𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑦1
)

+ 
𝜇𝑓

𝑇𝑓(𝑥, 𝑦1)
(
𝜕𝑢𝑓(𝑦1)

𝜕𝑦1
)

2

                                                                                                   (3.36) 

Where 𝑗𝐿𝑖𝐵𝑟,𝑥 and 𝑗𝐿𝑖𝐵𝑟,𝑦1  are the diffusive fluxes in the x and y1 direction respectively and can be 

written as: 

𝑗 𝐿𝑖𝐵𝑟,𝑥 =
𝜌𝐿𝑖𝐵𝑟−𝑠𝑜𝑙
ℳ𝐿𝑖𝐵𝑟

 𝐷𝐻2𝑂−𝐿𝑖𝐵𝑟
𝜕𝐶 𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑥
 

and 

𝑗 𝐿𝑖𝐵𝑟,𝑦1 = 
𝜌𝐿𝑖𝐵𝑟−𝑠𝑜𝑙
ℳ𝐿𝑖𝐵𝑟

𝐷𝐻2𝑂−𝐿𝑖𝐵𝑟
𝜕𝐶 𝐿𝑖𝐵𝑟(𝑥, 𝑦1)

𝜕𝑦1
 

𝜌𝐿𝑖𝐵𝑟−𝑠𝑜𝑙  is the density of the LiBr in the aqueous LiBr solution. The partial chemical potential at each 

(𝑥, 𝑦1), is calculated using the Yuan and Herold (2005) correlations and the concentration and 

temperature fields obtained after solving the numerical model described in Section 3.2.  

3.2.5.2 Heat transfer fluid 
In the HTF, entropy generation is only due to heat transfer and fluid friction as there is no mass transfer. 

Consequently, the volumetric rate of entropy generation is given by equation (3.37): 
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𝜎̇ℎ𝑡𝑓 = 𝑗𝑞,ℎ𝑡𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ∙  𝛻⃗ (
1

𝑇ℎ𝑡𝑓
) + 

𝜏̿: 𝛻̿(𝑢⃗ ℎ𝑡𝑓)

𝑇ℎ𝑡𝑓
                                                                                        (3.37) 

The first term of the right-hand side of equation (3.37) represents entropy generation due to heat 

transfer 𝜎̇𝑡ℎ,ℎ𝑡𝑓 while the second is due to fluid friction 𝜎̇𝑣𝑖𝑠,ℎ𝑡𝑓.  

By developing equation (3.20), the HTF volumetric rate of entropy generation is written as (3.38): 

𝜎̇ℎ𝑡𝑓(𝑥, 𝑦2) =  
𝜆ℎ𝑡𝑓

𝑇ℎ𝑡𝑓(𝑥, 𝑦2)
2
[(
𝜕𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑦2
)

2

+ (
𝜕𝑇ℎ𝑡𝑓(𝑥, 𝑦2)

𝜕𝑥
)

2

]

+  
𝜇ℎ𝑡𝑓

𝑇ℎ𝑡𝑓(𝑥, 𝑦2)
(
𝜕𝑢ℎ𝑡𝑓(𝑦2)

𝜕𝑦2
)

2

                                                                                           (3.38) 

3.2.5.3 Wall 
Through the wall, there is no mass transfer and obviously no fluid friction. Consequently, the wall 

volumetric entropy generation is only due to the heat transfer as (3.22): 

𝜎̇𝑤(𝑥, 𝑦) = 𝜎̇𝑤,𝑡ℎ = 𝑗𝑞,𝑤⃗⃗⃗⃗ ⃗⃗  ⃗ ∙  𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ (
1

𝑇𝑤
) =  

𝜆𝑤
𝑇𝑤(𝑥, 𝑦)2

[(
𝜕𝑇𝑤(𝑥, 𝑦)

𝜕𝑦
)

2

+ (
𝜕𝑇𝑤(𝑥, 𝑦)

𝜕𝑥
)

2

]                 (3.39) 

The total entropy generation rate per unit of wall width is as equation (3.23): 

𝑆̇𝑡𝑜𝑡 = ∬𝜎̇𝑡𝑜𝑡 𝑑𝑥𝑑𝑦 =∬𝜎̇ℎ𝑡𝑓  𝑑𝑥𝑑𝑦 + ∬𝜎̇𝑤 𝑑𝑥𝑑𝑦 + ∬𝜎̇𝑓  𝑑𝑥𝑑𝑦                                           

               = ∬(𝜎̇ℎ𝑡𝑓,𝑡ℎ + 𝜎̇ℎ𝑡𝑓,𝑣  )𝑑𝑥𝑑𝑦 + ∬ 𝜎̇𝑤,𝑡ℎ  𝑑𝑥𝑑𝑦 + ∬(𝜎̇𝑓,𝑡ℎ + 𝜎̇𝑓,𝑣 + 𝜎̇𝑓,𝑚) 𝑑𝑥𝑑𝑦       (3.40) 

3.3. Operating conditions and model validation 
 

3.3.1 Operating conditions 

The absorber considered in this study is a falling film absorber which can be used in absorption 

systems, for example for building heating and cooling systems using a LiBr/H2O couple. The main design 

characteristics of the absorber are the same as those used by Perier-Muzet and Stutz, (2021) and are 

summarized in Table 3.1. In the whole study, the inlet HTF temperature is set equal to 35°C. 

Table 3.1: Main design characteristics of the absorber 

Configuration Counter HTF flow 

Plate height (L) 0.3 – 0.5 m 
Thickness of the wall (ew) 3.10-3 m 
Conductivity of the wall (λw) 16 W.K-1.m-1 
Thickness of the half HTF channel (ehtf)  1.10-3 m 

 

The absorber pressure is assumed to be equal to 1kPa – the saturated vapour temperature of 7°C is 

given knowing the vapour pressure (Appendix 1) – and the properties of LiBr solution and of the HTF 
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are derived from the correlation presented in Yuan and Herold (2005). Table 3.2 lists the operating 

conditions of the HTF and of the falling film. 

Table 3.2: Physical properties of LiBr solution and HTF 

Properties values 

Film density (ρf) 1700.3 kg.m-3 
HTF density (ρhtf) 997.5 kg.m-3 
Film dynamic viscosity (μf) 5.350 10-3 Pa.s 
HTF dynamic viscosity (μhtf) 8.02 10-4 Pa.s 
Film thermal conductivity (λf) 0.43095 W.m-1. K-1 
HTF thermal conductivity (λhtf) 0.61 W.m-1. K-1 
Diffusion coefficient (DH2O-LiBr) 1.6175 10-9 m2. s-1 
Heat of absorption (ΔHabs) 2772.7 kJ.kg-1 
Film specific heat (Cp,f) 1567.5 J. K-1.kg-1 
HTF specific heat (Cp,htf) 4178.0 J. K-1.kg-1 

 

The film Reynolds number is assumed to be constant and equal to 50 corresponding to a film thickness 

of 0.33 mm while the HTF Reynolds number ranges from 500 to 2000 in laminar flow and up to 5000 

for turbulent flow. Indeed, although the film Reynolds number has a high impact on the temperature 

and concentration distributions, the impact of this parameter has already been extensively studied in 

the literature, in contrast to the Reynolds number of the HTF (Giannetti et al. 2015b; 2016). 

3.3.2 Model validation 

The interfacial temperature and concentration of the present work were compared with the numerical 

results obtained by Huaylla (2017) and Karami and Farhanieh (2009) to validate the model. Huaylla 

(2017) developed a numerical 1D model while Karami and Farhanieh (2009) developed a numerical 2D 

model to study the LiBr/H2O absorption along a vertical plate. In the present work, the thermodynamic 

equilibrium at the interface was modelled using the two most used equations to determine their 

agreement and to assess the accuracy of the model: i.e., that of Islam et al (2006) – equation (A3 - 1) 

Appendix 3 – and that of McNeely (1979) – equation (A3 - 2) Appendix 3. Both Eckert-Schneider relation 

and Fick mass absorbed expressions are also analysed (Arroiabe et al. 2022). For the purpose of 

validating the model, the simulation was performed under the same operating conditions as those of 

Karami and Farhanieh (2009), following Huaylla (2017). The cooling water is in counter-current flow to 

the flow of the falling film and its temperature change is assumed to be linear. The conditions are listed 

in Table 3.3.  

Table 3.3: Parameters used for validation 

Parameters Values 

Plate height, L (m) 1.0 
System pressure, P (kPa) 1.0 
Film inlet temperature, Tf,in (°C) 45.6 
Film inlet concentration, CLiBr,in (%) 60.0 
HTF inlet temperature, Thtf,in (°C) 32 
HTF outlet temperature, Thtf,in (°C) 36 
Film Reynolds number, Ref (-) 20.5 
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Figure 3.2 shows good agreement between the model developed in the present study and those 

developed by Karami and Farhanieh (2009) and Huaylla (2017) as they share the same order of 

magnitude, although the present models are close to Karami’s results. This can be explained by the 

fact that Huaylla (2017) used the Hellman and Grossman (1996) equation to model the equilibrium 

correlation between the temperature, the LiBr mass fraction and the vapour pressure at the interface 

while Karami and Farhanieh (2009) used the McNeely (1979) correlation. 

 

 

 

 

 

 

 

 

 

 

 

 

However, for temperature a mean deviation of about 0.32°C is observed between our models and the 

Huaylla model while a mean deviation of 0.25°C is observed between our models and Karami’s model 

(Fig. 3.2a). For the concentration, a mean deviation less than 3% of LiBr is observed (Fig. 3.2b). The 

difference between the present study using McNeely (1979) correlation and the Karami’s model may 

be explained by the fact that Karami and Farhanieh (2009) considered the x and y-components of the 

velocity while in this study, only the x-component of the velocity is considered. Good agreement is also 

observed between the Islam et al (2006) equilibrium equation and that of McNeely (1979). Indeed, for 

temperature a maximum deviation of 1°C is observed between the two equilibrium equations while 

for the LiBr concentration, a maximum deviation of 1.03% of LiBr is observed. Using the McNeely 

(1979) equation induces a higher absorption of refrigerant compared to the Islam et al (2006) equation. 

The deviation between the two correlations increases with an increase in the film length.  

Moreover, the absorbed mass flow rate calculated using the Eckert-Schneider relation shows an 

overestimation of the water absorbed into the film when comparing the result with the variation of 

the mass fraction of LiBr within the film. However, the estimated absorbed mass flux is in line with the 

inlet/outlet change in mass fraction of LiBr within the film when the Fick equation is considered. Thus, 

in the following, the film length is assumed to be equal to or less than 0.5 m in order to minimise the 

deviation, and the Islam et al (2006) correlation using the Fick equation is used.  

 

Figure 3.2: Validation of the model 
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3.4. Absorber analysis 
 

The main results presented here are those considering laminar HTF flows, but turbulent HTF flows are 

also discussed based on the problem formulation. Thus, studying low HTF flows enables greater 

understanding of the local phenomenon and some qualitative results can be extended to turbulent 

HTF flows. 

3.4.1 Absorbed mass flow rate for the limit cases – adiabatic and isothermal walls 

A general analysis was carried out for typical conditions of a flat plate absorber, working with inlet HTF 

temperature of 35°C. For the adiabatic case, the film is assumed to be subcooled at the inlet compared 

to equilibrium conditions (CLiBr,in = 60%, Tf,in = 45.6°C) with the inlet film temperature set at 43°C. 

Indeed, this condition is required as no phenomenon occurs when assuming that the film is at 

equilibrium at the inlet. For the isothermal cases, two simulations were performed: one assuming 

equilibrium conditions for a vapour pressure of 1 kPa at the interface (CLiBr,in = 60%, Tf,in = 45.6°C) and 

another assuming subcooled film at the inlet (CLiBr,in = 60%, Tf,in = 43°C) to study the behaviour of the 

absorber. Figure 3.3 shows the evolution of the absorbed mass flow rate for adiabatic and isothermal 

cases along the length of the 0.3 m long plate. 

Near the inlet of the film – for small x values, the behaviour is the same for adiabatic and isothermal 

cases when assuming subcooled film at the inlet (solid red and dotted blue curves, Fig. 3.3). Indeed, 

although the film reaches thermodynamic equilibrium at the interface once it is in contact with the 

vapour, the thermal and mass boundary layers take some distance from the inlet absorber to be fully 

developed and so the isothermal or adiabatic wall assumption is yet to be achieved.  Figure 3.3 also 

shows that the absorbed mass flow rate is greatest – around 2.6 10-3 kg.m-2. s-1 – at the inlet due to the 

effect of the subcooled film which leads to a high driving force at x = 0. In case of overheated film at 

the inlet, the desorption phenomenon would be observed near the inlet (for small x values). For the 

adiabatic case, the absorbed mass flow rate decreases monotonically from the inlet to the outlet of 

the absorber, as the heat released at the free interface is not removed from the absorber. Hence, the 

film temperature quickly increases leading to thermodynamic equilibrium in the entire component: 

only the thermal and diffusive boundary layers (𝛿𝑓,𝑡ℎ2, 𝛿𝑓,𝑚) develop. For the isothermal case when 

assuming subcooled film at the inlet, the absorbed mass flow rate decreases as the thermal boundary 

layer 𝛿𝑓,𝑡ℎ2  and the diffusive boundary layer 𝛿𝑓,𝑚  are in the developing stage, until the constant 

temperature at the wall starts to be achieved at the interface – the position where 𝛿𝑓,𝑡ℎ1  = 𝛿𝑓,𝑡ℎ2 (x ≈ 

0.012 m) – see Fig. 3.1b. 
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Afterward, the absorbed mass increases slightly due to removal of the heat released at the interface 

before decreasing again as the temperature at the interface tends toward the wall temperature. 

However, when assuming equilibrium conditions at the inlet of the film (green dashed curve, Fig. 3.3) 

the absorbed mass is close to zero at the inlet (x = 0) as the driving force of mass transfer is null. Under 

the effect of the isothermal wall, heat is removed at the wall with the development of the thermal 

boundary layer 𝛿𝑓,𝑡ℎ1 within the film. Once 𝛿𝑓,𝑡ℎ1 is completely developed (x ≈ 0), the absorbed mass 

increases with the development of the diffusive boundary layer (𝛿𝑓,𝑚) as seen in Fig. 1c, due to the 

increase in the driving force induced by heat transfer, until reaching a maximum value (x ≈ 0.048 m). 

Then, the absorbed mass decreases as in the case of subcooled film at the inlet (dashed blue curve, 

Fig. 3.3) due to the decrease in the temperature difference between the wall and the film. In the case 

where inlet equilibrium conditions is assumed at the inlet of the film, development of the thermal 

boundary layer 𝛿𝑓,𝑡ℎ2 is not observed as there is no temperature gradient between the film interface 

and the film inlet. After the development of 𝛿𝑓,𝑡ℎ1, the absorption phenomenon takes place, and 

therefore, heat of absorption is released. However, the thermal boundary layer 𝛿𝑓,𝑡ℎ2 is not observed 

as temperature gradient is already observed in the whole film thickness due to the complete 

development of 𝛿𝑓,𝑡ℎ1 according to the thermal boundary layer definitions given in paragraph 3.2. 

Consequently, the film temperature gradient changes in the film thickness due to the HTF and the 

absorption phenomenon. 

3.4.2 Entropy generation analysis for the limit cases 

The falling film is the source of several phenomena leading to the generation of different types of 

irreversibilities within the film. The falling film volumetric entropy generation is determined for any (x, 

y1) points using equation (3.8). The evolution of the volumetric entropy generation at the film-vapour 

interface is shown in Fig. 3.4 under subcooled conditions, with Tf,in = 43°C. At the film interface and 

Figure 3.3: Absorbed mass when assuming adiabatic and isothermal cases and a subcooled film 
inlet (CLiBr,in = 60%, Tf,in = 43°C) 
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whatever boundary conditions applied at the wall side, both thermal and mass irreversibilities have 

the same shape as the absorbed mass flow rate shown in Fig. 3.3.  

 

 

 

 

 

 

 

 

 

However, for both limit cases, the mass irreversibilities is higher – more than two times at the inlet – 

than the thermal irreversibilities. Once the boundary layers are developed, the difference between the 

thermal and mass irreversibilities decreases with the film length because the temperature and 

concentration tend to equilibrium. It can be concluded that at the free interface, the contribution of 

mass irreversibilities on entropy generation is high compared to that of thermal irreversibilities.  

Although only the irreversibilities at the free interface are represented in Fig. 3.4, a discussion about 

the behaviour of the entire film for both limit cases are given in the following section. Indeed, analysis 

of entropy generation through the entire film shows that for the case of an adiabatic absorber, the 

irreversibilities are concentrated at the interface (y1 = ef) and decrease with x. Moreover, as the heat 

released at the interface is not removed and the wall is impermeable, the thermal and mass 

irreversibilities are equal to zero near and at the wall during the development of the thermal 𝛿𝑓,𝑡ℎ2 and 

diffusive 𝛿𝑓,𝑚  boundary layers. Thus, only viscous irreversibilities applies near the wall and it is of an 

order of magnitude of 20 W.K-1.m-3. The analysis also shows that the thermal boundary layers develop 

faster than the diffusive boundary layer, which means that the thermal resistance is lower than the 

diffusive resistance. However, analysis of the entropy generation through the entire film for an 

isothermal case shows a different trend. Entropy generation is higher at the inlet of the film and at the 

wall (x = 0 and y1 = 0) and is mainly caused by the thermal irreversibilities. Furthermore, it is around 38 

000 W.K-1.m-3 and 70 000 W.K-1.m-3 when assuming subcooled film and equilibrium conditions 

respectively at the inlet, which corresponds to four times and eight times the irreversibilities observed 

at the film interface (Fig. 3.4). This is not only due to the low diffusion of the absorbed vapour – the 

irreversibilities due to the mass transfer is null near the wall – but also to the high temperature 

difference between the wall and the inlet film (a difference of 8°C and 10.6°C when assuming 

subcooled film and equilibrium conditions at the inlet, respectively) leading to a high heat transfer flux 

at the wall. Here, the viscous irreversibilities is negligible as the thermal irreversibilities dominates near 

the wall. 

Figure 3.4: Entropy generation at the film interface for isothermal and adiabatic cases when assuming subcooled 
conditions (CLiBr,in = 60%, Tf,in = 43°C) at the film inlet for a Ref = 50 
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3.4.3 Absorbed mass flow rates when considering HTF 

After analysing the behaviour of the absorber for the two limit cases, the focus is on a more realistic 

absorber with finite non-null HTF flow. To study the impact of the HTF, the inlet conditions of the 

LiBr/H2O film have been set to equilibrium (pressure = 1 kPa, CLiBr,in= 60% and Tf,in= 45.6°C) and the inlet 

HTF temperature is equal to 35°C. Before analysing the absorbed mass flow rate and entropy 

generation, the local temperature and concentration profiles are given in Fig. 3.5. As excepted, the 

HTF temperature increases from the bottom to the top while the film temperature increases from the 

top to bottom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The absorbed mass flow rates obtained when varying the HTF Reynolds number are plotted in Fig. 3.6. 

Heat transfer fluid flow numbers larger than 4500 are typically turbulent, while those below 2300 are 

laminar. 

 

 

 

 

 

𝑥 𝑥 

Figure 3.5: Locale temperature and concentration profiles for Rehtf = 2000 
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The behaviour of the absorbed mass flow rate is similar to the one explained in Section 3.4.1 for the 

case of an isothermal wall for 𝑅𝑒ℎ𝑡𝑓 =  5000 to 𝑅𝑒ℎ𝑡𝑓 =  ∞, corresponding to the turbulent flow 

regime.  As expected, the absorbed mass flow rate increases with an increase in the HTF velocity due 

to an increase in the heat transferred from the film to the HTF. However, what is of great interest is 

why the absorbed mass flow increases close to the outlet for HTF in a laminar flow regime (low 

Reynolds numbers), as shown in Fig. 3.6. Indeed, this behaviour is not observed for high Reynolds 

numbers – turbulent HTF flows – and 𝑅𝑒ℎ𝑡𝑓 =  ∞ − as in an isothermal case. Near the top of the 

absorber, the absorption phenomenon is induced by the heat transfer from the film to the HTF which 

creates thermodynamic disequilibrium between the film and the vapour. However, the phenomena 

occurring at the outlet differ from those at the inlet. The imposed uniform temperature of the HTF at 

x = 0.5 m leads to a high temperature difference between the two sides of the wall and consequently 

to a high heat flux. The increase of the absorbed mass flow rate at the bottom of the absorber is due 

to thermal and mass phenomena. In terms of thermal phenomenon, it is first due to the development 

of the HTF thermal boundary layer and second to the large temperature gradient between the two 

sides of the wall encountered for a low Reynolds number: the lower the Reynolds number, the hotter 

the film at the bottom and thus the higher the temperature gradient between both fluids. However, 

the large temperature gradient between the HTF and the film interface allows to have a high driving 

concentration at the bottom of the absorber and thus an increase of the absorbed mass flow rate. 

Consequently, the higher the HTF Reynolds number, the lower the increase phenomenon at the 

absorber outlet. 

3.4.4 Local entropy generation analysis when considering the HTF 

The local analysis enables representation of the distribution of irreversibilities by locating and 

quantifying the different sources of entropy generation. In this section, absorber entropy generation 

considering finite non-null HTF flow rates is discussed. Figure 3.7 summarises the different 

Figure 3.6: Evolution of the absorbed mass flow rate assuming laminar and turbulent heat transfer fluid (HTF) flow 
along the absorber length in the case of equilibrium condition of the film at the inlet 
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irreversibilities distributions through the entire absorber when assuming equilibrium 

conditions (𝑇𝑓,𝑖𝑛 = 𝑇𝑒𝑞(𝐶𝐿𝑖𝐵𝑟,𝑖𝑛, 𝑃𝑣𝑎𝑝)) with respect to the different boundary layers as represented 

in Fig 3.1b, by focusing in on the top and bottom of the absorber. In Fig. 3.7, viscous entropy generation 

is not presented. However, it should be mentioned that there is friction irreversibilities in the entire 

HTF and film, the hydrodynamic boundary layer is assumed to be fully developed for both fluids. When 

assuming a film is at equilibrium, no phenomena occur near the film-vapour interface at the inlet of 

the absorber. As explained in Section 3.4.3, the film transfers a part of its energy to the HTF through 

the wall. This transfer decreases the film temperature leading to the development of the thermal 

boundary layer 𝛿𝑓,𝑡ℎ1. At this stage, no mass transfer is observed. Consequently, inside the thermal 

boundary layer 𝛿𝑓,𝑡ℎ1, irreversibilities due to the thermal transfer appear and beyond this boundary 

layer, no entropy generation due to thermal and/or mass transfer is observed as the film is at 

equilibrium.  This thermal irreversibilities is high near the wall where transfers exist and decreases 

from the wall to the film interface during the development of the thermal boundary layer. The chemical 

potential difference between the film and the vapour generates once 𝛿𝑓,𝑡ℎ1is completely developed 

(𝛿𝑓,𝑡ℎ1 = 𝑒𝑓) and induces the absorption of the water vapour into the LiBr/H2O solution, leading to the 

development of the diffusive boundary layer 𝛿𝑓,𝑚. Thus, inside the diffusive boundary both thermal 

and mass irreversibilities are observed. No mass transfer occurs in the HTF so there is no mass 

irreversibilities. However, a thermal boundary layer 𝛿ℎ𝑡𝑓,𝑡ℎ develops due to the increase in 

temperature of the HTF induced by the heat received from the film, leading to thermal entropy 

generation inside the boundary layer. The thermal irreversibilities observed in the HTF is high near the 

wall and decreases from the wall to the centre of the HTF channel. In this study, the HTF is in counter-

current flow, so the thermal boundary layer 𝛿ℎ𝑡𝑓,𝑡ℎ is observed at the bottom of the absorber. 

 

 

 

 

 

 

 

 

 

 

Through the wall, only thermal transfer appears. Thus, only thermal irreversibilities is observed and 

varies only with x. Therefore, development of the boundary layers has a significant impact on the local 

phenomena and consequently on entropy generation. However, it is important to mention that under 

the study conditions of the present work, the thermal boundary layer 𝛿𝑓,𝑡ℎ1develops quickly due to 

the low film Reynolds number and thus to the low thermal resistance. 

In the following section, the entropy generation distribution is represented by simulating an absorber 

under the study conditions to quantify them. Figure 3.8 shows the evolution of irreversibilities through 

Figure 3.7: Local entropy generation through the whole absorber 
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the film and the HTF for Rehtf = 2000. Note that the irreversibilities due to the fluid friction are not 

plotted for both fluids as they are negligible (between 40 and 400 times lower) compared with the 

other sources of entropy generation. Both viscous irreversibilities of the film and of the HTF are equal 

to zero at the free interface and at the HTF channel centre respectively and are greatest at the wall – 

20 W.K-1.m-3 for the film and 15 W.K-1.m-3 for the HTF, for Rehtf = 2000 (following a parabolic profile). 

Figures 3.8a and 3.8b allow better visualisation of the thermal and mass irreversibilities distribution. 

Figure 3.8a shows that the mass irreversibilities in the film increases with the increase in x from 0 to 

1250 W.K-1.m-3. The maximum value of the mass irreversibilities is located at the bottom of the 

absorber, at the interface (x = L = 0.5 m, y1 = ef = 0.33 mm) where the absorbed mass flow rate is 

greatest. However, only a quarter of the film thickness is influenced by the mass irreversibilities due 

to the low diffusion of the absorbed vapour into the film. Indeed, from the wall to the penetration 

distance of the diffusing water, the mass irreversibilities is equal to zero due to the null gradient of 

concentration. Afterward, it increases following the diffusive flux which is responsible for the mass 

transfer through the film thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the film is overheated or subcooled at the inlet, the maximum of the mass irreversibilities is 

observed at this position (x = 0 m) due to the high mass transfer driving force which is induced. Indeed, 

due to the thermodynamic equilibrium assumption at the free interface, the mass and heat transfer 

Figure 3.8: Evolution of the volumetric entropy generation (a) mass irreversibilities and (b) thermal irreversibilities 
through the film, (c) total entropy generation through the film and (d) thermal irreversibilities in the heat transfer fluid 

(HTF) for Ref = 50, Tf,in = 45.6°C, CLiBr,in = 60%   

(b) (d) 

(c) 
(a) 
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strongly depend on the initial and boundary conditions such as the inlet film temperature and 

concentration, the solution flow rate and the working fluid properties.   

The film thermal irreversibilities at the wall has the same profile as the heat flux transferred from the 

film to the HTF, while at the interface it has the same profile as the heat flux released due to 

absorption. Hence, the increase in the HTF velocity leads to an increase in the thermal irreversibilities 

at the wall (y1 = 0) caused by an increase in the heat transfer flux exchanged as mentioned in Section 

3.4.3. However, the thermal irreversibilities in the solution at the wall remains higher than at the 

interface under the study conditions: the heat transfer at the wall is higher (around 2400 W.m-1) than 

the heat released during the absorption process (around 1800 W.m-1) due to the large temperature 

gradient between the film and the HTF. Near the interface (y1 = ef = 0.33 mm), the thermal 

irreversibilities increases with x due to the increased absorption phenomenon. Near the wall (y1 = 0), 

it decreases with x due to a decrease in the heat flux transferred from the film to the HTF before 

increasing at the outlet due to the imposed uniform temperature at the outlet of the absorber. Thus, 

unlike the mass irreversibilities which is observed in only a quarter of the film, thermal irreversibilities 

is observed throughout the entire film except at x = 0 m and y1 = ef = 0.33 mm where no phenomenon 

occurs due to the equilibrium assumption. Figure 3.8c shows the total volumetric entropy generation 

of the film which is the sum of the thermal, viscous and mass irreversibilities. It shows that the total 

entropy generation is of the same order of magnitude throughout the film except at the inlet as the 

HTF is in laminar flow (see the following paragraph for the case of a turbulent HTF flow).  At the 

interface, 85% of the volumetric entropy generation is due to mass irreversibilities while the rest is due 

to thermal irreversibilities. At the wall (y1 = 0), the thermal irreversibilities in the film dominates with 

a contribution greater than 95% and low friction irreversibilities. The total entropy generation through 

the film shows a local minimum in the film thickness except at the inlet as shown in Fig. 3.8c, where 

the irreversibilities are greatest near the wall due to the heat transfer flux and decrease with the film 

thickness to be equal to zero at x = 0, y1 = ef = 0.33 mm due to the equilibrium conditions assumed. 

The thermal irreversibilities in the HTF is presented in Fig. 3.8d, and shows that thermal irreversibilities 

is mainly situated near the wall (y2 = ehtf = 1 mm) and decreases to a minimum near the centre (y2 = 0) 

where it is assumed to be symmetrical.   

For turbulent HTF flows, the film entropy generation is mainly ruled by thermal entropy generation 

near the wall due to the high heat exchange as shown in Fig. 3.9.  
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This thermal entropy generation decreases along the x-axis as the heat transfer flux decreases. One of 

the main conclusions for Rehtf = 5000 is that increasing the HTF velocity leads to an increase in the 

transferred heat flux and consequently of the absorbed mass flow rate as the heat transfer resistance 

decreases. However, it also leads to a significant increase in the irreversibilities of the entire falling 

film. It varies from 0 at x = 0 and y1 = 0.33 mm to almost 9000 W.K-1.m-3 at x = 0 and y1 = 0 for turbulent 

flow in Fig. 3.9.a against 1800 W.K-1.m-3 for a laminar HTF flow. There is an increase of almost five times 

of what is observed when assuming Rehtf = 2000. The mass entropy generation at the film-vapour 

interface increases with an increase in the mass transfer driving force before decreasing when the 

interface temperature tends to the wall temperature in Fig. 3.9.b: a maximum value of about 2000 

W.K-1.m-3 is observed for Rehtf = 3000. The total entropy generation in the film is presented in in Fig. 

3.9.c gives an idea of the impact of HTF velocity on entropy generation compared to Fig. 3.8.c. 

Figure 3.10 shows the local evolution of entropy generation within the film at position x = 0.07 m (to 

ensure that 𝛿𝑓,𝑡ℎ1 is completely developed) for Rehtf = 2000. As explained above, thermal 

irreversibilities is higher near the wall (y1 = 0) and decreases to a minimal value at the free interface 

(y1 = ef = 0.33 mm).  

Figure 3.9: Evolution of the volumetric entropy generation (a) thermal irreversibility and (b) mass irreversibility through 
the film, (c) total entropy generation through the film for Ref = 50, Tf,in = 45.6°C, CLiBr,in = 60%   
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The mass irreversibilities is null from the wall to the mass boundary layer and then increases within 

the mass boundary layer with an increase of y1 to a maximum at the free interface (y1 = ef = 0.33 mm). 

As the entropy generation for a given x position is the sum of the different contributions, it is 

dominated by thermal irreversibilities near the wall and by the mass irreversibilities after reaching the 

mass boundary layer near the interface. The viscous irreversibilities remains negligible. The sum of 

these different contributions shows a minimum entropy generation value with the film thickness (y1 = 

0.28 mm). The minimum is observed at the penetration distance of the diffusing vapour inside the film 

mass boundary layer. It is produced by the wall heat transfer, friction and coupled heat and mass 

transfer at the interface. The same behaviour is observed for the turbulent HTF flow.  

3.4.5 Total entropy generation in the entire absorber when considering the HTF 

Figures 3.11 and 3.12 present the contribution of each entropy generation source on the total entropy 

generation rate of the absorber for Rehtf = 2000 and Rehtf = 5000 respectively. Under the study 

conditions, the total entropy generation rate per unit of wall width is equal to 0.13 W. K-1.m-1 for Rehtf 

= 2000 and 0.2 W. K-1.m-1 for Rehtf = 5000 (an increase of 54%). The increase in the HTF Reynolds 

number leads to an increase in entropy generation but also to an increase in the absorbed mass at the 

interface and in the recovered heat of the HTF as shown in Table 3.4. 

Table 3.4: Evolution of the entropy generation, absorbed mass flow and heat exchanged with the HTF Reynolds number 

Rehtf, - Ṡ, W.K-1.m-1 𝑀̇abs, kg.m-1.s-1 Q̇w, W.m-1 

500 0.09 0.35 ×10-3 1573 

1000 0.11 0.42 ×10-3 1820 

2000 0.13 0.47 ×10-3 2000 

5000 0.2 0.65×10-3 2600 

 

The results show that under the study conditions, entropy generation is mainly produced within the 

film with 36% of the total entropy generation for Rehtf = 2000 against 47% for Rehtf = 5000, largely due 

Figure 3.10: Evolution of entropy generation through the film thickness at x = 0.07 m for Ref = 50, Tf,in = 
45.6°C, CLiBr,in = 60%   
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to thermal irreversibilities. The mass irreversibilities remains low as its contribution is only about 12% 

for Rehtf = 2000 and 15% for Rehtf = 5000 due to the low penetration zone.  

 

 

 

 

 

 

 

 

 

 

 

 

Consequently, the contribution of irreversibilities produced within the HTF and the wall must be taken 

into consideration as they represent 51% of the total entropy generation for Rehtf = 2000 and 37.5% 

for Rehtf = 5000. However, the higher the HTF Reynolds number, the lower the contribution of thermal 

irreversibilities – 37% against 5% for Rehtf = 2000 and Rehtf = 5000 respectively – and the higher the 

contribution of the viscous irreversibilities produced within the HTF – 2% against 16.5% for Rehtf = 2000 

and Rehtf = 5000 respectively. The decrease of the thermal irreversibilities contribution within the HTF 

is due to the low temperature gradient.  

Moreover, increasing the HTF Reynolds number, significantly increases the thermal irreversibilities 

within the film due to the low thermal resistance. The thermal irreversibilities through the wall also 

increases with the increase in the HTF velocity due to the increase in heat exchanged. For the two limit 

cases, it is customary to study only irreversibilities within the film to gain an overall understanding of 

local phenomena induced during the absorption process and their impact on entropy generation. 

However, this does not properly address real cases due to the high contribution of irreversibilities 

within the HTF and wall to the component entropy generation. For real absorber cases, the HTF and 

its contribution to entropy generation has to be considered.  

 

 

Figure 3.11: Contribution of each entropy generation source to the total entropy generation for Rehtf = 2000 
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Conclusions  
 

In the present chapter, the thermodynamic of irreversible processes has been applied to determine 

local volumetric entropy generation based on the contribution of different irreversibilities sources. The 

entropy generation sources have been analysed to better understand their origin and behaviour. 

Unlike to the chapter II where the entropy generation was found to be higher in the HTF for a falling 

film evaporator, the analysis shows that in a falling film absorber, the main entropy generation is 

produced in the film. Some differences have been observed when assuming a laminar and turbulent 

HTF flow, mostly at the bottom of the absorber. Indeed, an increase of the local phenomenon is 

observed at the bottom of the absorber due to the thermal boundary development in the HTF and to 

the small temperature gradient observed at the end of the absorber at low HTF Reynolds numbers.  

The thermal phenomenon seems to play a major role on the entropy generation compared to the mass 

phenomenon due to the low diffusion of the water into the solution. The thermal phenomenon 

represents more than 90% and 80% of the overall entropy generation for Rehtf = 2000 and Rehtf = 5000 

respectively under the studied conditions. However, no parametric analysis has been performed to 

study the impact of the operating conditions on the local irreversibilities. This is the focus of the first 

part of the chapter IV. 

Figure 3.12: Contribution of each entropy generation source to the total entropy generation for Rehtf = 5000 



 

 
 

 

 

 

 

 

Chapter IV. Second law analysis and multi-objective optimization of 

a falling film absorber 
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Article: Mahamoudou, Le Pierrès and Ramousse. Second law analysis and multi-objective optimization 

of a falling film absorber. Submitted to International Journal of refrigeration on September 19th 2022. 
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4.1. Introduction 
 

After having understood the physical phenomena that take place in the absorber and their impact on 

the performance of the component and on the entropy generation (as detailed in chapter III), this 

chapter is dedicated to the parametric analysis and optimization of the absorber.  

Based on the literature review performed in chapter I, it is clear in the context of this research, that 

improving the performance of the absorber will significantly improve the overall absorption machines. 

Indeed, in the perspective of optimizing the absorption machines,  Giannetti et al (2016) explained that 

the system performance can be improved by acting on a single device irreversibilities, in this case, the 

device in question is the absorber.  

As for now, there are no studies in the literature that have addressed multi-objective optimization 

(MOO) of a falling film absorber. The objective here is to study all the design and operating variables 

of falling film absorbers with the aim of maximizing the useful effect (either the absorbed mass flow 

rate or the recovered heat through the wall) while minimizing the entropy generation in a perspective 

of improving the absorber performance. 

This chapter is divided into three main parts. The first part focuses on understanding the impact of the 

variables on the different type of irreversibilities encountered on the absorber, the second part 

introduced the equilibrium factor to analyze the impact of different fluid flow rate ratios on the 

absorber performance while the last part is dedicated to the multi-objective optimization to determine 

the Pareto Front.  

4.2. Problem description and resolution 
 

In the film, both energy and mass balances are simultaneously solved considering a laminar falling film 

(Ref = [5, 120]). The heat transfer fluid can either be in laminar (Rehtf < 2300) or turbulent (Rehtf > 4500) 

flow regimes. The transition flow regime (2300 < Rehtf < 4500) is not studied in this paper due to the 

lack of relevant correlations. In the Section  4.4.1 and 4.4.3, only the turbulent flow regime – 5000 < 

Rehtf < 10000 – is considered for the HTF, to represent realistic cases (Medrano and al 2002; Perier-

Muzet and Stutz 2021). However, the laminar flow regime is investigated in Section 4.4.2. 

The equations and resolution of the numerical problem are the same as those presented in chapter III 

section 3.2. The resolution of the problem presented in chapter III allows obtaining the temperature, 

concentration and velocity fields in the film, the temperature and velocity fields in the HTF and the 

temperature field in the wall. From these values, local entropy generation, absorbed mass flux and 

heat flux can be calculated. Therefore, the overall falling film absorber entropy generation (Ṡ), 

absorbed mass flow rate (Ṁabs) and recovered heat (Q̇w) are obtained by integrating the local values.  

4.3. MOO: Definition of the design variables and objective functions 

4.3.1 Design variables and operating conditions 
In the present study, there are six independent variables that impact absorber performance. The 
influence parameters of these kind of absorbers are, namely: 
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- the operating conditions: HTF and film Reynolds numbers, inlet HTF temperature, vapor 

pressure. 

- the design parameters: absorber length and wall thickness.  

The chosen ranges for each variable are shown in Table 4.1 based on typical operating conditions of 

absorbers in absorption machines (Michel, Le Pierrès, and Stutz 2017; Perier-Muzet and Stutz 2021). 

The inlet conditions of the solution are kept constant (the film enters the absorber at CLiBr,in = 60% and 

Tf,in = 45.6°C) and equilibrium condition along the whole film interface (𝑃𝑣𝑎𝑝 = 𝑃𝑒𝑞,𝑓(𝑇𝑓 , 𝐶𝐿𝑖𝐵𝑟)).   

Table 4.1: Chosen design variables of the absorber 

variables From To 

HTF Reynolds number, (-) 50 10000 
Film Reynolds number, (-) 5 120 
Inlet HTF temperature, (°C) 30 38 
Vapor pressure, (kPa) 0.8  1.2 
Absorber length, (m) 0.3 0.8 
Wall thickness, (m) 0.0002 0.003 

 

For the study of the absorber phenomena – Section 4.4.1, and for the implementation of the MOO 

model – Section 4.4.3, only the turbulent flow regime – from 5000 to 10000 – is considered for the HTF 

to represent realistic cases (Medrano and al 2002; Perier-Muzet and Stutz 2021). In order to extent the 

analysis of the equilibrium factor on the absorber behavior, laminar flow regime is also investigated in 

Section 4.4.2. The objective functions considered on the MOO model are introduced in the following 

section.  

4.3.2 Definition of the objective functions 

As explained, the minimization of the entropy generation while maximizing the useful power is most 

of the time antagonistic in thermodynamic of a finite size (Kaushik, Tyagi, and Kumar 2017). To 

optimize the absorber, the objective functions are defined with the aim of maximining the 

thermodynamic absorber performance while maximizing the useful power (𝑄̇𝑊 or 𝑄̇𝑖𝑛𝑡). Indeed, 

Maximizing the released heat at the interface means maximizing the absorbed mass flow rate. Thus, 

the objective functions are defined with the aim of minimizing the entropy generation (Ṡ) of the 

absorber while maximizing the useful effect – either the absorbed mass flow rate or the recovered 

heat.  

The advantage of the MOO method is that it allows obtaining not only one but various best solutions. 

The obtained solutions could each be the ideal solution, depending on other priority. These best 

solutions are known as Pareto front. Indeed, the Pareto Front represents the front of all the solutions 

that cannot be dominated, which means where no objective can be improved without deteriorating 

another one (Ranajeet et al. 2017). The MOO problem is solved using two different methods in the 

following. First, a discrete MOO resolution of the objective functions was obtained by considering 

discrete values of the design variables and looping to get as many cases as possible. All 𝑀̇𝑎𝑏𝑠, 𝑄̇𝑤 , Ṡ  

obtained values were plotted and a non-dominated definition of pareto front was used to determine 

the ideal solutions (L. Wang, Ng, and Deb 2011; Zio and Bazzo 2011). Thus, with this first method, both 

non-dominated and dominated solutions are represented. The second method is to solve the MOO 

problem by applying one of the most popular MOO algorithms which is the non-dominated sorting 

genetic algorithm II (NSGA II) (Yusoff, Ngadiman, and Zain 2011). NSGA II is a numerical optimization 
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technique based on population. With this second method, the Pareto front is directly obtained. In all 

simulations, the population size was chosen to be equal to 60, with a crossover probability of 0.6 and 

mutation probability of 0.08. This method gives a rather larger distribution of the design variables on 

their interval whereas with the discrete method, there are only localized solutions – to have a 

distribution similar to the one given by the NSGA II method, it is necessary to increase the discretization 

step of the intervals. However, the computational time is much longer. The discrete method is a very 

tedious method because the probability of finding optimal solutions is very low and requires a small 

discretization of the intervals, i.e. a large number of iterations. The NSGA II method allows to directly 

obtain the Pareto front. This method minimizes the data processing; however, it can require a lot of 

iteration due to the number of population and generation that has to be considered. 

4.4. Results and discussions 
 
As mentioned before, the results section is divided in three parts. The first part aims to study and 
analyze the different phenomena and irreversibilities encountered in absorber, the second part is 
based on the analysis of the absorber behavior at component scale by introducing an equilibrium factor 
between the film and HTF Reynolds numbers, while the last part addresses the MOO model for 
optimization.  
 

4.4.1 Parametric analysis of the different sources of irreversibilities 

In this first part of the results section, the entropy generation is analyzed with the aim of understanding 
how operating parameters impact the irreversibilities. The design parameters have been set equal to 
0.8 m and 0.003 m for the absorber length and wall thickness respectively and the vapor pressure to 1 
kPa. 
 
In order to analyze the impact of the operating conditions on the entropy generation, the behavior of 
the absorber is studied for a targeted absorption rate of 0.001 kg∙m-1∙ s-1 (± 1%) of the refrigerant. 
Here, only the HTF and film Reynolds numbers and HTF inlet temperature were modified to achieve 
the targeted absorbed mass flow rate.  
 
The absorbed mass flow rate is a result of the model, thus, in order to have the parameters that allow 
to obtain the target absorbed mass flow rate, a parametric analysis was performed. Four case studies 
are selected and gathered in Table 4.2. From Case 1 to Case 2, the HTF inlet temperature and Reynolds 
number were fixed and a parametric analysis was performed on the film Reynolds number.  
 
From Case 1 to Case 3 and from Case 1 to Case 4, decreasing the HTF inlet temperature to 32°C or 
increasing the HTF Reynolds number to 10 000 increases the heat transfer from the film to the HTF 
and consequently, the temperature gradient between the HTF and the film interface increases allowing 
the absorbed mass flow rate to increase. Thus, in order to obtain the target absorbed mass flow rate, 
the Reynolds number of the film must be decreased: a parametric analysis was performed to obtain 
the corresponding value of the film Reynolds number. 
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Table 4.2: Design variables to achieve an absorbed mass flow rate of 0.001 kg.m-1. s-1, In bold the modified variables and 
in italics those impacted to reach the target of the absorbed mass flow. 

 
 
 
 
 
 
 
 
 
 
 
The objective here, is to understand the impact of these different case studies on the different 
phenomena by analyzing Table 4.3 and Figure 4.2. In the film, the irreversibilities are divided in three 
contributions: thermal, mass and viscous irreversibilities while in the HTF, only thermal and viscous 
irreversibilities are observed. As the wall is impermeable, only thermal irreversibilities can be observed 
as explained in chapter III. Figure 4.2 allows evaluating the contribution of the above-mentioned 
irreversibilities while Table 4.3 shows the distribution of irreversibilities between the different medium 
of the absorber, namely, the HTF, wall and film for the four case studies. As in chapter III, the main 
irreversibilities of the absorber are in the film and are dominated by thermal irreversibilities followed 
by mass irreversibilities. The contribution of the viscous irreversibilities of the film on the overall 
entropy generation is negligible: less than 0.5% for the four cases.  
 
Table 4.3: Repartition of the entropy generation through the HTF, wall and film to achieve an absorbed mass flow rate of 
0.001 kg. s-1.m-1 

 
A difference of entropy generation of 78% between cases 3 and 4 is observed – the highest and lowest 
entropy generation among the four case studies. In the following, the different case studies are 
compared to case 1. The entropy generation in case 1 is 0.284 W.K-1.m-1 of which more than 62% is 
due to irreversibilities in the film where both heat and mass transfer occur, while the HTF and the wall 
contribute for 24% and 14% respectively.  
 
From case 1 to case 2, only the film Reynolds number is changed – it is 33% higher. Results show an 
increase, mainly, of the film irreversibilities leading to an increase of the overall entropy generation of 
about 9.8%. The increase of the film irreversibilities is due to an increase of the film thermal 

 
Case 1 Case 2 Case 3 Case 4 

Thtf,in, (°C) 35 35 32 35 

Rehtf, (-) 5000 5000 5000 10000 

Ref, (-) 60 80 20 50 

 
Case 1 Case 2 Case 3 Case 4 

Film irreversibilities, (W.K-1.m-1) 0.176 0.198 0.170 0.172 

Wall irreversibilities, (W.K-1.m-1) 0.040 0.044 0.037 0.039 

HTF irreversibilities, (W.K-1.m-1) 0.068 0.070 0.068 0.28 

Total, (W.K-1.m-1) 0.284 0.312 0.275 0.491 

  +9.8% -3.2% +72% 
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irreversibilities: the thermal resistance in the falling film (ef/λf) increases as the film thickness increases 
- caused by the increase the film Reynolds number from 60 to 80 (for free surface flow, increasing the 
film Reynolds number leads to an increase in film thickness and vice versa. However, this is not true 
for a flow in a channel for example). This increase of thermal resistance leads to a decrease of the 
driving concentration gradient between the interface and the film and consequently to the decrease 
of the mass irreversibilities (Fig.4.2).  
 
As shown for case 3, a decrease of the HTF temperature increases the temperature gradient between 
the HTF and the film. Consequently, the heat transferred from the film to the HTF and the absorbed 
mass flow rate at the interface increase. Thus, to maintain the target of 0.001 kg∙ s-1∙m-1 of absorbed 
mass flow rate, the solution Reynolds number has to be reduced and consequently the entropy 
generation also decreases (3.2%). Indeed, decreasing the inlet HTF temperature allows reducing the 
film thermal irreversibilities and increasing the mass irreversibilities and HTF thermal irreversibilities. 
The HTF viscous irreversibilities is not affected as Rehtf is not changed. The decrease of the film thermal 
irreversibilities is mainly due to the decrease of the film Reynolds number allowing to decrease the 
thermal resistance within the film as the film thickness decreases. However, the wall and HTF thermal 
irreversibilities increase as the temperature gradients between the HTF and the film increase.   
 
Case 4 show that an increase of the HTF Reynolds number allows reducing the film Reynolds number 
compared to case 1 as the increase of the HTF Reynolds number increases the heat transferred through 
the wall and thus increases the driving concentration at the interface: the absorbed mass flow rate 
increases. The increase of the HTF Reynolds number leads to a significant increase of the HTF 
irreversibilities – almost five times as much as for case 1. However, it allows reducing both film and 
wall irreversibilities but not enough to reduce the overall entropy generation. The increase of the HTF 
Reynolds number leads to a decrease of the film thermal resistance as the film Reynolds number is 
reduced and thus, the film is thinner. However, a significant increase of the HTF viscous irreversibilities 
is observed due to the increase of fluid friction. Increasing the HTF Reynolds number also leads to a 
smaller temperature gradient within the HTF due to the high convective phenomenon encountered in 
turbulent flow, and consequently, to a decrease of the HTF thermal irreversibilities.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As a conclusion of this study, to decrease the entropy generation of an absorber, the focus should be 

on decreasing the film irreversibilities – mainly the film thermal irreversibilities – without increasing 

the HTF ones – mainly the HTF viscous irreversibilities. To do so, a compromise between the HTF and 

Figure 4.2: Evolution of the different types of irreversibility within the absorber 
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film Reynolds number must be found. However, this compromise may be complicated to find as the 

different irreversibilities sources are coupled.  

 

4.4.2 Impact of the HTF and film Reynolds numbers on the absorber performance 

at component scale 

As in Section 4.4.1, the design parameters have been set equal to 0.5 m and 0.003 m for the absorber 

length and wall thickness respectively and the vapor pressure to 1 kPa. To study the impact of the HTF 

and film Reynolds numbers on the absorber performance, the equilibrium factor defined by Altamirano 

(2021) and Perier-Muzet and Stutz (2021) can be used. It provides engineers with working flow ratios 

between the two fluids to achieve a certain absorber performance. Thus, according to Perier-Muzet 

and Stutz (2021), the equilibrium factor is defined as “the ratio between the maximum transferable 

heat flux of the heat transfer fluid and the maximum transferable heat flux of the solution” as in 

equation (4.4):  

Ʀ =  
𝑄̇ℎ𝑡𝑓,𝑚𝑎𝑥

𝑄̇𝑓,𝑚𝑎𝑥
=  

𝑚̇ℎ𝑡𝑓[ℎℎ𝑡𝑓,𝑜𝑢𝑡(𝑇𝑚𝑎𝑥) − ℎℎ𝑡𝑓,𝑖𝑛]

𝑚̇𝑓,𝑖𝑛ℎ𝑓,𝑖𝑛 − 𝑚̇𝑓,𝑜𝑢𝑡,𝑖𝑠𝑜ℎ𝑓,𝑜𝑢𝑡,𝑖𝑠𝑜(𝑇ℎ𝑡𝑓,𝑖𝑛, 𝐶𝐿𝑖𝐵𝑟,𝑜𝑢𝑡,𝑖𝑠𝑜) + 𝑀̇𝑎𝑏𝑠,𝑖𝑠𝑜∆𝐻𝑎𝑏𝑠
            (4.4) 

Where 𝑇𝑚𝑎𝑥  = 𝑇𝑓,𝑖𝑛 as the film is assumed to enter the absorber at equilibrium condition. 

In the following, the absorbed mass flow rate, transferred heat and entropy generation are studied to 
evaluate their evolution for different values of HTF and film Reynolds number using the equilibrium 
factor defined in equation (4.4). The HTF inlet temperature is assumed equal to 30°C while the film 
Reynolds numbers ranges from 10 to 120 and the HTF Reynolds number ranges from 50 to 10000. 
Figure 4.3 shows the absorbed mass flow rate and the transferred heat versus the equilibrium factor 
for different values of film Reynolds number.  
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As in Perier-Muzet and Stutz (2021), both figures – figures 4.3.a et 4.3.b – show the two limit cases of 
an absorber, namely the adiabatic and isothermal absorbers. For an adiabatic absorber, the heat 
released at the film interface by the exothermic absorption is not removed (the absorbed mass flow 
rate is thus the lowest) while for an isothermal case, the heat released at the film interface is removed 
by a heat transfer fluid with an infinite flow rate to keep the HTF temperature constant (the absorbed 
mass flow rate is thus the highest). Thus, when the ratio Ʀ tends to zero, the absorber is adiabatic (Rehtf 
= 0) while it works like an isothermal absorber (Rehtf = ∞) when the ratio tends to infinity. Therefore, 
the increase of Ʀ is due to an increase of the Rehtf

 and thus to an increase of the 𝑄̇ℎ𝑡𝑓,𝑚𝑎𝑥 as for a given 
film Reynolds number 𝑄̇𝑓,𝑚𝑎𝑥  remains constant. 

 

Figure 4.3: Absorbed mass flow rate (a) and transferred heat (b) for different solution inlet and HTF Reynolds 
numbers in counter-flow configuration. 

(a) 

(b) 
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Figure 4.3.a shows the increase of the absorbed mass flow rate with the increase of the equilibrium 
factor because of the increase of the transferred heat as shown in figure 4.3.b. The increase of the 
transferred heat (due to the increase of the HTF Reynolds number and thus, to the HTF heat capacity) 
allows, in one hand, reducing the outlet temperature of the solution and in other hand, increasing the 
driving concentration gradient between the interface and the film. Consequently, the increase of the 
equilibrium factor caused by the increase of the HTF Reynolds number leads to the increase of the 
absorbed mass flow rate for a given film Reynolds number.   
 
As expected, a gap is observed between the laminar and turbulent flow regimes for the absorbed mass 
flow rate and the transferred heat for a given film Reynolds number. Indeed, the convective heat 
transfer coefficient significantly increases from laminar to turbulent flow. The increase of this 
convective coefficient reduces the thermal resistance between the film and the HTF and consequently, 
allows increasing the transferred heat through the wall. The increase of the transferred heat reduces 
the film temperature and thus, increases the driving concentration gradient between the film and the 
interface leading to a significant increase of the absorbed mass flow rate.  
 
The observed gap appears earlier when increasing the film Reynolds number due to the increase of 
the maximum transferable heat in the solution leading to a decrease of the equilibrium factor, Ʀ (see 
the definition of the Ʀ factor, equation (4.4)). Moreover, the impact of the HTF Reynolds number, in 
turbulent flow regime, on the absorbed mass flow rate and on the recovered heat is not as significant 
as it is in laminar flow regime. Indeed, in turbulent flow regime – under the studied conditions – the 
limiting flow is the solution as Ʀ > 1 and thus the thermal resistance within the HTF is low compared 
to the other transfer resistances as shown when analyzing the irreversibilities sources – Figure 4.2: the 
lower the HTF Reynolds number, the higher the thermal irreversibilities associated and the higher its 
impact on the absorbed mass flow rate and recovered heat.   
 
As in Perier-Muzet and Stutz (2021), an optimal film Reynolds number for the absorbed mass flow rate 
(figure 4.3.a) is observed due to the two antagonist phenomena produced when increasing the film 
Reynolds number. Indeed, the increase of the latter tends to increase, on the one hand, the absorption 
phenomenon at the film interface due to the thickening of the mass boundary layers. On the other 
hand, it increases the thermal resistance between the interface and the heat transfer fluid (due to the 
increase of the film thickness) and consequently, leads to a decrease of the chemical potential 
difference between the interface and the film. That last observation confirms the difficulties 
particularly encountered for absorption chillers optimization without using a MOO. 
 
For turbulent flow regime, the optimal Reynolds number observed is between 20 and 120 for the 
conditions considered in this study, while for laminar flow regime, two different scenarios are 
observed. When Ʀ < 2.7, the optimum film Reynolds number is 120: the absorbed mass flow rate 
increases with the increase of the film Reynolds number (figure 4.4). When Ʀ ranges from 2.7 to 2300, 
the optimum film Reynolds number is 20 and 120 (for the studied cases). However, the study of the 
transferred heat with the equilibrium factor does not show an optimum value: the heat transferred 
from the film to the HTF increases with the increase of the HTF Reynolds number (as the HTF heat 
capacity increases) and with the film Reynolds number. The entropy generation is also impacted by 
both film and HTF Reynolds number as shown in Figure 4.5.  
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The analysis shows that the overall entropy generation increases with the increase of the film and HTF 
Reynolds number as explained in Section 4.4.1. However, the entropy generation is concave when the 
HTF is in laminar flow regime while it is convex when the HTF is in turbulent flow regime. This is mainly 
linked to the behavior of the HTF irreversibilities between these two flows. Indeed, in turbulent flow 
regime, the contribution of the viscous entropy generation is high compared to the thermal 
irreversibilities contribution (Table 4.3).  
 
Moreover, this increase of the viscous irreversibilities contribution on the entropy generation makes 
the second derivative of the overall entropy generation negative in the turbulent regime, whereas for 
small Reynolds numbers of the heat transfer fluid, the second derivative of the overall entropy 

Figure 4.5: Entropy generation versus the equilibrium factor R and the inlet solution Reynolds number 

Figure 4.4: Zoom of figure A-1 (a) Entropy generation versus the equilibrium factor R and the inlet 
solution Reynolds number 
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generation is positive due to the small viscous contribution. In conclusion, the viscous phenomenon 
plays a major role on the performance of the absorber. As in Figure 4.3.b, the analyzes of the figure 
4.5 shows that the entropy generation cannot be minimized when increasing either the film or the HTF 
Reynolds numbers. Moreover, the gap between the laminar and turbulent flow regimes increases with 
the increase of the film inlet flow rate. As shown in the previous paragraph, the increase of the film 
inlet flow rate is associated to a significant increase of the film thermal irreversibilities that rises the 
overall entropy generation produced. 
 

4.4.3 Multi-objective optimization (MOO) 

In this section, results of the MOO are presented. The optimization results are showed in Figure 4.6. 

The Pareto front of the 𝑀̇𝑎𝑏𝑠 versus the entropy generation 𝑆̇ is reported in figure 4.6.a while the one 

obtained for 𝑄̇𝑎𝑏𝑠   versus 𝑆̇ is given in Figure 4.6.b. The Pareto front is shown along with all solutions 
explored by both methods, namely the dominated solutions (blue dots) and the optimal solutions (red 
squares or black stars). The analysis of these figures shows that the NSGA-II model (red squares) does 
not cover all the Pareto solutions obtained with the discrete method (black stars), this can be explained 
by the limited number of generations set up to only 30. The number of generations in this study is set 
to 30, as the population is set to 60, due to the large computational time need to calculate the local 
temperature and concentration in the HTF, film and wall (one simulation takes more than 50 minutes 
to be done). However, both MOO methods give similar trend of the Pareto front. Figure 4.6 shows the 
possibility of minimizing the entropy generation while increasing the absorbed mass flow rate or 
transferred heat. 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

For the Pareto front solutions, the useful effect (the absorbed mass flow rate/ recovered heat) and the 
entropy generation are conflicting; an increase of the useful effect is accompanied by an increase of 
entropy generation (red squares or black stars) meaning that the minimal entropy generation is 

achieved for the lowest useful effect (Q̇W or  Ṁabs). Moreover, analysis of Figure 4.6.a blue dots shows 
that the evolution of the absorbed mass flow rate with the entropy generation follows parabolic 
profiles. That highlights the existence of optimal design variables which allow to achieve maximal 
absorbed mass flow rate. Explanation about this optimal value is given in Section 4.4.3.1. However, 
this trend is not observed when analyzing the evolution of the recovered heat as a function of the 
entropy generation (Figure 4.6.b).  
 
The design variables that give the minimal and maximal values of the Pareto fronts (see Min and Max 
points in figures 4.6.a and 4.6.b) for both type of absorbers are gathered in Table 4.4.  The latter shows 
that the maximum absorbed mass flow rate and recovered heat are obtained when considering the 
maximum HTF Reynolds number, vapor pressure, absorber length and the minimal wall thickness and 

Figure 4.6: Multi-objective Pareto results for 𝑴̇𝒂𝒃𝒔 and 𝑺̇ of optimal design points (a), for 𝑸̇𝑾 and 𝑺̇ of 
optimal design points (b) 

(a) (b) 

Min 
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HTF inlet temperature. The min, max and opt mentioned in Table 4.4 represented the minimal, 
maximal and optimal values of the variable range with respect to those given in Table 4.1. Moreover, 
the maximum recovered heat is obtained with the maximal film Reynolds number considered while to 
reach the maximum absorbed mass flow rate, an optimal film Reynolds number is obtained and is 
equal to 100 under the studied conditions. This result confirms those obtained during the analysis of 
the absorber performance with the equilibrium factor – see Section 4.4.2.   
 
The longer the absorber, the higher the absorbed mass flow rate and recovered heat. This was 
expected as longer absorber offers higher exchange surface. However, some constraint such as cost, 
size and stability of the falling film stability (wettability) will have to be also considered before 
designing the absorber.  
 
Moreover, the lower the wall thickness, the higher the useful effects. Indeed, thinner wall allow 
reducing the thermal resistance between the film and the HTF. However, constraints such as 
mechanical and strength problems (due to the pressure difference between both fluids) must be 
considered in order to have thermally efficient wall with good mechanical resistance. As a result, the 
design parameters of the absorber should be defined at the beginning of the project, taking into 
account the capacity of the desired absorber, the cost, the space requirement as well as the mechanical 
properties.  
 
Table 4.4: Design variables for extremal points of the two case studies. The italic min/max/opt values in the table identify 
if the value is the minimum/maximum/optimal value for the study range defined in Table 4.1 

  Heat transformer Absorption chiller 
 objectives Min Ṡ  Max Q̇w  Min Ṡ  Max Ṁabs  

V
al

u
es

 o
f 

th
e 

o
b

je
ct

iv
e’

s 
fu

n
ct

io
n

s 

Q̇w, (W.m
−1)  350 7741 350 7422 

Ṁabs , (kg. s
−1. m−1)  0.0001 0.00195 

 
0.0001 0.00196 

Ṡ, (W. K−1. m−1) 0.026 1.17 0.026 1.11 

D
es

ig
n

 v
ar

ia
bl

es
 

HTF Reynolds 
number, (-) 

5000 
(min turbulent) 

10000 
(max) 

5000 
(min turbulent) 

10000 
(max) 

Film Reynolds 
number, (-) 

5 
(min) 

120  
(max) 

5  
(min) 

100 
(opt) 

Inlet HTF 
temperature, (°C) 

38 
(max) 

30 
(min) 

38 
(max) 

30  
(min) 

Vapor pressure, 
(kPa) 

0.8 
(min) 

1.2 
(max) 

0.8 
(min) 

1.2 
(max) 

Absorber length, 
(m) 

0.3 
(min) 

0.8 
(max) 

0.3 
(min) 

0.8 
(max) 

Wall thickness, (m) 0.0002 
(min) 

0.0002 
(min) 

0.0002 
(min) 

0.0002 
(min) 

 
In the following, the focus is made on the optimization of the absorber considering the absorber mode 
mentioned in Section 4.3.2 – either chiller or heat transformer, under the design variables defined in 
Table 4.1 for the HTF and film Reynolds numbers, the vapor pressure and the HTF inlet temperature. 
In the following sections, only the Pareto front solutions given by the NSGA II method are discussed. 
 



Chapter IV. Second law analysis of a falling film absorber and multi-objective optimization   
 

128 
 

4.4.3.1 Pareto front analysis for the absorbed mass flow rate (absorption 

chiller case) 

Figures 4.7 and 4.8 illustrate the change of 𝑀̇𝑎𝑏𝑠 and 𝑆̇, respectively, versus the design variables (only 
the pareto front solutions are discussed). They show an increase trend of both objective functions with 
the increase of vapor pressure and film Reynolds number. However, the trend is opposite for the HTF 
inlet temperature. The analyze of figure 4.6.a shows that the existence of a maximum absorbed mass 
flow rate (observed in figure 4.6.a) is given by an optimal film Reynolds number. The same observation 
is found in the absorber analysis performed in Section 4.4.2. Indeed, for the considered conditions 
gathered in Table 4.1, the absorbed mass flow rate obtained in the Pareto front (Figure 4.7.a), increases 
with the increase of the film Reynolds number. However, the maximum Ref observed, under the study 
conditions, is almost equal to 100 as shown in Table 4.4: beyond Ref = 100, the absorbed mass flow 
rate is not on the Pareto front. This is explained by a decrease of the absorbed mass flow rate and an 
increase of the entropy generation when further increasing the film Reynolds number due to the two 
antagonist phenomena explained in section 4.4.2. Consequently, beyond the optimal film Reynolds 
number, all the solutions obtained are dominated by those located before the optimal film Reynolds 
number: only the film Reynolds number between 5 to 100 appear on the Pareto front (With the 
discrete method and between 5 and 75 for the NSGA II method). 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The analysis of the entropy generation behavior with the film Reynolds number shows that the 
increase of the absorbed mass flow rate is associated to an increase of the irreversibilities within the 
absorber. The higher absorbed mass flow rate is given by the higher entropy generation (for the 
solutions on the Pareto front).   
 
The absorbed mass flow rate increases with the increase of the vapor pressure when assuming all other 
variables constant. As the film is assumed to enter the absorber at CLiBr,in = 60%, Tf,in = 45.6°C and P = 1 
kPa, decreasing the vapor pressure under 1kPa meaning superheated film at the entrance of the 
absorber compared to the vapor. The solution has to desorb a part of its water in order to reach the 

equilibrium condition: the absorbed mass flow rate 𝑀̇𝑎𝑏𝑠  decreases when 𝑃𝑒𝑞,𝑓(𝑇𝑓,𝑖𝑛, 𝐶𝐿𝑖𝐵𝑟,𝑖𝑛) > 𝑃𝑣𝑎𝑝 

Figure 4.7: Optimal variation of 𝑴̇𝒂𝒃𝒔 with respect to the design variables 
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compared to the case where 𝑃𝑒𝑞,𝑓(𝑇𝑓,𝑖𝑛, 𝐶𝐿𝑖𝐵𝑟,𝑖𝑛) = 𝑃𝑣𝑎𝑝. On the other hand, the increase of the vapor 

pressure leads to the increase of the absorbed mass flow rate as the absorption phenomenon starts 
before the cooling effect caused by HTF is felt at the interface: the film is subcooled at the entrance of 

the absorber. Thus, the absorbed mass flow rate 𝑀̇𝑎𝑏𝑠  increases when 𝑃𝑒𝑞,𝑓(𝑇𝑓,𝑖𝑛, 𝐶𝐿𝑖𝐵𝑟,𝑖𝑛) < 𝑃𝑣𝑎𝑝 

compared to the case where 𝑃𝑒𝑞,𝑓(𝑇𝑓,𝑖𝑛, 𝐶𝐿𝑖𝐵𝑟,𝑖𝑛) = 𝑃𝑣𝑎𝑝. However, the control of the vapor pressure 

is needed at the evaporator level, which means that modifying it means modifying the operation of 
the evaporator and consequently, impacting the entropy generation in this component. 
 
The decrease of the inlet HTF temperature (Figure 4.7.b) leads to an increase of the absorbed mass 
flow rate as it increases the cooling effect of the solution, allowing to reduces the outlet temperature 
of the solution.  
 
The analysis of the HTF Reynolds number shows that it is more interesting to work at the limit of the 
turbulent flow regime: Rehtf between 5000 and 5800 as shown in Figure 4.7.c. Indeed, as shown in 
section 4.4.2, the HTF Reynolds number above 5800 does not have a significant impact on the absorbed 
mass flow rate in turbulent regime the thermal resistance within the HTF is low compared to the other 
transfer resistances and on the other hand, the increase of this parameter induces a significant 
increase of the entropy generation, associated to the increase of the viscous irreversibilities.  
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

 

4.4.3.2 Pareto front analysis for the recovered heat (heat transformer case) 

Figures 4.9 and 4.10 illustrate the change of 𝑄̇𝑤 and 𝑆̇ respectively, versus the design variables. As in 

previous section, the recovered heat increases with the film Reynolds number, HTF Reynolds number 

and vapor pressure while it decreases with the HTF inlet temperature.  

 

 

Figure 4.8: Optimal variation of 𝑺̇ with respect to the design variables 
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Unlike the absorbed mass flow rate, the recovered heat does not show the existence of an optimal 

film Reynolds number (Figure 4.9.a). Indeed, the increase of the film Reynolds number leads to an 

increase of the recovered heat as it leads to an increase of the heat transfer coefficient between the 

HTF and the film. 

The increase of the vapor pressure impacts the recovered heat (Figure 4.9.d). Indeed, as the film is 

assumed to enter the absorber at CLiBr,in = 60%, Tf,in = 45.6°C and P = 1kPa, if the vapor pressure is lower 

than the equilibrium inlet film pressure, a desorption phenomenon is observed at the entrance of the 

absorber. The desorption is an endothermic phenomenon: a part of the energy that could be given to 

the HTF is used to desorb water from the solution. When the vapor pressure is equal to the equilibrium 

inlet film pressure (equal to 1 kPa in this study), a part of the energy released during the absorption is 

used to increase the film temperature while the rest is transferred to the HTF. When the vapor pressure 

is higher than the equilibrium inlet film pressure, the film is subcooled at the inlet, and then, a high 

absorption effect is observed even before the cooling effect is felt at the interface. Thus, this increases 

the heat recovered by the HTF. However, the same conclusion as the one given in Section 4.4.3.1 can 

be drawn: the vapor pressure cannot usually be used as an absorber optimization parameter as it is 

imposed by the evaporator. 

The impact of the inlet temperature and HTF Reynolds number on the recovered heat (Figures 4.9.b 

and 4.9.c respectively) are the same as on the absorbed mass flow rate (Section 4.4.3.1).  

 

 

 

 

Figure 4.9: Optimal variation of 𝑸̇𝑾 with respect to influence parameters 
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Conclusions 
 

The present work allows to make a parametric analysis of the different design variables of a falling film 
absorber using the model developed in chapter 3 and to optimize the absorber using a multi-objective 
optimization (MOO). Firstly, the sources of irreversibilities are analyzed and the impact of the 
operating conditions, namely, the HTF and film Reynolds numbers but also the HTF inlet temperature 
on these irreversibilities are investigated. The increase of the HTF Reynolds number and the decrease 
of the HTF inlet temperature allows reducing the film Reynolds number for a set target. However, the 
analysis show that the film is the set of the main irreversibilities and they are mainly due to the thermal 
phenomenon. However, trying to reduce the film thermal irreversibilities has an impact on the other 
irreversibilities sources: The different types of irreversibilities are coupled and make it difficult to act 
on a specific source. Thus, the interest of the MOO method to improve the absorber arises. The 
investigation performed on the equilibrium factor shows that the abacus drawn during this project 
could be to obtained the ratio between the film and HTF Reynolds numbers to use in real case 
conditions. 
 

In the second part of this chapter, the different design parameters, namely, the film and HTF Reynolds 
number, HTF inlet temperature, vapor pressure, absorber length and wall thickness were investigated 
using two different methods to obtain the Pareto front. It has been shown that the entropy generation 
can be minimized while maintaining the absorber performance. However, the Pareto front solutions 
show that the increase of the absorbed mass flow rate and transferred heat is associated to an increase 
of the entropy generation. In terms of recommendations, it is interesting to work with longer absorber 
and thinner wall thickness as they allow increasing the absorber performance while minimizing the 
entropy generation but some constraint such as the cost, size and stability of the falling film but also 
mechanical and strength problems must be considered during the absorber sizing. For the operating 
conditions (the HTF and film Reynolds numbers, HTF inlet temperature, and vapor pressure) attention 

Figure 4.10: Optimal variation of 𝑺̇ with respect to influence parameters 



Chapter IV. Second law analysis of a falling film absorber and multi-objective optimization   
 

132 
 

should be paid as they also depend on the operation of the other components of absorption machines. 
However, it is recommended to work at lower HTF inlet temperature and higher vapor pressure. Unlike 
to heat transformers where the maximal recovered heat is obtained at high film Reynolds number, an 
optimal film Reynolds number is observed for absorption chillers: the MOO is therefore very 
interesting in the case of chillers as it allows to identify the optimal film Reynolds number. Although 
the impact of the HTF Reynolds number on the absorbed mass flow rate is important in laminar regime, 
the HTF Reynolds number in turbulent flow regime does not have a significant impact on the absorbed 
mass flow rate and recovered heat; however, it significantly impacts the entropy generation due to a 
high increase of fluid friction. This operating variable must be maintained close to the entrance of the 
turbulent domain (around 5000-6000).
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General conclusions 
 

The interest in the production of low-carbon heat and cold is leading researchers to study more and 

more absorption machines. These thermodynamic machines are proving to be very good alternatives 

to traditional compression machines. However, due to their high initial investment cost and their size, 

research is being conducted to make them as competitive as existing vapour compression systems. 

Researchers agree that the absorber, which is one of the four main components of these machines, is 

the key to improving the overall performance of these systems. The application of the thermodynamics 

of irreversible processes on the absorber is recent and seems to be a good tool to understand the 

phenomena that occur in it as well as the sources of entropy generation - which is associated to a 

decrease in the coefficient of performance of the whole system. 

Two numerical models have been developed. The first model aims at studying the simple case of a 

heat exchanger with phase change, i.e. a falling film evaporator (chapter II), while the second model is 

an extension of the first one and allows to study the more complex case of a heat and mass exchanger 

with phase change, i.e. the falling film absorber (chapter III and IV). In both cases, the models aim to 

understand and analyze the different sources of entropy generation. A formulation of entropy 

generation in the evaporator and in the absorber has been made. The difference between the two 

models is the existence of an additional irreversibilities due to the mass transfer phenomenon in the 

falling film in the absorber. Apart of the entropy generation formulation, three main originalities can 

be found in this thesis (according to the state of the art in Chapter I), namely: 

1. The introduction of a non-null and non-infinite flow of heat transfer fluid (in laminar and 

turbulent regimes) in the study of the absorber behavior: this allows a modeling and simulation 

of the absorber in realistic study cases. 

 

2. The analysis of the entropy generation in the component, namely the HTF, the wall and the 

falling film: although the falling film in an absorber seems to be the main seat of entropy 

generation, it is important to consider the HTF and the wall in order to evaluate their 

contribution in a perspective of minimizing the overall induced irreversibilities. 

 

3. The link between the analysis of entropy generation at the local and component scales: once 

the sources of entropy generation are identified, localized and quantified at the local scale, 

their impact at the component scale has been evaluated. 

Several general conclusions are presented here at both local and component scales: 

Evaporator 

The study of the evaporator was limited to the case of a HTF in laminar flow. Although in industry, the 

HTF flows generally in a turbulent regime, limiting the problem to the laminar case allows to simplify 

the problem while having a broad view of the phenomena during the operation of the component. The 

overall entropy generation increases with the increase of the temperature difference between the free 

surface and the film at the entrance, and with the increase of the Reynolds number of the HTF for both 

configurations. The analysis shows that the overall thermal entropy generation is mainly due to the 

irreversibilities within the HTF followed by those within the film, while the irreversibilities observed 

through the wall remains negligible – around 2%. The HTF irreversibilities increases with the increase 

of the HTF Reynolds number while it decreases with the increase of the film Reynold number for both 
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co and counter flow configurations. Differences between both flow configurations are mainly observed 

at longer evaporator length. A decrease of the overall entropy generation and of the evaporation mass 

flow rate is observed when increasing the film Reynolds number due the increase of the thermal 

resistance between the HTF and the film. To avoid the decrease of the evaporation mass flow for higher 

film Reynolds number, a higher HTF Reynolds number must be considered. However, other influence 

parameters must be studied to keep acceptable entropy generation. The impact of the thermal 

boundary layers on the local phenomena and consequently on the local and thus overall entropy 

generation has been investigated. The sources of entropy generation in falling film evaporator are the 

fluid friction and the temperature gradient.  The local viscous entropy generation of the film and of the 

HTF are almost not impacted by the film inlet temperature and by the film Reynolds number. However, 

the HTF Reynolds number impacts the HTF local viscous entropy generation and consequently its 

contribution to the overall entropy generation. Furthermore, the increase of the film inlet temperature 

leads to an increase of the local thermal entropy generation near the free surface while it leads to a 

decrease of this entropy generation near the wall. The analysis confirms that the counter-current 

configuration has a higher performance in terms of evaporation mass flow rate compared to the co-

current one due to the almost constant temperature gradient encountered in counter-current flow 

and that, even if the entropy generated in the counter-current flow is higher than those generated in 

a co-current flow. That means that higher entropy generation does not mean lower efficiency but a 

comprise between both must be found.    

Absorber 

The analysis performed in chapter III shows that the entropy generation on an absorber is only due to 

thermal, mass and viscous irreversibilities: the thermal and mass coupling effect is a reversible process 

and does not contribute to the overall entropy generation. Moreover, as for the evaporator, the 

development of the thermal and mass boundary layers strongly influences the local phenomena and 

consequently local entropy generation: for a LiBr-H2O solution, the thermal boundary layers develop 

faster than the diffusive boundary layer.  

In the falling film, the analysis shows that the mass irreversibilities dominates near the interface while 

the thermal irreversibilities dominates near the wall. However, the irreversibilities due to the mass 

transfer, for the LiBr-H2O solution, is lower compared to the thermal irreversibilities produced within 

the film due to the low diffusion of the water absorbed into the film.  

Although the component analysis shows that the main entropy generation is produced within the film 

for a falling film absorber, the HTF must be taken into consideration to analyze the entropy generation 

of falling film absorbers to obtain a more realistic evaluation of the overall irreversibilities generated 

during the absorption phenomenon: the contribution of irreversibilities produced within the HTF and 

the wall represents more than one third of total entropy generation.   

All along this thesis, the analysis has been performed considering a LiBr-H2O solution, however, the 

model could be extended for different working fluids because of the same physical phenomena 

encountered. 

On the one hand, the chapter IV shows the difficulty of acting on a specific source of irreversibilities as 
the different types of irreversibilities are coupled and on the other hand, that in thermodynamic of 
finite absorber, minimizing the entropy generation while maximizing the useful effect (according to 
the absorber mode) can be performed. Thus, the interest of the mutli-objective optimization method 
to improve the absorber arises and shows that either the entropy generation can be minimized for a 
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desired useful effect (according to the absorber mode) or the useful effect can be maximized for a 
given entropy generation. 
 

The investigation of the mutli-objective optimization method allows to obtain the optimal Preto front 
solutions for both absorber modes (for absorption chillers or heat transformers). However, the Pareto 
front solutions show that the increase of the absorbed mass flow rate and transferred heat is 
associated to an increase of the entropy generation and thus, other criteria such as size, cost and 
capacity must be considered to choose the right solution by finding a compromise between the 
entropy generation and the useful effect (either the absorbed mass flow rate or the transferred heat). 
 
The analysis of the design and operating variables allows different conclusions:  
 

- For the design variables: longer absorber and thinner wall thickness allow increasing the 
absorber energy intensity while minimizing the entropy generation but some constraint such 
as the cost, size and stability of the falling film but also mechanical and strength problems must 
be considered during the absorber sizing. 
 

- For the operating conditions: 
 

▪ The HTF Reynolds number in turbulent flow regime does not have a significant impact 
on the absorbed mass flow rate and recovered heat; however, it significantly impacts 
the entropy generation due to a high increase of fluid friction. This operating variable 
should be maintained close to the lower bound of the turbulent domain (around 5000-
6000). 

▪ Unlike to heat transformers where the maximal recovered heat is obtained at high film 
Reynolds number, an optimal film Reynolds number is observed for absorption chillers: 
the mutli-objective optimization is therefore very interesting in the case of chillers as 
it allows to identify the optimal film Reynolds number. 

▪ Lower HTF inlet temperature and higher vapor pressure allow obtaining higher useful 
effect (absorbed mass flow rate for absorption chillers or transferred heat for heat 
transformer). However, that also means higher irreversibilities.    

▪ For the operating conditions (the HTF and film Reynolds numbers, HTF inlet 
temperature, and vapor pressure) optimization, attention should be paid as they also 
depend on the operation of the other components of absorption machines. 
 

In chapter IV, the equilibrium factor has also been introduced and can be used as an abacus to obtain 

the ratio between the film and HTF Reynolds numbers to use in real case conditions. 
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Perspectives 
 

Although this work allowed us understanding a little more about the behavior of the evaporator and 

absorber components, many perspectives are open at the local scale as well as at the component and 

system scales: 

▪ Local scale 

Experimental 

The local results obtained in this work should be validated by means of an experimental study. A first 

idea would be to use the Planar Laser Induced Fluorescence (PLIF) and Laser Induced Fluorescence (LIF) 

point imaging techniques developed at LEMTA (Collignon 2020)  and recently at LOCIE to determine 

the temperature and concentration fields at the film scale. Although the mentioned methods are, for 

now, used to determine the temperature fields, investigations could be performed to determine the 

concentration filed.   

Numerical 

The problem of the wetting rate on plate heat exchangers at low film regimes is a recurrent problem 

that deserves to be treated in depth. The model developed in this project considers a total and uniform 

wetting. However, the reality is quite different. It would be interesting to include the wetting rate in 

the analysis in order to quantify the differences between total and partial wetting and their impact on 

local phenomena and consequently on entropy generation.  

One of the limitations of the developed models is the non-adequacy of the model at film Reynolds 

numbers higher than 200. The effects of ripples on the film surface and potential recirculation in the 

film on the absorber performance cannot be evaluated with the present model. A more comprehensive 

model should be developed to analyze the impact of waves and recirculation on absorbed mass flow 

rate and transferred heat but also on entropy generation. However, the coupling of thermal, mass and 

turbulent hydrodynamic remains a very complex phenomenon to model. 

CFD methods using graphical software such as COMSOL seem to be interesting methods for modeling 

the phenomena in this type of component.  The HTF in turbulent regime could be better modeled and 

the phenomena in the falling films for Reynolds numbers higher than 200 could be better observed. 

Indeed, this type of software, if well used, offers several advantages in term of data visualization and 

computation time. 

▪ Component scale of the  

Although this thesis project has identified the different sources of irreversibilities, located and 

quantified them in the falling film evaporator as well as in the absorber, other studies remain to be 

done. In any component of a thermodynamic system, there are endogenous and exogenous 

irreversibilities but also avoidable and non-avoidable irreversibilities as mentioned in the last part of 

chapter I. It is therefore important to be able to distinguish the different contributions in order to be 

able to quantify the part of the entropy generation that can be minimized and the one where no action 

can be done.  

A first experiment of an optimized absorber (considering the obtained pareto front solutions from 

chapter IV) can be set up in order to characterize the performance gain and to analyze the difference 
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between the values obtained in this thesis and those which will be realized in real situations by using, 

for example, the experimental prototype proposed by (Amin Altamirano 2021). 

Another point that can be studied is the introduction of other criteria in the MOO to improve the 

optimization of the absorber. The criteria that can be adding are the impact of the CO2 emission and 

the cost. 

 

▪ System scale 

The multi-objective optimization performed allows having the operating conditions to be used to 

minimize the entropy generation while preserving the performance of the absorber (the desired 

absorbed mass flow rate or transferred heat). However, no analysis of the impact of this optimization 

on the other components of the absorption machines has been done. It is therefore important to study 

this impact on the coefficient of performance of these machines through numerical and experimental 

studies. Indeed, the goal will be to maintain the absorber performance while minimizing the entropy 

generation using the results obtained in chapter IV in order to see if the entropy minimization has a 

significant impact on the operation of the whole system. 

The implementation of an optimized absorber (using the variables of the Pareto front) in an absorption 

machine, in both operating modes – chillers or heaters, would also allow to characterize the 

performance gain in the whole system. This proposed study will allow evaluating how much the 

improvement of the absorber can improve the system performance. 
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Appendix 
 

Appendix 1: Saturated Vapor Temperature  

The correlation for the equilibrium (saturated) condition at the interface between the water film and 
the water vapor obtained by (Saul and Wagner 1987) is indicated below: 

𝑇𝑣𝑎𝑝,𝑠𝑎𝑡(𝑃𝑠𝑎𝑡) =  (3.37595948586144E − 5) × ( log (
𝑃𝑠𝑎𝑡

22064000
))

6

 

+  (2.12003737295472E − 3) × ( log (
𝑃𝑠𝑎𝑡

22064000
))

5

 

+(5.91993855043397E − 2) × ( log (
𝑃𝑠𝑎𝑡

22064000
))

4

   

+ 0.976561958843236 × ( log (
𝑃𝑠𝑎𝑡

22064000
))

3

   

+ 10.767649771597 × ( log (
𝑃𝑠𝑎𝑡

22064000
))

2

  

+ 88.0085016175992 × ( log (
𝑃𝑠𝑎𝑡

22064000
))

3

  

+ 373.128542324967    

 

Appendix 2: Saturated water-vapor enthalpy correlation 

The saturated water-vapor enthalpy correlation obtained by (Florides et. al, 2003) is indicated below: 

    ℎ𝑣𝑎𝑝,𝑠𝑎𝑡 = −0.00125397 ∗  𝑇𝑣𝑎𝑝,𝑠𝑎𝑡
2  +  1.88060937 𝑇𝑣𝑎𝑝,𝑠𝑎𝑡  +  2500.559       

Appendix 3: The equilibrium temperature 

The equilibrium temperature given by (Islam, Wijeysundera, and Ho 2006) is expressed by 

equation (A3 - 1) 

𝑇𝑒𝑞(𝐶𝐿𝑖𝐵𝑟 , 𝑃) = 𝑎𝐶𝐿𝑖𝐵𝑟 + 𝑏                       (A3 − 1) 

Where 𝑎 =  0.37794 (
𝑝

𝑝0
)
− 0.188

 

             𝑏 =  4.8688 × 10−3 (
𝑝

𝑝0
)
− 0.06574

 

             𝑝0 = 1𝑘𝑃𝑎 
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The equilibrium temperature given by (McNeely 1979) is expressed in equation (A3 - 2) 

 

𝑇𝑒𝑞(𝐶𝐿𝑖𝐵𝑟 , 𝑃) =  𝑇𝑣𝑎𝑝
𝑠𝑎𝑡(𝑃)∑𝐴𝑖𝐶𝐿𝑖𝐵𝑟

𝑖

3

𝑖=0

+  ∑𝐵𝑖

3

𝑖=0

𝐶𝐿𝑖𝐵𝑟
𝑖       (A3 − 2) 

 

Where   

𝑖 𝐴𝑖 𝐵𝑖 
0 -2.00755 124.937 

1 0.16976 -7.7165 

2 -3.13336 10-3 0.152286 

3 1.97668 10-5 -7.9509 10-4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4: Some mathematical tools used in continuum mechanics. 

 
In a continuous medium, an extensive quantity A (mass, energy, entropy, etc.) contained in a volume 
V(t) can be written as a function of the density 𝜌 and the intensive property a, the specific value of A 
referred to the unit of mass: 

𝐴 =  ∭𝜌 𝑎 𝑑𝑉                (𝐴4 − 1) 

 
 

Figure A3: Equilibrium temperature for different vapor pressure and LiBr mass 
fraction 
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with 
a : specific property [A].kg-1. 

 

Local balance of a volume property 

The variation of the quantity A contained in the volume V(t) defined by its boundary S(t) is equal to 

the quantity which crosses S(t) plus possibly the quantity created in the volume V(t): 

 

∭
𝜕(𝜌𝑎)

𝜕𝑡
 𝑑𝑉  =  − ∬𝑗𝑎 ∙ 𝑛 𝑑𝑆 + ∭𝜎𝑎𝑑𝑉       (𝐴4 − 2) 

 

 
Avec ja : flux density of A passing through the surface S S ([A].m-2.s-1), 

σa : Entropy generation of A ([A].m-3.s-1). 

The volume V(t) being arbitrary, we obtain the expression of the local balance of the volume property 
(Gauss theorem Gauss): 

∭
𝜕(𝜌𝑎)

𝜕𝑡
 𝑑𝑉  =  ∭(−∇𝑗𝑎 + 𝜎𝑎) 𝑑𝑉    (𝐴4 − 3) 

 

Le volume V(t) étant arbitraire, on obtient l’expression du bilan local de la propriété volumique (𝜌 𝑎) : 
 

𝜕(𝜌𝑎)

𝜕𝑡
= −∇𝑗𝑎 + 𝜎𝑎       (𝐴4 − 4) 

 

Lagrangian derivative 

On a trajectory, the variation of a quantity a can be represented by its derivative following the motion. 

It is obtained by temporal derivation of the function a(t,x1,x2, x3): 

 

𝑎̇ =  
𝑑𝑎

𝑑𝑡
= 
𝜕𝑎

𝜕𝑡
+ ∑ (

𝜕𝑎

𝜕𝑥𝑖
) (
𝑑𝑥𝑖
𝑑𝑡
)

𝑖
= 
𝜕𝑎

𝜕𝑡
+ ∑ (

𝜕𝑎

𝜕𝑥𝑖
) 𝑣𝑖

𝑖
      (𝐴4 − 5) 

 
Soit 

𝑎̇ =  
𝜕𝑎

𝜕𝑡
+  𝑣 ∙ ∇𝑎      (𝐴4 − 6) 

 

 

Reynolds transport theorem 

The variation with time of the extensive quantity A attached to a volume V(t) is given by the Reynolds 

transport theorem: 

𝑑𝐴

𝑑𝑡
=
𝑑

𝑑𝑡
∭𝜌𝑎 𝑑𝑉  =  ∭

𝜕(𝜌𝑎)

𝜕𝑡
 𝑑𝑉 + ∬𝜌𝑎 𝑣 ∙ 𝑛 𝑑𝑆      (𝐴4 − 7)  

 

 

where 𝒗 is the local velocity of the boundary S(t). Using Gauss' theorem, we obtain: 

 

𝑑

𝑑𝑡
∭𝜌𝑎 𝑑𝑉  =  ∭(

𝜕(𝜌𝑎)

𝜕𝑡
+ 𝜌𝑎 𝑣)𝑑𝑉           (𝐴4 − 8)  
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The continuity equation allows us to simplify the integral. The conservation of mass imposes: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒗 = 𝟎                 (𝐴4 − 9) 

 
The decomposition of the integrand appearing in (A4- 8) leads : 

 

𝜕𝜌𝑎

𝜕𝑡
+ ∇ ∙ (𝜌𝑎𝑣) =  𝜌

𝜕𝑎

𝜕𝑡
+ 𝑎

𝜕𝜌

𝜕𝑡
+ 𝑎 ∇ ∙ 𝜌𝒗 +  𝜌𝒗 ∙ ∇𝑎 =  𝜌 (

𝜕𝑎

𝜕𝑡
+ 𝒗 ∙ ∇𝑎) + 𝑎 (

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒗) 

𝜌
𝜕𝑎

𝜕𝑡
+ 𝑎

𝜕𝜌

𝜕𝑡
+ 𝑎 ∇ ∙ 𝜌𝒗 +  𝜌𝒗 ∙ ∇𝑎 =  𝜌 (

𝜕𝑎

𝜕𝑡
+ 𝒗 ∙ ∇𝑎) + 𝑎 (

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒗) 

=  𝜌𝑎̇ + 𝑎 (
𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒗) 

Therefore, Reynold's theorem is written for any volume V(t) whose mass remains constant: 
 

𝑑𝐴

𝑑𝑡
=
𝑑

𝑑𝑡
∭𝜌𝑎 𝑑𝑉  =  ∭𝜌𝑎̇ 𝑑𝑉     (𝐴4 − 10) 

 

 

Relation between Lagrangian and Eulerian derivatives of a volume quantity 

By developing the Eulerian derivative of a volume quantity, we obtain, using ( A4-6 ) and (A4-9) : 

 
𝜕𝑎𝜌

𝜕𝑡
=  𝜌

𝜕𝑎

𝜕𝑡
+ 𝑎

𝜕𝜌

𝜕𝑡
=  𝜌(𝑎̇ − 𝑣 ∙ ∇𝑎) − 𝑎 ∇ ∙ 𝜌𝒗 =  𝜌𝑎̇ − ∇ ∙ (𝑎𝜌𝒗)   (𝐴4 − 11) 
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