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Abstract

Absorption represents an opportunity towards clean and efficient energy conversion systems. However, the attempt
to characterise heat and mass transfer performance of devices that make use of this process is still inadequate and has
not led to generalised methods. On the other hand, the recent technical development of absorption chillers, heat pumps
and heat transformers pushes towards increasingly complex plant configurations, and, in fact, seems to stand a step
forward with respect to the theoretical background needed for an accurate performance prediction, optimisation and
control. This work arises from the awareness of this discrepancy and constitutes an effort to get closer to a conclusive
approach for absorption systems modelling and optimisation. The structure of this thesis reflects a convergent approach,
originating from the development of a general model representing the thermodynamic silhouette of these systems in
their interactions with the environment, pointing out the importance properly designed components and in particular of
the absorber. Accordingly, a detailed numerical model of falling film absorbers is presented and used as the basis for a
thermodynamic optimisation of the component with reference to the ultimate duty of the system in different application
cases. Results suggest the importance to work at reduced mass flowrates with a thin uniform film to increase the system
performance and/or reduce its size, but the surface partial wetting needs to be considered as a critical related issue.
Therefore, a criterion for the film stability and, after the film breakage, a method to estimate the wet part of the
exchange surface are defined by using the energy minimisation principle. The hysteresis phenomenon of the wetting
behaviour for increasing and decreasing flowrates is highlighted and a first validation of the model is presented. In this
way, the effect of these phenomena can be included in the absorption model to extend its validity and increase its
accuracy. Experiments are performed to validate the absorption model in a wide range of operative conditions, and,
lastly, the model is reduced to the analytical expression of heat and mass transfer coefficients, obtained from a closed
solution of energy and species transport equations.

Keywords :  Absorption, Falling film, Extended range, Partial wetting, Irreversibility, Analytical solution, Energy
minimisation, Irreversibility, Contact angle, Wettability hysteresis



Preface

This thesis work is intended to embody an effort to contribute even minimally to a rich and fascinating field, effort
which has utterly been compensated by the honour to have had the chance to behold the previous work of those giants
I’m standing on the shoulders of. In fact, this work represents the results of a quest where I got lost and amused for a
couple of years, both in a deep theoretical field and around the streets of an amusing metropolis, located in a remote
country with its incredible culture. This circumstance uprooted most of my convictions, creating a continuous condition
of general uncertainty, which indeed required me to be actively and constantly involved in some kind of Research.

The fundaments of heat and mass transfer are relatively well established, however, a comprehensive modelling of
absorption systems encompasses moving and deformable interfaces involved in wettability issues and thermo-fluid
dynamics of two-phase flow, making the subject complexity an order of magnitude higher than standard transfer
problems. Metaphorically, absorption systems constitute the intersection of various leading and challenging research
paths at the boundary of macroscopic physics. Nonetheless, given the interdisciplinary interest in these topics, and in
view of their practical importance, in the last three decades substantial research efforts have been made to tackle the
modelling of these phenomena with different approaches. Whether the research interest lies in fundamental physics,
engineering or chemistry, as a manufacturer or a consumer of energy conversion systems, the matters converging in
fundamental and technical absorption research constitute a challenging problem whose solution is believed to contain a
potentially remarkable effect on the development of technical solution for an effective and environmentally friendly use

of energy.
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Nomenclature

a Thermal diffusivity [mzs'l]
a, b Power series coefficients
A Cross-section Area [mz]

A, B  Eigenfunction coefficients

b Average rivulet Thickness [m]

B Wetting ratio First tube distribution coefficient

Bi Biot number

C Tube bundle distribution coefficient of the wetting ratio/Integration constants
¢ Dimensionless group

Cp Specific heat [J ~kg'1K'1]/Isobaric molar heat [J-mol'K™']

d’ Dimensionless diameter

D Mass diffusivity [mzs'l]

DA Dimensionless absorption flux at the interface
DQ Dimensionless heat flux at the wall
e Specific energy per unit width [J -m'2]
E Energy [J]
E,H  Single variable exponential functions
f Hysteresis tension [N~m"1]
F,G  Eigenfunctions
Gravity [m~s'2]
G Dimensionless cyclic entropy parameter

Ga Galileo Number

G, Absorbed mass flux per unit area [kg- s'lm'2]
h Specific enthalpy [J ~kg'1]/Molar enthalpy [J ‘mol™]
H Number of nodes in radial direction

Tabs Specific absorption heat [J -kg'l]
iy Latent vaporization heat [J-kg™']

K Heat exchanger inventory [W-K™']



k Thermal conductivity [W-m'K™]

L Tube length [m]

L. Characteristic critical length [m]
Le Lewis Number

m Mass Flowrate [kg-s'l]

M Molar mass [kg:mol™]
mtc Mass transfer coefficient [m'h'l]
n Number of tubes

N Number of nodes

Nu Nusselt number

p Pressure [Pa]

P Tube pinch [m]

Pr Prandtl number

q Heat flux per tube unit length [kW-m™]/ /Heat flux per unit area [W-m'z]
Q Heat transfer rate [W]/ /Heat flux per unit length [(W-m™']

r Outer tube radius [m]

R Rivulet Radius [m]

Re Reynolds Number

Ryas Perfect gas constant [J-kg K]

S Specific entropy [J ~kg'1K'1]/Molar entropy [J -mol'lK'l]

S Volumetric entropy generation rate [W-m K ']/Entropy rate [W-K']
Sc Schmidt number

Sh Sherwood number

t Temperature difference parameter/Time [s]

T Temperature [K]

u Stream-wise velocity [m-s'l]

U Overall Heat Transfer Coefficient [W-m~K™']

un Uncertainty term

Un Expanded uncertainty



v Radial velocity [m~s'1]

\Y% Volume [m’]
W Molar concentration [mol-m™]
w Mechanical power

We Weber number
WR Wetting Ratio

WS Global surface wetting

X Local tangential position [m]

X Local wetting ratio

y Local normal position [m]

Y Potential specific energy [J:m™]

V4 Transversal coordinate [m]

V4 Straight line segment of the rivulet [m]/number of nodes in the transversal direction
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Greek symbols

o Heat Transfer Coefficient [W-m2K™']

B Stream-wise Angle [rad]/Surface Inclination Angle [rad]
X Vapour quality

) Film Thickness [m]

E Entropy generation rate per unit length [W-m'K™]

€ Dimensionless tangential position

Heat conductance parameter

o General parameter identification

r Mass flow rate per unit length [kg-s'm™]
Y Dimensionless concentration

n Dimensionless normal position

Nca Carnot efficiency

! Heat exchanger effectiveness
[0} Circulation ratio

) Dimensionless temperature

K Chemical activity

A Surface Width/rivulet spacing [m]
A Normalized heat of absorption
n Viscosity [Pa-s]

v Kinematic viscosity [m-s™]

IT Interface extension [m?]

(O] Entropy parameter of the fluid
0 Rivulet transversal angle

0 Contact angle

p Density [kg:m™]

z Irreversibility rate [W-K™']
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[1]

gTV
'a}

= U g

Surface tension [J-m?]

Shear stress tensor [Pa]

Specific volume [m’-kg™]

Chemical potential [J-mol™]

Lithium Bromide concentration

Ratio of dimensionless position difference
Dimensionless sub-cooling parameter
Eigenvalues

Total Velocity [m-s™]

Molar flux [mol'm™s™]

Lagrangian function [J'm™]
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Subscripts

0

*

H,O
HP

HT

if

in

critical value
standard value
stable Configuration
absorber/advancing
average

break-up

local angle value
cooling water/internal to the tube
condenser

chiller

Diffusion

Dry

Equilibrium
evaporator

Friction

fluid

Global

generator
convection

high

water

heat pump

heat transformer
Node indexes
Interface

inlet

Tube axial mesh index
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max

min

sat

™

related to kinetic energy
low

liquid

lithium bromide
Eigenvalue/Eigenfunction indexes
intermediate

maximum

minimum

outlet

pump

related to © parameter
refrigerant/receding
rivulet

Refrigerating machine
solid

solution

related to surface tension
phases equilibrium
related to K parameter/ thermal
Thermal machine
uniform film

vapour

wall

wet

stream-wise direction

Young's value
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Superscripts

+

X3

dimensionless

first derivative

second derivative
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Chapter 1, Introduction

1.1. Research background
Nowadays the awareness of the environmental issues of the planet steers towards clean and efficient energy

conversion systems. Absorption chillers, heat pumps and heat transformers represent an opportunity in this direction.
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Fig. 1.1 Ferdinand Carré's ice-making device [Grand appareil de Ferdinand Carré pour fabriquer dé la glace Illustration tirée
du livre "L'eau" de Gaston Tissandier 4e édition (1878) - Librairie Hachette Chargé par Gérard Janot]"

The use of the vapour absorption cycle for heat driven energy systems was originally among the first popular and
widely used methods of refrigeration. Before the advent of the first absorption refrigerating machine attributed to
Ferdinand Carré (1859), the history of refrigeration technology can be led back to Michele Faraday in 1824. At that time,
Faraday conducted a series of experiments to liquefy some stabilised gases, which, even though not directly used for
refrigeration purposes, are considered a prelude for the refrigeration science proximately following to that time. Before
the first absorption refrigerating machine, in1851 John Gorrie” patented a refrigeration system for the production of
artificial ice to treat patients affected by yellow fever. This system was using air as the refrigerant. Ferdinand Carré's
ice-making machine featured ammonia as the refrigerant and water as the absorbent, but the original design used a
solution of water and sulphuric acid®. However, both these named technology were soon superseded by the use of
carbon dioxide systems, and successively by the dominant vapour compression systems. Absorption machines were
firstly commercially released only in the late 1923 by the company ABArctic, which was then incorporated by
Electrolux in 1925. Albert Einstein and Leo® Szilard, in 1926, designed an alternative configuration of an absorption
refrigerator operating with no moving parts and operating at constant pressure, known as “Einstein refrigerator” (Fig.
1.2)%.

Even though the development of vapour compression cycles has limited the implementation field of vapour
absorption systems, the main benefits of absorption cycle are still evident: first, since a negligible amount of electricity
is needed, waste heat can be used as the main energy source and higher reliability can be ascribed to the reduced

number of moving parts. Accordingly, absorption plants exhibit long lifetimes and excellent part-load operability. In
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addition, typically used refrigerant (water or ammonia) are not responsible of ozone depletion effect. These
characteristics allow a safe and environmentally friendly use of energy, which can be portrayed by application cases like
trigeneration, heat temperature boosting and renewable plants. The large renewed interest in vapour absorption cycles
gives the way to a number of unexplored solutions, high margins of improvement and pushes forward active research
towards new ideas for an advanced design of energy conversion systems; providing, along these lines, optimistic future

prospective originating from an “antique” technology.

Serestedre R Le%{'yeﬂafo;f

Paveret reumhor U Sri®r537 -- November 77, 7930

Bl Eiw sl o,

Fig. 1.2 Einstein’s and Szilard’s patent application®

Absorption cycles are similar to vapour compression cycles in featuring an evaporator, a condenser and an expansion
valve connecting different pressure levels. The method used to convert low-pressure vapour into high-pressure vapour,
and to maintain steady operability between the evaporator and the condenser, constitutes the main difference that
distinguishes the operative principle of these two systems. As opposed to the mechanical compressor required in a
vapour compression system, an absorption system consist of two additional heat reservoirs, an absorber and a generator,
enabling the system to use thermal power as the driving source. As already pointed out, this main feature constitutes a
critical advantage for heat recovery and renewable sources application possibilities, multiplying the options for different
plant configurations and for an optimised design with respect to the ultimate duty required to the system.

Broadly speaking, the absorption/desorption process consists in the partial separation/recombination of a volatile
working fluid (the refrigerant) from the carrier solution, which require heat rejection/input to maintain the solution far

from thermodynamic equilibrium and assure steady cyclic operability of the system. The two most widely used
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absorption pairs are: water-lithium bromide (LiBr), and ammonia-water. The first being limited to application cases
where the minimum refrigerant temperature is higher than the melting point of ice (0°C) and the minimum solution
temperature to be kept safely above the crystallisation point of the aqueous LiBr at given pressure-concentration
conditions. On the other hand, ammonia-water plants demands special care to be properly designed accounting for the
refrigerant toxicity and flammability. Additionally, the vapour-pressure curve of ammonia forces the system to operate
at relatively high pressure, whereas LiBr-water plants run under partial vacuum that constitutes a safety point in favour
of the latter operation mode. Besides being thermally driven, according to J.M. Gordon and K.C. Ng (2000)”, there are
other four major ways in which absorption systems differ from their mechanical counterparts. First, there are three/four
heat reservoirs rather than two. Second, the absorber is a distinct critical additional component. Third, if the total heat
rejection is constrained, one additional control variable is given by the partition of the heat rejection between the
absorber and the condenser. Finally, a significant part of the total internal dissipation can be ascribed to mass-transfer
processes intrinsic to the absorption cycle and regenerative heat exchangers, when these are employed. The main
limitations of absorption machines are restricted temperature ranges and rather high initial investment cost. The COP of
an absorption machine is also evidently lower than that of a corresponding mechanical system. However, their second
law efficiencies are comparable. Multiple-stage cycles are conceived to overcome some of these main limitations of the
basic cycle. Commercial and experimental plants range in size from small domestic units to large industrial system with
cooling rates in the order of megawatts. As a rule, three different fundamental configurations, associated to different
useful effects, results from absorption systems: absorption chiller, extracting heat at the evaporator (eq. 1.1), absorption
heat pump, rejecting heat at the condenser and the absorber (eq. 1.2), and heat transformer, delivering heat from the
absorber to the heating load at a higher temperature than that of the heat source (eq. 1.3). The performance of the system

is conventionally evaluated in terms of COP, as the useful effect for a given input power unit. Namely,

cop.. = Heat extracted at the evaporator (L)
CH — .
Heat input at the generator

Heat rejected at condenser and absorber
COP,, =

(1.2)

Heat input at the generator

Heat rejected at the absorber
cop,, = / (1.3)
Heat input at evaporator and generator

In order to overcome the constitutive limitations of the basic absorption cycle, different configurations, hybrid cycles
and multiple stage plants are envisaged and realised in a number of application cases “*2. The number of stages refers
to the number of heat recovery units (generators). These can be arranged either in series or in parallel configurations,
depending on the method used to deliver the solution leaving the absorber. This short introduction gives a simple outline
of the long history and the recent technical development of absorption systems.

Even though the fundaments of heat and mass transfer constitutes rather solid pillars, however, an exhaustive
modelling procedure of absorption systems covers multi-components fluid in multiphase conditions, where moving and
deformable interfaces play a major role for the process thermo-fluid dynamics, exchange surface extension and flow
wetting ability. Therefore, the subject complexity is made orders of magnitude higher than standard transfer problems.
Nonetheless, given the interdisciplinary interest in these topics, and in view of their practical importance, substantial
research efforts have been made in the last three decades to tackle the modelling of these phenomena with different
approaches >,

Whether the research interest lies in fundamental physics, engineering or chemistry, as a manufacturer or a consumer
of energy conversion systems, the matters converging in fundamental and technical absorption research constitute

stimulating problems whose clarification is believed to convey potentially remarkable results for the technical progress,
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solution of the maim environmental issues and for the refinement of the fundamental understanding of the originating
fields.

1.2. Research purposes

As mentioned, the recent technical development of absorption chillers, heat pumps and heat transformers pushes
towards increasingly complex plant configurations, and, in fact, seems to stand a step forward with respect to the
theoretical background needed for an accurate performance prediction, optimisation and control of these systems. This
work arises from the awareness of this discrepancy, and constitutes an effort to get closer to a conclusive approach for
absorption systems modelling.

The fundamental heat and mass-transfer processes constituting the absorption cycle are realised inside specific heat
exchangers, whose characteristics have decisive impact on the overall system efficiency, on its dimensions and on its
cost. In particular, recent literature concerning absorption-based systems suggests that their heat and mass transfer
performances are drastically affected by several hydrodynamic aspects responsible for determining the solution
distribution along the exchange surface.

Conventionally, falling film heat exchangers are employed for their high transfer performances and low pressure
drops. However, the attempt to model and optimise the complex heat and mass-transfer mechanism occurring inside
these devices is still incomplete and has not leaded to conclusive approaches. In this configuration, the film thickness
constitutes the main heat transfer resistance with the cooling water circulating inside the tube and simulations
theoretically indicate that working with reduced solution mass flowrates could improve the system performance.
Consequently, operability at reduced Reynolds number is attractive for absorption plants, but the partial wetting of the
tube surface needs to be considered as a critical related issue.

This work aims at the inclusion of partial wetting phenomena in absorption heat and mass transfer modelling. On the
way to this goal, an improvement of the fundamental understanding of the absorption process, and results useful for

other technical applications can be obtained as a parallel.

1.3. Thesis outline

The structure of this thesis reflects a converging and focusing approach (Fig. 1.3):

The first chapter, closing with this outline, has broadly presented the research background, a statement of purpose and
possible positive revenues of the results, thusly, creating the basis and pointing at a research direction.

The second chapter develops and presents a general model for absorption systems representing their thermodynamic
silhouette in its interactions with the environment. By combining first and second principle, this approach provides the
guidelines for designing optimised systems, as well as a criterion for performing existing plants’ diagnostics and
improving their performance. The importance of properly designed components and in particular of the absorber is
discussed and pointed out.

In the third chapter the attention is concentrated towards the component. A detailed numerical model of falling film
absorbers is presented and used as the basis for the development of a thermodynamic optimisation criterion of this heat
exchanger with reference to the ultimate duty of the system in different application cases. Results suggest the
importance to work at reduced mass flowrates with a thin uniform film to increase the system performance, and/or
reduce its size.

Chapter four faces the problem of the surface partial wetting at low Reynolds numbers. A criterion for the film
stability and, after the film breakage, a method to estimate the wet part of the exchange surface are defined by using the
energy minimisation principle, for increasingly complex problem geometry. Hysteresis phenomena of the contact angle
and the wetting behaviour for increasing and decreasing mass flowrates are highlighted, then, a practical application and
a first validation of the model are presented.

In the fifth chapter the effect of partial wetting phenomena is included in the numerical model of falling film

absorption to extend its validity and increase its accuracy in the low Reynolds region.
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A sixth chapter is dedicated to consistently simplify the energy and species transport equations and lead to the
analytical expression of heat and mass transfer coefficients in a closed form solution.

Lastly, chapter seven describes the experimental equipment and data collection method used as a closing point to
qualitatively and quantitatively validate the theoretical model.

The eighth chapter is intended to summarise the results obtained in order to draw significant conclusions and future
prospects. On the other hand, the conclusions of this research effort bring the attention back to the starting point

(presented in chapters 2 and 3), namely system and component optimisation for real plant design and operability.
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THERMODYNAMIC MODELLING OF THE GLOBAL-SYSTEM

The global system performance constitutes in fact the starting point as well as the final target to be addressed.

A large-spectrum thermodynamic analysis provides general guidelines for the system optimisation that constitute the
referential directions towards which orientate the research efforts.

The combination of first and second principle of thermodynamic extend the potential of the model, by providing a
qualitative perspective which identifies performance limitations, suggests how to improve its COP and enables the
engineer to perform existing plant diagnostic.

OPTIMISATION CRITERION FOR THE COMPONENT
Taking advantage of the understanding gained, an optimisation criterion is developed consistently with a

dedicated numerical model of the absorption process, and targeting the final duty of the whole system

In general, results suggest operating at low Reynolds with a thin uniform film

INADEQUACY OF PREVIOUS MODELS

in the low Reynolds region
Partial wetting is recognised to occur even at typical system operative conditions.

In these circumstances, the assumptions of a film with uniform thickness and a complete
wetting of the transfer surface cannot be considered even approximately rigorous.

This leads to unacceptable inaccuracy of simulations in that region (the obtained trend itself
disagrees with measurements)

CONSTRUCTION OF A PARTIAL WETTING MODEL

that provides a criterion for film stability,

and a method to estimate the extension of the transfer interfaces for
different operative conditions and fluids and surface configurations
(plain wall, vertical fin-tube contactor and horizontal tube)

INCLUSION OF THE EFFECTS OF PARTIAL WETTING IN
THE ABSORPTION MODEL

Improve the accuracy and extend the applicability range of absorption simulations
and locally and globally provide detailed descriptions of the process.

Simplifying assumption are introduced to obtain an analytical solution

ANALYTICAL EXPRESSION OF HEAT AND MASS
TRANSFER COEFFICIENTS

Provide a detailed, time-saving and widely applicable model for
global system simulations.

Improvement of the fundamental understanding of the absorption
process can be obtained as a parallel.

EXPERIMENTAL VALIDATION

Fig. 1.3 Flow-diagram of the thesis outline
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Introduction

22



Chapter 2, Thermodynamic analysis of irreversible absorption systems

The purpose of thermodynamic optimisation methods deals with identifying features and physical circumstances by
which the system fulfils its functions while performing at the highest thermodynamic level possible **. As long as
designed products are necessarily imperfect, efforts are made to achieve the least irreversible operability, spreading the
imperfection through the system in the best possible way, in order to achieve a wide range of efficient working
conditions. An optimal distribution of imperfection is the principle that generates topology (construction, configuration)
in flow systems (engineered and naturally occurring ones) *. As an instance, in the field of refrigeration the purpose of
a machine is to maintain a cold space cold, “forcing” the heat current to flow in an unnatural direction. Since this
requires work, the general objective is to reach the goal with least power expenditure and minimum energy degradation
32 given the boundary conditions which define the outer environment interacting with the system and providing the
required driving-energy.

In this preliminary chapter absorption systems are considered as rather indefinite multi-temperature-level
thermodynamic entities, focusing on their similarities regardless their technical differences in detail. To this aim, the
constitutive physical processes of the absorption cycle are treated as irreversible thermodynamic transformations facing
finite thermal capacity heat sources through the fundamental heat exchangers. Dimensionless parameters which
characterise the transformations followed by internal and external fluids are introduced, and their influence on the cycle
efficiency is investigated. First and second principles are combined to express the system performance. This approach
identifies the limitations imposed to the physical processes by accounting for the inevitable dissipation due to their
constrained duration and intensity, and is used to define a general thermodynamic criterion for the characterisation and
optimisation of three-thermal irreversible systems. Dependence on the main factors is highlighted in a way that shows
how to change them in order to improve the overall efficiency. Under this point of view, the analysis evaluates COP
improvements and can be used to perform plant diagnostics, besides predicting the system performance. The use of this

criterion is exemplified for absorption chiller and heat transformers application cases.

2.1. Multi-temperature-level systems

Multi-temperature-level systems enlarge the prospects and degrees of freedom for an efficient design and an
environmentally friendly use of energy. In general, the development of technical solution for an effective use of energy
is guided by the formulation of optimisation criteria based on the fundamental thermodynamic principles. If the sole
aim is to ascertain COP, efficiency or energy expenditure and cooling/heating capacity at given operative conditions, in
fact, the use of the first principle of thermodynamics will suffice. On the other hand, since every real process occurring
as part of an energy conversion system is associated to an unavoidable degradation of the earliest amount of energy, a
thermodynamic analysis should provide a qualitative description, properly identify the limitations imposed to the
physical processes, point out the most relevant parameters and how to change them in order to improve the performance
of that process. In this way, the study is intent upon evaluating COP improvements and performing plant diagnostics,
not only predicting the system performance. To this objective, an accurate evaluation of irreversibility (or entropy
generation), namely the use of the second principle of thermodynamics, becomes essential.

Multi-temperature-level systems actually increase the number of possible plant configurations for an optimised and
environment-friendly use of energy; however, as a counterpart, the increased complexity of these plants is often
prohibitive with regards to a comprehensive modelling of all the details at play, making the calculation very difficult or
impossible, and the physical content obscure. An absorption system, in its simplest arrangement, transfers heat between
three temperature levels, but more often between four thermal sources with finite heat capacity *>*%. Albeit the vast
development of vapour compression cycles has narrowed down the implementation field of vapour absorption systems,
the absorption cycle still pave the way to sustainable and reliable perspectives. However, given the complexity of the

heat and mass transfer phenomena occurring inside absorption systems, and the number of possible choices for different
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cycle configurations or combinations with other technologies, their optimisation is still incomplete and has not led to
conclusive approaches. Originally, a three-thermal refrigeration cycle has been thermodynamically conceived as the
combination cycle of an endo-reversible thermal engine driving an endo-reversible two-heat sources refrigerator **,
whereas the influence of finite rate heat transfer towards the surroundings has been considered in a second paper **. In
addition, Chua H.T. et al. (1993)*” use entropy production analysis with an analytical irreversible thermodynamic
model. By focusing on the thermodynamics of absorption chillers, Ng K.C. et al. (1998) *” have shown the necessity of
accounting for internal dissipation, and defined the concept of Process Average Temperature (PAT). As for two thermal
sources irreversible refrigerators, Grazzini G. and Rocchetti A. (2014) *® use a general irreversible thermodynamic
model to obtain an expression of the coefficient of performance accounting for the second principle in a way useful to
produce maps of efficiency in terms of meaningful dimensionless parameters. A similar approach can be applied to
increasingly complex thermodynamic entities like multi-temperature-level systems, and this model is developed in the
following paragraph.

2.2. Absorption chillers

This chapter is conceived as a characterisation of a three-thermal sources inverse thermodynamic cycle that includes
the influence of the irreversibilities on the cycle efficiency. Considering a three-thermal inverse-absorption cycle (Fig.
2.1), the use of this method is firstly exemplified for a chiller application case. The analysis is generalised to include
both heat and mass transfer phenomena. Since absorption chiller, heat pumps or heat transformers are
thermodynamically similar units, except for different temperature ranges and useful effects, this approach can be
directly applied to other system configurations.
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Fig. 2.1 Schematic of an absorption chiller

Steady cyclic-operability is assumed neglecting the effects of potential and kinetic energy of the refrigerant and the
absorptive solution. Since the circulation pump processes saturated liquid solution, its electrical power consumption is
disregarded. Furthermore, considering heat leaks to the surrounding to be ineffective, the Coefficient of Performance
COP is defined as in eq. 2.1.

COP:&
G @.1)

The first law states,

O +0:=0,+0 (2.2)
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Since the refrigerant and the solution perform a closed cycle, and since entropy is defined as a state function, its
cyclic variation is null. Thus, if other thermal exchanges are overlooked, internal irreversibilities (eq. 2.3) are
transferred outside the cycle to the surroundings through the heat exchangers. This directly influences the real

operability of the system and its ultimate performance.

AS; =ASye +(ASRA +ASSA)_(ASRG +ASSG)_ASRE 2.3)

The entropy variation ascribable to those transformations involving the pure refrigerant is given in a general form by
eq. 2.4.

odh o U
ASR =mRAs:mR J.i 7— ; (B_T) dp 2.4)
P

Where in general,

o U
| dp=IA 2.5
L(arl p=1Ap 2.5)

As a rule, I=v-din(V)/dT for a liquid, and /=R,/p for a perfect gas ) This term accounts for internal irreversibility
related to pressure change and includes pressure drops contributions.

Differently, inside the generator and the absorber, entropy variation terms related to the absorptive solution are
evaluated with eq. 2.6 7,

7, 1( oh po( OV o, Ink,,,—Ink,.
A = = — — T — - R H20 LiBr )
S¢ =mgAs =my L, T(@ij’md .fp,. (aij’wdp+ s Uw ) do|r (2.6)

To characterise the amount of steadily circulating refrigerant extracted from the absorptive solution, the circulation
ratio ¢ is introduced according to eq. 2.7.

_ Mg

Q= 2.7)

mg

Were the refrigerant mass is related to the amount of circulating solution and the average concentration difference

between strong and weak solution, as in eq. 2.8.

m, = (@ =@ )ms _wwL )ms 2.8)
H

Accordingly, the circulation ratio ¢ can be directly related to the concentration difference experienced in the absorber

and generator at steady cyclic functioning (eq. 2.9).

o= (“’Hw_ @) 2.9)
H
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Combining equations 2.3 and 2.7 with eq. 2.10, which expresses the thermal power exchanged by the fluid streams of

the heat exchangers, and neglecting pressure losses eq. 2.11 is obtained.

O =mAh (2.10)

[fASRC +(fASRA _ASSA ):'
I:fAhRC +(fAhRA _AhSA )]

Aspe —As
(f RG SG)_QE%

AS; =(Qc +0,) (f Ahyg — Ay ) Ahyg

~0s

(2.11)

Entropy variation terms are evaluated referring to the physiognomies of the heat exchangers and the physical state of
the refrigerant and the solution.

In a previous paper, R. Tozer et al. (2005) *" have presented the use of T-s diagram for aqueous LiBr absorption
cycles. The supplementary saturation curves referred to different solution concentrations extend the depiction to include
both the refrigerant (water) and the solution behaviours inside the cycle. Temperature-entropy diagrams are appropriate
to characterise thermodynamic transformations in terms of both the first and second laws.

Considering an approximate T-s diagram of a single stage absorption refrigeration cycle (the black lines in Fig 2.2),
where condenser and absorber temperature are close enough to be considered facing the same heat sink, the vapour
generation/absorption processes are split into a constant concentration transformation, embodying temperature changes
to reach the equilibrium temperature, a constant temperature one representing the release/absorption of the heat of

absorption, and an isobaric segment to cool down to its saturation temperature the separated superheated vapour.

A
T
X Y,
64% 58% 0% 0% 58% 64%
T 5y Ge eEErEtSr—(E)—
e 124 1’[ _________________
TAi Condenser (C)
To | i
Absorber (A) ________—————-
P R

Evaporator (E)

S
Fig. 2.2 T-s Diagram of an absorption chiller
As already pointed out, in a first approach, pressure losses are neglected.
+
ASF — (QC QA)@AC_&GG—&GE (2.12)
T, T Ty
Where,
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_ T, |:¢ASRC +( @Ay, +As, )]

" @A + (AR, +Ahg, )]
T (@As, . +As
@G: Gz(¢ RG+ SG) (2‘13)
(@Ah; + Ahg;)
[©) =TEiASRE
O Ahy,

These dimensionless parameters depend on concentration, temperature and thermodynamic properties of both the
refrigerant and the solution within the heat exchangers. Considering the entropy and enthalpy variation terms singularly
related to the transformations constituting the cycle (also observable in eq. 2.11), their analytical expressions is
presented as follows. In particular, entropy and enthalpy variations of the vapour generation process from the refrigerant
point of view (1-1°-2 in Fig 2.2) are calculated, respectively, as in eq.s 2.14 and 2.15.

T. i,

Asyg =c,In—% 4220 (2.14)
L T

Al = Cpi (TG -1 ) iy (2.15)

While, from the solution point of view, the desorption process (1-11°-12) is modelled with reference to eq. 2.16.

T; oy In Ky —IN K,
Bss = Cpsipnan 0+ Ry L dw (2.16)

1 MS(pl,a)l)

Where the activities of water jo and lithium bromide xj;3. are estimated by means of the calculation procedure by
R. Palacho-Bereche et al. (2010) **. The calculation technique for the specific enthalpy variations of the solution refers
as well to Palacho-Bereche et al. (2010) *?, in which the molar enthalpy of pure water and lithium bromide are
combined considering the enthalpy excess as described by D.S. Kim (2006) **. From the refrigerant point of view,
entropy and enthalpy variations of the vapour absorption process (7-7°-8) are calculated, respectively, as in eq.s 2.17
and 2.18.

T, &
As,, =c,, In=dl 4t 2.17
Ra = Cpy T, (2.17)
AhRA = cpv (TAi _]-'7')+l'abs,/4 (218)

Terms attributed to condensation (2-3-4) and evaporation (5-6-7) of the refrigerant are embodied by eq.s 2.19-2.22.

Asge =22 4 ¢, In Ta (2.19)
ci 4
Ahye =i+, (Tcl' - ]:1) (2.20)
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As,yy = " 2.21)
Ahyy = (1 —Xs )ivRE (2.22)

As a consequence, the dimensionless groups defined in eq. 2.13 can be developed and calculated, once temperature,

concentration and thermodynamic properties of the refrigerant and the solution are established throughout the cycle.
44)

>

Introducing the definition of heat exchangers effectiveness 1 by W. Kays and A.I. London (1954)
=1,.(mc T,-T,)=K,.(T,-T,)=K, AT,
» )
Oc AC( )ACmm( i Mz) AC( i Mz) acBty
Oy =tg(me,) (T —Ty)=Kg (T —Ty) = KAT, (2.23)
QE = lE (mcp)

Gmin
Fomin (TLI _TEi) =K, (TLi _TEi) =K AT,

Accordingly, the expression of the internal irreversibilitiy becomes,

_ K,cAT,0 ¢ _ K AT, 0, _ K,AT, 0,
T, Ty Ty

AS,. (2.24)

Temperature difference parameters at the constitutive heat exchangers, ty, #); and #;, are defined in a dimensionless

form (eq. 2.25) suitable to represent the interaction of the system with the external heat sources.

AT, AT, AT, T, ty
tH = - = =
T, T, T, T, —AT, 1-t,
AT, AT,, AT T, t
ty=—to>—M=—on MM (2.25)
iy T, Ty T +AT, 1+t
tL:ATL%ATL:ATL T, _ t,
TLi TEi TLi TLi_ATL l_tL
Going back to the system irreversibility, a dimensionless expression can be obtained (eq. 2.26).
t t t
G=—t—9p,——1—¢p,——L 2.26
1+1, % 1-1, % 1-1, 220
Where,
G AS:
K0,
K,.©
¢9' —_AC T AC (2.27)
K0,
K .0
Gy =
K0,
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The simple observation that entropy and heat exchangers’ heat conductance have the same physical dimensions (see
for example eq. 2.27) gives an idea about the importance of properly design these components by taking into account
the related heat transfer irreversibilities. In parallel, the dimensionless parameters defined above can be used to express
the COP of the system.

COP |0 10| 1
K, T,

¢ = actui (2.29)
KETLI'

Finally, using the dimensionless expression of the global entropy variation G, it is possible to generalise the

absorption chiller efficiency as a function of either #4 and #y (eq. 2.30) or #4 and 7 (eq. 2.31).

1 s b [(1=G) (141, ) (1=t ) + 1,8y (1= 1, ) = 1,8, (1+1,,) | B 030
cop tM¢9'(1_tH)_tH¢a"(1+tM)_G(I_ZH)(I"HM)

1 =9 G(l_tH)(l_tL)+tH¢€“(l_tL)+tL(1_tH)
- g I:(%I_G)(l_tH)(l_tL)_tH%“(l_tL)_zL (l_tH)]

-1 2.31
cor @31

2.3. Results and discussion
The following analysis is based on input experimental data and operative parameters referred to previous literature,
and it is intended to explore results, potentiality and feasibility of the present thermodynamic approach.

Table 2.1 Operative parameters from literature experimental data

Parameter 4D 39
Thi K 388.25 390.85
Tgi K 366.83 359.31
Tgo K 377.75 /
Twi K 302.15 302.55
Tci K 321.45 317.45
Tco K 311.85 313.85
Ta; K 325.71 330.04
Tao K 316.54 314.58
Ty K 285.25 284.95
Tk K 278.25 278.75
Tko K 278.25 278.75
Kg kW/K 82.58 63.40
Kea kW/K 140.07 103.00
Kg kW/K 203.56 86.60
Oy 0.64 0.66
oL 0.60 0.58
COP 0.68 0.63

Table 2.2 Dimensionless parameters calculated from literature data

O Oac Og th tm L O Og O G cop
4 1.00 0.78 0.56 0.05 0.08 0.02 0.73 0.54 0.23 0.001 | 0.741
39 1.00 0.69 0.22 0.08 0.09 0.02 0.56 0.36 0.06 0.003 | 0.738
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Table 2.2 makes evidence that the present analysis method tends to slightly overestimate the cycle COP. This could
be mainly related to the significance of heat loss and the assumption of negligible work of the circulation pump in the
particularly selected system.

Since the analytical interpretation of eq.s 2.30 and 2.31 is complex and could result to be obscure in its content, a
graphical approach is more convenient and understandable. Figures 2.3 and 2.4 represent COP curves as a function of
either #; or ¢, respectively, for different values of 75 and @, being other parameters set constant as the values calculated
from R. Tozer et al. (2005) * in Table 2.2. These graphs make evidence of the occurrence of a maximal COP, signifying
the possibility to optimise the system operability when the system has already been designed and all the operative
parameters, except either #; or #,, are set at their nominal value. This means that, given a certain system, by acting on
the inlet temperatures of either the absorber/condenser or the evaporator it is possible to operate at highest system
efficiency. Dashed lines are obtained for the literature value of the secondary variable, and the markers represent the
operative condition of the real plant from R. Tozer et al. (2005) *". The comparison between actual and maximum
efficiency conditions points out that there is room for system improvement. In this way, it is possible to perform system

diagnostic and show how to improve the overall system efficiency.

= COP(ty,tm)
— COP(ty,t,)

cop

Dimensionless temperature difference parameter t
Fig. 2.3 COP curves as a function of either 7, and ¢, for different values of 75

Fig. 2.4 shows how the values of the temperature difference parameters maximising the system COP are independent
of ¢, but the maximal COP increases with lower values of this dimensionless parameter.

This effect can be expounded by considering the definition of ¢ and its physical meaning; from a technical point of
view, lower values of this parameter resemble smaller absorbers and condenser for the same cooling effect (which
requires the same amount of steadily absorbed/desorbed refrigerant) and temperature levels, i.e. higher local transfer
rates; these, in principle, could be obtained operating at lower solution flowrates if film breaking is avoided, employing
liquid surfactants or surface enhanced tubes (or a proper combination of these possibilities). Alternatively, the same
beneficial effect could be achieved with the same components, by achieving the same absorption rate at a lower
absorber temperature.

Given the discrepancy between the experimental values of the temperature difference parameters in the absorption
chiller plant of R. Tozer et al. (2005) *", and the optimal values suggested by the analysis, a higher temperature
difference at the low and intermediate temperature heat exchangers for the same high temperature conditions, or, ceteris
paribus, a lower temperature difference at the generator, will bring the system closer to the maximum first law

efficiency.
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Fig. 2.6 COP curves as a function of ¢ for different values of @y
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In case the dimensionless parameter representing the cyclic irreversibility G and the temperature parameter defined
for the high temperature thermal source #; are used as variables, when those are increased the COP shows a relentlessly
decreasing trend (Fig. 2.5).

The same statement is valid with reference to @y~ and ¢y (Fig. 2.6), while the opposite trend is shown with respect to
dg (Fig. 2.7). Thus, referring to the definition of this latter parameter (eq. 2.27), in general, an extension of the heat

conductance associated to the absorber and the condenser could be beneficial for the overall system performance.
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Fig. 2.7 COP curves as a function of ¢ for different values of ¢,
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Fig. 2.8 G curves as a function of either 7, and ¢, for different values of ¢

Furthermore, if the COP value is preliminarily fixed or defined as an objective parameter at its value of interest, the

main dimensionless parameters for the system design can be related as follows.

oo @y (t, =1)+1, (2, 1) N

.t (1+ COP)

(l_tH)(l_tL)

t, (1+ COP) + COPg,
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_tufp (1=t )—t,0, (1+1,,) _ t,COPg
(I-t,)(1+12,,) (1+COP)—t,COPp,

(2.33)

Figures 2.8 and 2.9 portray the influence of some among the main dimensionless parameters on the dimensionless
irreversibility function G at constant COP (fixed at the reference value from *" calculated in table 2.2), as analytically
expressed in eq. 2.32 and eq. 2.33. Given the fact that G is a dimensionless form of entropy variation which combines
first and second principles of thermodynamics over a cyclic steady functioning of the system, its value symbolizes the
global operative irreversibilities transferred outside through heat exchangers and, hence, it’s required to be positive. By
observing Fig. 2.8, the dimensionless parameter G outlines a range limitation of the dimensionless temperature
parameters #; and ¢, for a fixed value of the system COP. These practicable ranges narrow down for higher 7. Moreover,
with respect to the same parameters, a maximum value of G can always be associated to defined values of #; and ¢#;,, and

those values depends on the dimensionless heat conductance parameter ¢, (Fig. 2.9), but not on #4 (Fig. 2.8).
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Fig. 2.9 G curves as a function of either #; and #,, for different values of ¢,
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This practicable range narrows down for higher 4. Also, for each defined value of the system COP, the positive range
of G defines a maximum value of #;, above which the system cannot reach that objective value of the COP. Moreover,
with respect to the same parameters, a maximum value of G can always be associated to defined values of 7, and ¢,,, and
those values depends on the dimensionless heat conductance parameter ¢, (Fig. 2.9), but not on ¢ (Fig. 2.8). Figure 2.9
highlights that the value of ¢, is also limited by a maximum value. It can be stressed once again the importance of the
parameters related to the characteristics of the absorber; in particular, higher heat conductance of the absorber (higher
@, are associated to considerably lower irreversibility G. The operative condition of the real system described by R.
Tozer et al. (2005) *V is plotted in figures 2.8, 2.9 and 2.10, where it is obvious that the system is designed for low
irreversibility operability.

Figure 2.10 displays how the operative range of the temperature parameters ¢, and ¢), narrows down for increasing
target COP, showing as well how COP is limited to a maximum endoreversible value for given operative condition of

the system.

=
N

— Oclth,tm)
— Oultit)

[y

o©
o

o©
o

o
>

I
N}

Dimensionless heat conductivity parameter ¢,

0 0.2 0.4 0.6 0.8 1 1.2

Dimensionless temperature difference parameter t

Fig. 2.11 ¢, curves as a function of either 7, and ¢, for different values of ¢

T~ —

t,=0.53

= =
N w
—
—

=
=
L

0.37

Juny
I

©
©
.

0.18

e 9o
~N o]
A —

Dimensionless entropy-conductance parameter g

0.6
0.07
0.5 - v
0.4 00 - q)e'(tH:tM)
— Op(tuty)
0.3 f T f t f
0 0.2 0.4 0.6 0.8 1 1.2

Dimensionless temperature difference parameter t

Fig. 2.12 @, curves as a function of either #; and 7, for different values of 7

34



When the dimensionless heat conductance parameter ¢, is studied as an independent function, figure 2.11 makes
evidence of the analogy between this parameter and the COP trend with respect to the same independent parameters.
Once again this stresses the importance of properly allocate the transfer area of the fundamental heat exchangers
(absorber and evaporator in particular) to design optimised systems.

To conclude the parametric analysis of this exemplifying case, the dimensionless entropy-conductance parameters @y
and ¢y are studied as dependent function of the fundamental temperature parameters. Precisely, @y is a monotonically
increasing function of ¢, whereas a local minimum can always be identified for a specific value of both #; and ¢#),, where
position and value moves higher for increasing 7 (Fig. 2.12). Conversely, is monotonically decreasing with zy, and is
characterised by a local maximum associated to a particular value of #, and ¢), which are independent on 7.

Additionally, the operative ranges of #; and #,, are not dependent on #4 (Fig. 2.13).
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Summing up, based on an approximated analytical thermodynamic model of the absorption cycle (eq.s 2.14-2.22),
this approach presents significant solutions of the key cycle performance by considering the influence of internal
irreversibilities due to temperature and concentration variations of the refrigerant and the absorptive solution. Namely,
neglecting pressure losses inside the heat exchangers, Q4c, Q¢ and Qp can be calculated once concentration,
temperatures and thermodynamic properties of the fluids are available. The dimensionless parameter G stands for the
effect of internal irreversibility of the cycle and shows critical impact on the overall performance. When other thermal
exchanges are overlooked, refrigerant and absorptive solution irreversibilities of the system steady cycle are transferred
outside to the finite heat capacity sources through the heat exchangers. In capturing the fundamental physical
phenomena involved and overcoming the limit of the endo-reversible cycle, also leaving flexibility in generalising
results to other absorption devices, this model provides a useful predictive and diagnostic tool. The dimensionless
parameters defined are suitable for an overall system optimisation, and by investigating their influence on best cycle
efficiency a first screening of the parameters relevant for the system design and control has been performed. In
particular, by relating cycle efficiency and entropy variation rates through specifically defined dimensionless parameters
it is possible to design optimised systems and enhance the performance of existing ones. By acting on the heat
exchangers temperature differences, represented by the corresponding parameters #;, f); and ¢y, it is possible to
maximise the COP of the system. Comparing experimental data from literature with the optimal performance suggested

by this analysis, possible improvement of the system thermodynamic efficiency can be attained. Furthermore, the
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absorption refrigeration cycle model and the thermodynamic analysis can be readily extended to heat pump and heat

transformer application cases.

2.4. Heat transformers
Absorption heat transformers distinguish themselves to other energy conversion systems with a unique characteristic,

which is to thermally deliver part of the earliest amount of heat input from the generator and evaporator temperature

level to a higher temperature, requiring a minimal amount of input work or electricity expenditure.
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L.
oW
W,
Evaporator (E) Generator (G)
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Fig. 2.14 Schematic of an absorption heat transformer

These systems are being increasingly utilised to generate steam from medium temperature waste heat, so that the
latter can be reintroduced in the production/utilisation process and reused. Furthermore, these systems are promisingly
being designed to meet the requirements of plants conceived for many different renewable sources application cases. A

considerable amount of literature has been published about theoretical and experimental studies on different

configurations and applications ” ¥ 44®),

(0] O]
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Fig. 2.15 T-s Diagram of an absorption heat transformer
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Considering an absorption heat transformer application case (Schematically illustrated in Fig. 2.14), under the
assumptions stated in the previous section, the COP of the system is defined as the ratio of the power released at the
absorber to the total heat input at the generator and evaporator. In this application case, eq. 2.11 is rearranged to

represent the entropy variation occurring at the three temperature levels of a single-stage heat transformer (eq. 2.34).

AS. = (gDASRA'FASSAJ_(Q N p’ASRE +[¢ASRG +ASSG)} .\ Aspe. (2.34)
SR CUT Y {(/’Ahkg+((pAhRG+AhSGﬂ © Ahpc

An approximate cycle of the system is represented by the black lines in figure 2.15, where generator and evaporator
temperatures are assumed to be close enough to be embedded in a single thermodynamic component (representing the
two real heat exchangers), and, consistently with the previously presented analysis, the vapour generation/absorption
processes are split into traceable transformations; a constant concentration part where temperature changes to reach the
equilibrium temperature at the generator/absorber, an isothermal transformation representing the release/absorption of
the heat of absorption, and an isobaric segment to cool down to its saturation temperature the superheated vapour once
separated from the solution at its equilibrium.

By defining apposite dimensionless parameters characterising the transformations followed by the refrigerant and the

liquid solution in this configuration, eq. 2.35 can be written.

AS, :—(Q(}%GGE+%®A+%®C (2:35)
Ei Ai Ci
Where,
_ TEi |:¢ASRE + (¢ASRG + ASSG ):|
GE [¢AhRE + (@A + A )}
_ Tai(Asp,+Ass,) (2.36)
(@A +Ahg, )
T.As

Further adapting the definition of heat exchangers effectiveness (eq. 2.23) and dimensionless parameters ¢y, ), and #;,

eq. 2.37 can be applied.

ATH _ATH TH,. _ty

TAi B THZ. THi+ATH_1+tH

ATM :ATm TM[ — Ly (2.37)
TEi TMi TMi_ATM l_tM

ATL _ATL TLi _

T, T, T,+AT, 1+,

A specific dimensionless expression of the cyclic irreversibility is consistently obtained.
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¢0" ¢9l + (2.38)
1+t —tM 1+¢,
Where, the dimensionless parameters appearing are defined according to eq. 2.39.
G ASy
KC ®C
2.39
¢0' KGE ®GE ( )
KC ®C
B =542
KC ®C

And the COP of the system can be expressed as a function of the dimensionless temperature parameters defined
above and ¢,

coprP= ‘QA‘ _95+9:-0c 21_¢LL (2.40)
‘QG+QE‘ ‘QG+QE‘ ttM
9= 15;2%4 (2.41)

Using the dimensionless expression of the cycle entropy variation G, it is possible to generalise the heat transformer
efficiency as a function of either #; and #), (eq. 2.42) or ¢y and ¢, (eq. 2.43).

~1 By (141 ) 1,05 (11, )= G141, )(1-1,,) (2.42)

cor=1-4 ty {(I—G)(l—tM)(1+tH)+tM¢e'(1+’H)_KH%"(I_tM)}

t, [(¢9,—G)(1+IH)(1+IL)+tH¢6,.(1+tL)+tL (1+zH)} 243)
~G(L+ty (141, )+, 85 (141, )+, (142,

COP=1-4,

2.5. Results and discussion

To extend the results and analyse the potentiality of this thermodynamic approach, the following study is also based
on input experimental data from literature.

Table 2.3 contains measured values of the working parameters from an operative single stage heat transformer **.
Table 2.4 shows the values of the dimensionless parameters previously defined. Correspondingly to the previous
exemplifying case, the present analysis method tends to slightly overestimate the cycle COP (Table 2.4). This could be
mainly related to the relatively important impact of heat loss and the assumption of negligible work of the circulation
pump. Since, again, the analytical interpretation of eq.s 2.42 and 2.43 could be obscure, a graphical approach is more
convenient and understandable.

Figure 2.16 exhibits constantly increasing COP curves as a function of either #4 (red lines) and ¢#), (black lines), for
different values of ,, being other parameters set constant as calculated from W. Rivera et al. (2011) ** in Table 2.4. The
opposite trend is shown with respect to #;. Dashed lines are obtained for the literature value of the secondary variable

considered in each graph and the markers represent the operative condition of the real system from W. Rivera et al.
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(2011) *’ (Table 2.4). In this case as well, by comparing the measured efficiency with the performance maps obtained, it

is possible to perform system diagnostic and show how to improve the overall system efficiency.

Table 2.3 Operative parameters of a single-stage heat transformer from literature experimental data

Parameter Test] *” Test2
Tui (K] 359.75 359.25
Tai (K] 347.93 352.53
Téo K] 351.00 355.60
Twi K] 359.75 359.25
T K] 318.19 322.76
Teo K] 297.85 296.35
Tai K] 381.14 382.22
Tho K] 377.90 378.99
Ty K] 294.65 292.85
Tei K] 344.76 346.26
Teo K] 353.25 352.45
Ka [kW-K] 0.03 0.03
Kae [kW-K] 0.03 0.03
Ke [ [kW-K] 0.03 0.02
o [-] 0.54 0.54
oL [-] 0.52 0.52
COoP [-] 0.27 0.32

Looking at the data from W. Rivera et al. (2011) *”, increasing the temperature difference at the high and intermediate
temperature heat exchangers, for the same low temperature value, or, ceteris paribus, decreasing the temperature

difference at the condenser (higher #;), will increase the first law efficiency of the system.
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Fig. 2.16 COP curves as a function of either # (red lines) or #,, (black lines) for different values of ¢,

Table 2.4 Dimensionless parameters for a single-stage heat transformer calculated from literature data

Oc Oce Oa ty tm L O do dor G cop
Testl * | 0.88 | 0.84 | 1.05 | 0.06 | 0.15 | 0.13 | 0.81 |0.96| 1.31 | 0.021 | 0.280
Test2*” | 0.89 | 0.83 | 1.05 | 006 | 0.16 | 0.16 | 0.64 | 1.19 | 1.47 | 0.010 | 0.326
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Figure 2.16 exemplifies the performance of the same system operating in two different conditions, respectively testl
(filled markers) and test2 (empty markers) from W. Rivera et al. (2011) 9 showing that an increase of the temperature
difference at either the generator/evaporator or at the absorber increases the overall efficiency. However, to maintain a
correct system operability the values of the temperature parameters are required to be positive and, since G stands for
the total irreveribilities, limited to those giving positive values of this parameter.

COP curves as a function of either 7 (red lines) and #y (black lines) for different values of ¢, or #y are displayed,
respectively, in figures 2.17 (a) and (b) show. It can be stated that decreasing either # or #y is advantageous for the

system when #y and @, and accordingly G, are fixed.
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Fig. 2.17 COP curves as a function of either #; or ¢, for different values of ¢ (a) and (b) 7y

Figures 2.18 (a) and (b) consider COP curves as a function of either @y (red lines) or ¢y’ (black lines), respectively,
for different values of ty or t). It can be observed that, when G is fixed, either by increasing @y’ or decreasing @y is
beneficial for the system performance. This observation implies that a higher fraction of exchange surface allocated to
the absorber will increase significantly the COP of a heat transformer, once the size of the system and the proportion of
internal irreversibility are constrained. However, the corresponding change of the thermodynamic transformations

responsible for determining the values of the main dimensionless parameters, might actually conflict with the result of
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this analysis, which consider constant values of other parameters when the variables are changed. Thus, careful
attention should be directed to this circumstance when the performance maps represented by the obtained graphs are

analysed.

cop
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Fig. 2.18 COP curves as a function of ¢y (red lines) or @, (black lines) for different values of #; (a) or 7, (b)

When ty (the temperature parameter defined for the high temperature thermal source) and the dimensionless
parameter representing the irreversibility of the cycle G are used as variables, when f is increased the system COP
results in a relentlessly decreasing trend, whereas the opposite tendency is shown with respect to the first (Fig. 2.19).

With the same approach used for a chiller application, the COP can be set as a target factor and the main

dimensionless parameters for system design can be related as follows.

_ 1 P (l_tM)_tM¢9' (1+tH) _ (COP—I)tM (2.44)
(I+2,)(1-2,) ¢,—(COP-1)t,,
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(142, )(1+2,) 1-COP-¢1,

0.8 -

0.6 -

cop
o
n

0.4 -

0.2 -

0.1 -

0 T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6
Dimensionless parameter of the hisg temperature HE t,

Fig. 2.19 COP curves as a function of #; for different values of G

The influence of the main dimensionless parameters on the dimensionless function G at constant COP (set at value
calculated in Table 2.4 from the data used as a reference W. Rivera et al. (2011) *) is demonstrated in figures 2.20, 2.21
and 2.22 as analytically stated in eq. 2.44 and eq. 2.45.
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Fig. 2.20 G curves as a function of #; (red lines) and #,, (black lines) for different values of #;

By observing figure 2.20, the dimensionless parameter G, which combines first and second principles of
thermodynamics, outlines a range limitation of the temperature difference parameters ¢, and #), for a given value of #, ¢
and system COP. These feasibility ranges narrow down at lower 7. G is maximum when ¢, and #,, are zero, and is
constantly decreasing with respect to the same parameters. Moreover, a maximum value of G can always be associated

to defined values of #; and ¢, and those values depends on the dimensionless heat conductance parameter ¢, (Fig. 2.17),
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and on COP (Fig. 2.18), but not on the value of 5. The operative conditions of the real system described by [14] are
plotted in figure 2.20, where it is evident that the system has been designed for low irreversibility operability, and that

test2 brings the system to a less irreversible condition and to a higher COP (Fig. 2.16).
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Fig. 2.21 G curves as a function of either #; (red lines) and #), (black lines) for different values of ¢,

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

Dimensionless irreversibility parameter G

0.01

0 j | A ;
0 0.05 0.1 0.15 0.2 0.25 0.3
Dimensionless temperature difference parameter t
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2.6 Summary

This approach constitutes a general thermodynamic criterion for the performance investigation and optimisation of
three-thermal irreversible systems.

Based on a general thermodynamic model of three-thermal cycles with finite thermal capacity of the heat sources and
on an analytic thermodynamic approach for the transformation internal to the absorption cycle, significant solutions of
the performance of heat transformer and absorption chiller configurations have been globally studied by considering the
impact of the internal irreversibility of the refrigerant and the absorptive solution on the system key performance.
Contributions due to temperature and solution concentration variations are included in the analytical expression of the

system efficiency through the values of the fundamental parameters defined. The use of this criterion has been
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exemplified for specific data of a heat transformer and an absorption chiller from previous literature. Dimensionless
parameters for an overall system optimisation and control are defined, and a first parametric analysis is performed to
clarify their influence. Dependence on the main elements is highlighted in a way that suggests how to change them in
order to enhance the system COP. By acting on the heat exchangers temperature differences, represented by the
corresponding parameters #;, ¢, and ¢y, it is possible to increase the COP of existing systems. Comparing experimental
data from literature with the performance suggested by this analysis possible improvement of the system
thermodynamic efficiency are pointed out. Under this point of view, the analysis evaluates overall performance
improvements and can be used to perform existing plant diagnostics, besides constituting a preliminary tool for systems’
design. The dimensionless parameter G stands for the effect of internal irreversibility of the cycle and shows significant
impact on the global performance and helps identifying the limitations imposed to the physical processes constituting
the cycle. Specifically, parameters involving the performance of the absorber show critical impact and appear to be the

leading design pillars to carefully act on for the construction of a solid and efficiently operating system.

44



Chapter 2,
Thermodynamic analysis of irreversible absorption systems
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Chapter 3, Falling film absorbers optimisation criterion

The thermodynamic analysis presented in the previous chapter and prior literature concerning absorption systems
recognise the absorber as the component which affect the plant cost, size and performance the most. This chapter
focuses on the details of falling film absorption; however, even though local details could have a minor effect at a small
scale, these phenomena might play a major role on the global performance of the process and their inclusion may have a
leading impact on the plant operability. On the other hand, not to lose sight of the final objective and how the
component characteristics will affect the whole system is crucial for a proper design and control procedure. Under these
two main viewpoints, associated to different characteristic scales, local results regarding the process are to be summed
up to the higher scale (the component), and used globally to optimise the transfer performance of the absorber, as well
as its design features and operational regime, with reference to the final duty of the system. The fundamental model
adopted to investigate falling film absorption is centred on the numerical analysis of the fundamental equations of water
vapour absorption in a laminar, gravity driven, viscous, incompressible liquid film of aqueous lithium-bromide solution,
flowing over a horizontal and internally-cooled tube.

A local entropy irreversibility analysis can be performed referring to velocity, temperature and concentration fields, to
characterise qualitatively and in detail the transfer performance of the thermodynamic process. From a general
expression of the volumetric entropy generation, a suitable form for representing falling film absorption is obtained and
different irreversibility sources are distinguished and analysed. The impact of each term (fluid friction, heat transfer,
mass transfer and their coupling effects) is locally examined with respect to the main operative and geometrical
parameters; specifically, results are explored for different tube radii, wall temperatures and operative conditions
(representing both chiller and heat transformer configurations), in order to characterise the process from a second law
point of view and, eventually, to establish the basis of a criterion for the optimisation of the absorber. A least irreversible
solution mass flowrate can always be identified and studied in its dependence on the main geometrical and operative
conditions of this component. Based on this local thermodynamic approach, this analysis aims at the definition of
proper dimensionless parameters for the optimisation of this component regarding the ultimate objective of the system.
A simple and general thermodynamic analysis of a refrigerating machine and a heat boosting (heat transformer)
applications makes evidence of dimensionless groups that separates the weight of the irreversibilities and transfer
performance related to the absorber. These suggest a way to the definition of an optimisation criterion applied to the
absorber to designate the condition that will maximise the whole system efficiency. Both thermodynamic equilibrium
and sub-cooling conditions of the solution at the inlet are considered for typical temperature and concentration of
refrigerators’ and heat transformers’ absorbers. Also, it is highlighted that the two parameters defined with reference to
the dimensionless groups highlighted in the general expression of the system efficiency can be maximised by specific
values of the tube radius, operative Reynolds number, solution sub-cooling and temperature difference between the wall
and the inlet solution. As a general recurrent conclusion, results suggest the importance to work at reduced solution

flowrates with a thin and uniform film.

3.1. Second law analyses

The second law of thermodynamics provides a qualitative description critical to identify the limitations imposed to a
process, and its significance is not confined to physics and engineering. Every real process occurring as a part of an
energy conversion system is accompanied by an unavoidable degradation of the earliest amount of energy. Regarding
this general design-issue, thermal system design and basic thermodynamics are to be employed together with the
purpose of identifying the optimum operating regime, topology or size of a certain system, where by “optimum” the
least energy decaying (or exergy destroying) condition which can still assure the fundamental engineering function, is
intended. Among the number of possible scenarios, entropy generation minimisation can be used to characterise the

quality of energy-conversion processes, and develop consistent criteria for the optimisation and control of the system.
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From this perspective, the enhancement of efficiency describing the achieved technological progress could be

interpreted as a secondary result of an optimal irreversibility distribution and entropy generation minimisation >,

32 and " have presented a literature review of finite-time thermodynamics

As for global systems, authors in
optimisation of absorption systems and investigated different possible objective functions. In general, in order to
consider the temperature level of the various heat fluxes involved in the energy conversion process, a second law
approach is particularly significant for the characterisation of the performance of heat-driven systems. Exergy-based
analyses of absorption refrigeration systems, in both their single 52 and multiple effect configurations %3 and heat
transformers >¥, have been performed to evaluate performance, and exergy loss of the system and its components. As a
rule, M. Kilic and C. Kaynakli (2013) 3, S.C. Kaushik and A. Arora (2007) ¥, P. Donnellan et al. (2013) * and O.
Kaynakli (2008) *> have emphasised that the maximum exergy destruction occurs in the absorber and the analysis and
optimisation of this device is crucial for absorption systems operating both in refrigerator or heat transformer
applications. In the conventional case of falling film heat exchangers, high transfer coefficients and low pressure drops
can be obtained. However, the attempt to theoretically describe and experimentally quantify the complex heat and mass-
transfer phenomena occurring inside these devices is still incomplete and has not led to conclusive modelling
approaches.

Concerning modelling efforts, A. Yigit (1999) 0 JW. Andberg and G.C. Vliet (1987) N VD. Papaefthimiou et al.
(2012) *¥, K. Banasiak and J. Kaziot (2009) *” and F. Babadi and B. Farhenieh (2005) * have discussed simplified
models for falling film absorption of water vapour over a horizontal tube. These problem solutions are carried out with a
finite difference method to approximate the fundamental differential equations governing heat and mass transfer, and
the effects of different parameters on these processes are described.

Entropy generation minimisation has been widely accepted as a method for heat exchangers’ design and optimisation

39) 39) 50)

61-67) This method has been also applied to design counter-flow heat exchangers and combined heat and mass

8870 or desiccant systems *Y 772, Yet, few studies ** 7 have performed local second law analyses of

transfer devices
the absorption process itself. In particular, I. Chermiti et al. (2011) " and N Hidouri et al. (2013) " report an
irreversibility analysis based on an analytical study of gas absorption into a laminar, incompressible, gravity-driven,
isothermal liquid film flowing over a vertical wall. The main conclusion states that entropy generation is mostly ruled
by the simultaneous effects between heat and mass transfer in proximity of the vapour-liquid interface and by viscous
irreversibility near the solid wall. However, heat transfer and the tube wall geometry were not comprised in the problem
formulation. In fact, simultaneous cooling and absorption allow the process to be maintained far from the
thermodynamic equilibrium at which absorption won’t occur any longer. Thus, an effective analysis should encompass
these features and operative circumstances, which are typical of real absorbers in existing plants.

The main directions and purposes of this chapter stem from a detailed qualitative description of falling film
absorption and a proper expression of the local entropy generation rate representing real LiBr-H,O absorptive films.
Thermal, velocity and concentration gradients inside the absorptive film yields a non-equilibrium state, responsible of
entropy generation (better defined as entropy variation due to irreversibility). Entropy can be used to evaluate the
irreversibility introduced, characterise the quality of energy-conversion, and eventually, develop consistent criteria for
the optimisation and control of a component or the system. Besides, entropy constitutes a critical variable especially
when the analysis scale is contracted to the order at which macroscopic and microscopic physics come to a shared limit
of validity. The question arising is whether, and to what extent, the details of microscopic mechanics influences
mechanics at a macroscopic scale. This extremely problematic and not completely resolved threshold, in proximity of
which these two “shifted descriptions” of “contemporary universes” ruled by different laws start clashing, is close
enough to the scale of the processes involved in transport phenomena in general and absorption in particular.

Conversely, for systems involving intrinsically irreversible transformations the optimisation target should be defined
carefully. This is the case of non-equilibrium thermodynamic in general, and vapour absorption in particular; as an
instance, mixing and sub-cooling of the absorptive solution increase absorption heat and mass transfer, but these are

unavoidably connected to high and incrasing irreversibility. Accordingly, the solution of energy and species transport
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equations of falling film absorption around a cooled horizontal tube and the local numerical analysis of the related
entropy generation are used as the basis to define suitable objective parameters for the improvement of the whole

system performance by means of the optimisation of the absorber.

3.2. Numerical model

The system to be modelled is showed schematically in figure 3.1. A single horizontal tube is considered and the LiBr-
H,O solution flows down over it as a laminar incompressible liquid driven by gravity, while vapour mass transfer
occurs at the film interface, and the heat of absorption is rejected to the cooling water circulating inside the tube.

Heat and mass transfer characteristics of this thermodynamic system are studied by solving numerically mass and
energy transport equations in a two-dimensional domain defined in the radial and stream-wise directions, under the

following main assumptions:

1. The flow is steady, laminar and without interfacial waves.

2. Thermodynamic equilibrium of the solution with the vapour at the film interface.

3. There is no shear force between the liquid film and the vapour.

4. Physical properties are function of the inlet concentration and temperature, but remain constant while the

solution is flowing on a single tube.
5. Heat transfer to the vapour phase is negligible.
6. The temperature of the outer tube surface of the tube is constant and directly related to the coolant temperature.
7. Disturbances at the edges of the system are neglected and body fitted coordinates (x along the tube surface and

y normal to it at any point) are used because the film thickness is orders of magnitude lower than the tube circumference
73)

Vapour

) x Solution film
|V#7,\ |

i Cooling
| wator

Tube wall

Fig. 3.1 Local coordinate system of the falling absorptive film

The hydrodynamic description is established by the solution of the stream-wise momentum and continuity equations
under the assumptions of Nusselt integral theory. The tangential (eq. 3.2) and normal (eq. 3.4) velocity components are
then used for the numerical solution of energy (eq. 3.9) and species (eq. 3.10) transport equations, once the general

boundary conditions are fixed properly.
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The boundary conditions and the simplified momentum equation representing the falling film flowing around the

horizontal tube are presented by eq. 3.1.

2

ua—f = —pgsin f : Aty=0: 10 Aty 2 =0 G-
ay dy

Where f=x/r and r is the outer tube radius. Eq. 3.1 is solved for the component of velocity u in the body fitted

tangential direction x, resulting in the following distribution:

uzﬁsinﬁ[é'y—lyzj (3.2)
U 2

The component of the velocity distribution v in the radial direction y can be obtained from the integration of the
continuity equation (eq. 3.3), along with the boundary condition at the wall (y=0), v=0.

du ov
—+ =

—=0 33
ox dy G-

Finally obtaining *:

2
v:—pi[d—&sinﬂ+l(5—ljcosﬂ} (3.4)
2u | dx r 3

Once the flowing film mass flowrate per unit length is determined in its value and tangential velocity component in
its distribution, eq. 3.5 can be written.

e 1 p°gsin
= [pu(y)dy =-——¢ (3.5)

0 3
Accordingly, eq. 3.6 expresses the film thickness as a function of film mass flowrate, fluid properties and angular

position.

%
6= fL (3.6)
p gsinfs

Using this solution for an extended range of conditions would indeed be questionable, due to effects having the upper
hand on the film hydrodynamics (i.e. inertia, viscosity or surface tension forces) and actually producing a deviation
from the symmetrical distribution predicted by Nusselt equation. Film thickness deviation due to inertia (principally the
convective terms in the streamwise direction) can be overwhelming in the second half of the tube, but this deviation is
reduced at sufficiently low flowrates (as the range of conditions at which the present analysis is directed) ™.

To proceed towards a solution, the problem formulation needs to be consistently closed by proper boundary

conditions.

At x=0 and 0<y<0; T=T;,, o=w;,
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Along the tube surface the boundary conditions set a constant value of temperature and null diffusion.

W
Aty=0; T=T,, — =0
dy

At the interface, temperature is related to interface concentration and the heat exchanger pressure by the
thermodynamic equilibrium condition of the absorptive liquid mixture. The correct choice of the boundary condition at
a phase interface is still an unresolved subject 70 Assuming interfacial equilibrium of the solution, constant pressure
and neglecting heat transfer and shear forces with the vapour leads to neglect the interfacial resistance to absorption;
namely, the entropy jump characterising the microscale resolution of the phase transition interface. This approach is
guided by the final purpose of this work, which deals with the overall component optimisation at a macroscopic scale,

and this local phenomenon is presently overlooked.
Aty:d T:Tsat(wif’p)a W=y

Fick’s law of diffusion relates the interface concentration to the interfacial mass flux and to the interdiffusion inside
the film (eq. 3.7).

_pDow
@, Iy

G =

4

(3.7)

And the heat generated by the exothermic property of the absorption process is transported through the film towards
the tube surface by conductive heat transfer. This effect can be modelled by Fourier’s law of heat conduction (eq. 3.8),

once the heat of absorption 7, is known:

G,i or

=k— 3.8
v'abs ay ( )

Heat and mass transfer characteristics of a steady flow with constant properties, without internal heat generation,
where viscous dissipation and diffusion terms in the direction tangential to the flow, are estimated by solving the two-

dimensional form of energy and species transport equations (eq.s 3.9 and 3.10).

oT oT 9T

U—+v—=a—; 3.9
ox oy ay
o do o

u$+V$=Day2 (3.10)

The solution method to obtain temperature and concentration fields introduces a dimensionless rectangular coordinate
transformation (eq.s 3.11 (a) and (b)) matching that of S.K. Choudhury et al. (1993) m,

=P =2 (3.11)
T o
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To make the grid finer where steeper gradients are expected to occur, explicitly, at the film interface and near the tube
wall, a cosine type grid is employed in the 7 direction as in L. Harikrishnan et al. (2011) ™. Furthermore, this grid
construction method reduces numerical instabilities.

The coordinates of NxH points(Fig. 3.2), respectively in circumferential and radial directions, are allocated as

follows:
For j=1 to H; 77/.:5 l—cos(H 17zj (3.12)
. l
For i=1 to N-1; &, :N (3.13)
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Fig. 3.2 Schematic of the cosine type calculation grid

The convective terms in the € direction of both energy and species transport equations are approximated by a first
order backward finite difference (eq. 3.14).

Rl
o€

() JUUY ) I
= L (3.14)
de

i,

Where @ is the generic parameter considered. This scheme results in an explicit form of the solution method in the
stream wise direction, enabling to solve sequentially each angle steps and to reduce the computational time required for
the convergence to a solution; Since no substantial change was highlighted between the resulting solution and that
obtained in correspondent conditions with a fully implicit method, where the equations applied at all the nodes of the
calculation domain are solved contemporarily, the first method is hereby adopted.

First and the second derivatives in the 77 direction, respectively embodying convective and diffusive terms, are
approximated by second order central difference schemes, and written as in eq.s 3.15 and 3.16, where finite differences
are adjusted in their expressions to account for the non-homogeneity of the calculation grid with respect to this

coordinate.
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9@ - Q' -(1-Q),,+P,,, (3.15)
an|,; dn,(1+Q)

0| 20[Qd,  -(1+Q)@, +®, , | 16
o’ dn*(1+9Q)

Where, dn=1-1.; is the local grid spacing and £2=d7;.,/d1; is the ratio of the local grid spacing. For the boundary

conditions at the interface and at the wall, respectively, second order backward differences and second order forward
differences are used to approximate first order derivatives in the radial direction 7.

a;() ~ QZCI)U_1 —(1+ZQ+QZ)‘I),-J +(1+2Q)®, (3.17)
onl. ., dn,(1+Q)

00| -Q2+QQ, . +(1+2Q+Q)0, -, (3.18)
on . dn,;(1+Q)

The sinusoidal term in £ at the denominator of the expression of the film tangential velocity distribution (eq. 3.6)
limits the calculation to be performed between f=m/N (&=1/N) and f=m(N-1)/N (&= N-1/N). Reference results of local
velocity, concentration and temperature fields are shown in figures 3.3 and 3.4 for typical conditions of a single
absorber tube with outer radius =9mm, working with inlet coolant temperature of 32°C and absorber vapour pressure
of 1.0kPa. The boundary conditions at the inlet (&=1/N) are set at the equilibrium for 60% solution concentration
solution. As stated among the main assumptions, the variation of mass flowrate due to water vapour absorption is

considered to be negligible. This assumption is valid for mass-flow rates higher than 0.001 kg m™'s™ ™

and, accordingly,
the analysis presented herein is performed in a consistent range.
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Fig. 3.3 Tangential (a) and normal (b) velocity fields [m-s"]; m=0.045kgm™'s”, @,=60%, T;,=46.6 C, p=1.0 kPa, T,=32.0C,
7=9.0mm

In figure 3.3 the parabolic tangential velocity component (eq. 3.2) is observed increasing along the circumference
from &~0 up to £0.5, where it reaches its maximum, and decreases moving further along the stream-wise direction

towards higher & Likewise, the maximum value of normal velocity occurs at the film interface (77=1), but at two
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different angular positions (&=1/N and &=(N-1)/N). In general, the magnitude of the maxima of this velocity component
is nearly one order lower than the tangential one. Further, the direction of normal velocity, negative between 0</<90°
and positive in the second half of the tube surface, is related to the local film acceleration and thickness variation.

Temperature and concentration fields (Fig. 3.4 (a) and (b)) are determined by the combination of effects related to the
heat flux at the wall to the coolant, the absorption rate at the film boundary facing the vapour side, and velocity
distribution inside the domain, that is the result of heat, mass and momentum transfer.

As a reference for a general analysis, the inlet temperature condition is fixed at the solution equilibrium temperature
T.=T.(p,®;) at the inlet concentration for constant vapour pressure of the absorber (see Fig. 3.4 (a) and (b)). Thus,

absorption begins at a delayed position (£>¢;,), where the temperature gradient originated from the cooling water

reaches the film interface reducing its value and promoting vapour absorption.
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Fig. 3.4 Temperature [°C] (a) and concentration (b) distribution; m=0.045kgm™s™, ©,=60%, T,=46.6C, p=1.0kPa,
T,=32.0C, =9.0mm

3.3. Mathematical formulation of the volumetric entropy generation rate
Heat, mass and momentum transfer, namely the presence of thermal, concentration and velocity gradients in the

computational field representing the absorptive film yields a non-equilibrium state, which is responsible of internal

irreversibility (entropy generation).

A local analysis is preliminarily performed by the identification of different entropy generation sources. The study is
based on velocity, temperature and concentration fields, obtained, respectively, from Nusselt simplified solution of
momentum equation, and the numerical solution of energy and species transport equations presented in the previous
paragraph. Owing to the coupled heat and mass transfer, four key irreversibility sources, respectively related to fluid
friction, heat transfer, coupled effects between heat and mass transfer by convection and coupled transfer effects by
diffusion, can be recognised and mathematically distinguished.

Supplementary assumptions required for an apposite mathematical formulation of entropy generation for a single
horizontal tube inside a falling film absorber include:

1. Physical absorption (no chemical reactions).
Gravity driven-flow of an incompressible, Newtonian, liquid, laminar film (LiBr-H,O).

2.
3. Absorbed water vapour is considered as a perfect gas.
4. Constant pressure of the absorber vessel.

According to problem formulation and introduced assumptions, the rate of volumetric entropy generation S, of a

viscous system subject to combined heat and mass transfer phenomena is expressed in a general way by eq. 3.19.
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S :Z;V[l}m—%?-ﬁ@) (3.19)

The three terms included in this general expression can be related, separately, to heat transfer, fluid friction and mass

transfer irreversibilities. The heat flux ¢ includes a term given by the Fourier Law of heat conduction and the enthalpy

flux due to species diffusion.
q=—ksV(I)=h,¢, (3.20)
Therefore, a rearrangement of the expression yields to eq. 3.21.

T: V(‘I’) l =& 321)

S, = L Yy +—h L VTy+—— —— & V@)

T’

Considering the absorbed vapour as an ideal gas and to be the only diffusing species through the liquid solution, its
molar concentration w, can be directly derived from the LiBr mass concentration field (@) resulting from the solution of

governing transport equations.

w,, =25 (1-m,)-

v,ij
H,0 H,0

B _(1-a,) (3.22)

The molar chemical potential of the vapour can be calculated by eq. 3.23 .

@,(T,p)=c, (T-T)-Te,, ln[%]+hv,*<71,p*)—Tsv,*<n,p*) (323)

Where p« and T- are the standard values of pressure and temperature, respectively, 1 atm and 298 K. Standard
enthalpy and entropy are calculated at the corresponding thermodynamic state. Vapour molar enthalpy and entropy,

respectively, are given by eq.s 3.24 and 3.25.

=c,, (I-T)+h,. (3.24)

T
s,=c,, In| —I+s,. (3.25)
i} ]'; E}
The shear stress tensor is reduced to a single component of interest specified by eq. 3.26.

r= a_“+ﬁ (3.26)
Hs dy ox '

Hence, the local rate of volumetric entropy generation is articulated as,
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(3.27)
Transverse and axial molar fluxes are, in turn, given by,
$oo=wu—D aa:vc : (3.28)
$,,=wy—Dy (—;ly (3.29)

By calculating the derivatives of the molar chemical potential, and by substituting mass fluxes and enthalpy terms, eq.

3.27 can be reorganised for representing the case of falling film absorption.
2 2 2 2 2
S :k—s2 (a_Tj + a_T +& 2 (a_uj + & + a_u +[ij +
£ 1| Lox oy T ox dy ay ox
c, I'-T)+h .+T|c,In L +5, . W; va—T+ua—T —D—VZS aW”a—T+aW”a—T
P : » T. S| TP\ 9y ox ) T*(dy dy ox ox

Different terms, related to different irreversibility sources, can be distinguished. The first group (eq. 3.31) on the

(3.30)

right-hand side of eq. 3.30 is related to thermal irreversibility S;.

2 2
S, :k_i (B_T] + T (3.31)
77|\ ox dy

The second term stands for the volumetric entropy generation rate due fluid friction.

-2 HEHE))

A third and a fourth term can be associated to the coupled properties of heat and mass transfer, respectively, by

(3.32)

convection and diffusion.

S, = I:cp,v (T-T.)+h,.+ T{cm In [%] + sJ:l ;Vz (vg—j; +u %—ZH (3.33)

T D.(ow oT ow, oT
S, =- (T-TH+h .+T In| — . vS v v_— 3.34
d |:Cp,v( )+ v, + [Cp,v n(TLJ-’_SV’ :||: Tz ( ay ay + ax ax J:| ( )

55




3.4. Local Irreversibility analysis
From the calculated temperature, velocity and concentration fields, a local irreversibility analysis of the total

volumetric entropy generation S,, and each specific group (S;, Sy, S; and Sy), is performed for typical conditions of a
single absorber tube working with inlet coolant temperature of 32 °C and vapour pressure of the absorber 1.0 kPa. Since
Nusselt integral solution for velocity distribution is not defined at the inlet (&=0) and outlet (&=1) positions, and owing
to the boundary conditions, the temperature and concentration gradients at the inlet can be significantly affected by the
mesh dimensions. To reduce numerical errors related to this effect and, meanwhile, calculating on a thin grid, the
entropy generation groups are evaluated between £=2/N and &=N-2/N, inside the whole film thickness. The solution

properties are established for the inlet values of temperature, pressure and concentration, with reference to ASHRAE

Trans. (1990) .
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Fig. 3.5 Local thermal entropy generation rate [kW-m'3 K’l]; 1=0.045 kg-m’ls’l, @,=60% , T;,=46.6°C, p=1.0 kPa, 7,,=32.0C,
flowing over a tube with outer radius 7=9.0mm

Thermal entropy generation (Fig. 3.5, logarithmic scale) makes evidence of heat transfer effects at the tube solid
surface and at the interface between liquid and vapour. Hereby, a relative maximum can be highlighted; its position
corresponds to the point at which the absorbed flux maximises the temperature gradient for a given solution equilibrium
temperature. In the condition considered (no sub-cooling of the inlet solution), the impact of the heat transfer occurring
at the tube wall is much higher than that of the release of absorption heat at the liquid-vapour interface.

Even though temperature and concentration, as well as entropy generation fields, obtained and presented in their
dimensionless form, don’t illustrate film thickness variation alongside the stream-wise direction, the radial component
of temperature and concentration gradients are also dependent on the film thickness distribution. In general, a reduction

of Jincreases both heat transfer and the rate of absorption. Conversely, the thickening of the film brings the opposite
effect 07,

The resolution of energy and species transfer equations inside the domain is strongly related to the solution inlet and
boundary conditions, as well as to the operative pressure, owing to the equilibrium hypothesis at the film interface.
Since an inlet temperature of 46.6C is the equilibrium value for 60% LiBr solution concentration, mass transfer starts
as soon as the thermal gradient reaches the interface, and the position at which this occurs depends primarily on the

solution mass flowrate, the tube radius and the coolant temperature (Fig. 3.6). A reciprocal behaviour can be highlighted

in figures 3.5, 3.6 and 3.7.
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Fig. 3.6 Local diffusion related entropy generation rate [kW-m>K™]; 7=0.045 kg'm™'s™, ,=60% , T,=46.6 'C, p=1.0 kPa,
T,=32.0C, flowing over a tube with outer radius =9.0mm

At the vapour-liquid interface, where absorption takes place, the entropy generation group due to the coupled effect
of convective heat and mass transfer S;, (Fig. 3.7) is always at its maximum absolute value.
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Fig. 3.7 Local convection related entropy generation rate [kW-m™K™]; 7=0.045 kg'm™'s™, ©,=60% , T;,=46.6 C, p=1.0 kPa,
T,=32.0C, flowing over a tube with outer radius =9.0mm

A local maximum can be identified and can be related to the conflicting effects of absorbed mass-flux and velocity
field (eq. 3.33). The boundary condition for the concentration gradient at the tube wall requires this entropy generation
group to be constantly zero at that position. In the second half of the tube surface this group assumes negative values:
this behaviour can be explained considering that the radial component of velocity v is positive (the tangential
component u is decelerating) in that region and the local temperature decreases in the stream-wise direction and vapour
concentration w, increases in that region (eq. 3.33, where the term w,u/T”-JI/cx becomes dominant).

Friction related irreversibility (Fig. 3.8) decreases regularly from the wall to the interface and reaches its maximum
value in the vertical part of the tube, where the velocity field gradient is maximum, since the tangential velocity

assumes its highest value and the film thickness is at its lowest. This irreversibility group shows generally a magnitude
order largely lower than those of the other entropy groups.
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Fig. 3.8 Local friction related entropy generation rate [kW-m>K™']; 7=0.045 kg'm™'s™”, @,=60% , T,=46.6'C, p=1.0 kPa,
T,=32.0C, flowing over a tube with outer radius =9mm

The global rate of volumetric entropy generation inside an absorptive LiBr-H,O thin film, flowing on a chilled
horizontal tube S, is illustrated in figure 3.9 in its two dimensions as the superimposition of the different groups
previously identified. It can be highlighted that S, always shows a local minimum in the radial direction except in the
first and the last parts of the tube angular position, where the total rate of entropy generation is relentlessly decreasing.
The local minimum is determined by the contemporaneity of wall heat transfer and simultaneous heat and mass transfer

at the liquid-vapour interface, friction effects, and it is indicatively located at the penetration distance of the absorbed

vapour diffusing inside the film.
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Fig. 3.9 Total local volumetric entropy generation rate [kW~m'3K'1]; 7=0.045 kg~m'1s'1, @,=60% , T;,=46.6C, p=1.0 kPa,
7,=32.0C, flowing over a tube with outer radius =9mm

The fact that the global results show that at the final part of the tube is characterised by negative values factually
points out that the hydrodynamic description of the falling film might be not consistent and thermodynamically not
justified in that part for this mass flowrate. Otherwise, this could be related to the fact that this model doesn’t include
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surface tension effect at the interface and mixing convective phenomena (which are renown to be an additional
irreversibility source and highly beneficial for the transfer performance of the process). This suggests a rather definite
direction for possible refinements of the model.

Figure 3.10 shows the distribution of various entropy generation groups in the stream-wise direction and the way they
are combined together to get the global rate of volumetric entropy generation S,. For the sake of the diagram readability,
the entropy generation group related to friction refers to the secondary axes. The value associated at each position £ is
obtained from the integral in the dimensionless radial direction 77, and accordingly corresponds to the average value
over the film thickness at that specific position. It can be highlighted that each entropy generation group is characterised
by a local maximum value along the tube surface and the global irreversibility is maximum at a position close to the
vertical part of the tube, where, due to the combined effects of temperature, concentration and velocity fields, gradients
are at the highest value. Furthermore, for typical conditions of falling film heat exchangers the friction related entropy
generation group appears to have the smallest impact on the global irreversibility.

The effect of geometrical parameters and operative conditions is analysed locally, in order to obtain a detailed and
wide characterisation of each entropy generation groups involved in the absorption process of a falling film heat

exchanger.
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Fig. 3.10 Distribution of different entropy generation groups [kW-m~K'] in the stream-wise direction for 7=0.045kgm™'s™,
@,=60%, T;,=46.6°C, p=1.0 kPa, 7=9.0 mm, 7,,=32.0°C

In particular, when the tube radius is reduced, the entropy generation groups S, S, and S; are increased at each
position £ (Fig. 3.11a) and so does the global entropy generation S,. In contrast, the entropy generation group related to
the coupled effects of heat transfer and vapour diffusion S, shows an opposite trend. This can be explained accounting

for the increase in the vapour-liquid interface extension related to a bigger tube.
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Fig. 3.11 Entropy groups [kW-m~K'] in the stream-wise direction for different (a) tube radii; 7=0.045 kg'm™s™, @,=60%,

@,=60%, T;,=46.6°C, p=1kPa, r=9.0mm (c) inlet
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p=12.5kPa), 177°C (@,=63%, T,=163°C, p=149kPa), (d) mass flowrates; @,=60%, T,,=46.6°C, p=1kPa, T,=32°C, =9.0mm
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It can also be highlighted (Fig. 3.11a) that the position of the maximum global entropy generation S, move stream-
wards when the tube radius is increased. Contrarily, the maxima of the maximum thermal related irreversibility S, the
diffusion related S, and coupled diffusion convection related S;, groups move backwards. Owing to increased intensity
of heat and mass transfer and a lower average temperature, when the temperature of the coolant inside the tube is
lowered, each entropy generation group increases in its absolute value (Fig. 3.11b). The relative maximum of each
entropy generation group maintains its position £ along the tube surface. Furthermore, in order to extend the analysis to
conditions typical of different applications, the local behaviour of the various entropy generation groups is studied when
different concentration and absorber pressure (and, due to the equilibrium hypothesis at the inlet, different inlet
temperatures) are selected. In particular, inlet solution temperatures of 46, 97 and 177°C are chosen to represent
absorbers operating, respectively, in a chiller plant, single and multiple lift heat transformers.

In general, higher temperature applications have lower entropy generation rates (Fig. 3.11¢). Each group is reduced
by the leading impact of a higher solution temperature (eq.s 3.31-3.34), and the entropy generation group S; is
additionally lowered by the reduced value of the solution viscosity. Conversely, the entropy generation group related to
vapour diffusion experiences the conflicting effect of an increased diffusivity, which brings to higher irreversibility in
the first half of the tube. Figure 3.11d highlights the local effect of a different solution mass flowrate. Thermal and
diffusion related entropy generation groups are increased at lower solution flowrates, representing enhanced local heat
and mass transfer coefficients. The opposite behaviour is shown by S, and S As a consequence, the effect on S, requires

to be evaluated from a global point of view, suggesting the occurrence of a least irreversible flowrate.

3.5 Global irreversibility analysis

The fundamental design approach adopted in this paragraph is to thermodynamically determine the optimum
operating regime of a thermodynamic system. However, the “optimal” condition for a system or a component can be
defined in different ways depending on their main purpose. As previously stated, when by “optimum” the least
irreversible operating condition for a specified objective is meant, the most desirable trade-off between competing
irreversibilities should be sought for *” to identify first and second law optima for a particular heat and mass transfer
system, where an increased number of competing irreversibilities is involved. As a consequence, the basic problem of
heat transfer can be reduced to a particular case of this general analysis of higher complexity.

The following parametric analysis makes evidence that a solution flowrate responsible to minimise entropy

generation of falling film absorbers can always be identified in terms of Reynolds number (eq. 3.35).

Re=— (3.35)

Firstly, the general trends of different irreversibility groups and the global rate of volumetric entropy generation are
examined (Fig. 3.12). The value associated to a defined Reynolds number is obtained from the double integral in the
dimensionless radial 77 and tangential ¢ directions, and, accordingly, corresponds to the weighted average value over the
whole transversal section of the film. In the target range of operative conditions, increasing Reynolds determine
increasing friction and decreasing absorption rates, consequently, their respective entropy generation groups show
consistent trends. The thermal related irreversibilities show a maximum value, established by the conflicting effects of
increasing extension of the entrance region, increasing film thickness and decreasing overall absorption heat release.
Finally, the entropy generation group related to the coupled effects of mass convection and heat transfer shows a
minimum value, which can be explained considering that, increasing Reynolds number, convection is amplified while
absorption heat release is reduced.

As a result, the global entropy generation rate, obtained by the superimposition of all these phenomena, shows both a
local minimum and a local maximum in the considered range of operative condition (Fig. 3.12). After the local

maximum Sg starts decreasing again because the solution at the film interface flows too fast and absorption process
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does not have enough time to occur, while the effect of friction is still small. If an extended Reynolds range is
considered, after a certain value of this parameter, friction related irreversibilities would have a relative importance
strong enough to cause the global entropy generation to increase relentlessly. Nonetheless, due to the assumption of a
laminar film and with reference to the operative conditions-range of interest, the following analysis is carried out for a

set of solution mass flowrates compatible with absorption technical applications.
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Fig. 3.12 Different groups of global volumetric entropy generation rate [kW-m~K'] as a function of film Reynolds number
(abscissa in logarithmic scale); @,=60% , 7;,=46.6 C, p=1.0 kPa, T,,=32.0C, flowing over a tube with outer radius 7=9.0mm.

Figures 3.13(a)-(d) show the effect of tube radii as a parameter on each entropy generation group. The effect of a
different radius can be primarily related to the change in intensity of the radial velocity field (eq. 3.4), which directly
influences S, S, Sy (eq.s 3.32-3.34) and indirectly S; through the released heat of absorption. A smaller radius increases
thermal irreversibility S, (Fig. 3.13a) and moves the position of its maximum to a lower Reynolds. A longer flowing
time (time of residence in the calculation domain) of the solution over a tube with bigger radius can explain higher
values of the entropy generation group related to vapour diffusion inside the film thickness S, (Fig. 3.13b). When the
tube radius is reduced, curves representing S, (Fig. 3.13c) are shifted to lower entropy generation rates and the general
trend corresponds to lower Reynolds numbers. Nevertheless, this behaviour is reversed at high Reynolds numbers,
where operating with a lower radius causes higher ;. Finally, friction related irreversibilities Sy (Fig. 3.13d) are slightly
affected by the external tube radius.

In Figure 3.14, the influence of the tube radius on the global entropy generation for fixed inlet and boundary

conditions is presented.
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As a rule, the lower the tube radius the higher the rate of volumetric entropy generation S, (Fig. 3.14). The trend of
the average volumetric rate S, shows a decreasing behaviour in the low Reynolds region, where the effect of the film
thickness is preponderant, and a subsequent increasing one at high Reynolds, where the effect of the velocity field
dominates the heat and mass transfer process, increasing local gradients and related irreversibilities. The compromise
between these conflicting effects establishes the position of the minimum value of the volumetric entropy generation

rate, which occurs at lower Reynolds number when the tube radius decreases.
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Figures 3.15(a)-(d) describe the outcomes obtained with different tube wall temperatures. In general, they make

evidence of the fact that a lower wall temperature increases temperature gradients and, once the temperature gradient

reach the interface, also concentration gradients (Fig. 3.15b). The trend of the thermal related entropy generation group

is shifted to lower values and the maximum slightly moves to higher Reynolds when the temperature of the coolant is

increased (Fig. 3.15a). Similar behaviour is shown by the absolute value of the entropy generation group S, (Fig. 3.15¢).

Friction related irreversibilities (Fig. 3.15d, logarithmic scale) are increased by a lower value of the solution

temperature 7 inside the film thickness (eq. 3.32).
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Broadly speaking, a lower tube wall temperature increases both heat transfer and, increasing the driving force for
vapour absorption, mass transfer at the interface. Accordingly, figure 3.16 makes evidence of a higher global entropy
generation when tube wall temperature is decreased. Instead, the optimal Reynolds is weakly dependent on this
parameter.

When different inlet temperatures, and, due to the inlet equilibrium hypothesis, different concentration and absorber
pressure, are used, figures 3.17(a)-(d) describe this effect on each entropy generation group. This parameter has a
substantial impact on the properties of the solution and, in general, when its value is increased, the trend of each
irreversibility group is maintained, but moved to a higher Reynolds range. Thermal irreversibility S, (Fig. 3.17a)
decreases because of higher values of the solution temperature inside the calculation domain, even if the thermal
conductance is also increased (eq. 3.31). Similarly, the group related to the coupled effects of mass convection and heat
transfer S, (Fig. 3.17¢) is mainly scaled by the value of the solution temperature 7" (eq. 3.33). Friction irreversibility S;
(Fig. 3.17d) decreases with higher inlet temperatures also because of a lower viscosity (eq. 3.32).

On the other hand, the entropy generation group related to vapour diffusion inside the film thickness S, (Fig. 3.17b) is

dominated by an increased diffusivity of water vapour at higher solution temperatures.
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Higher temperature applications (i.e. representing absorbers operating inside heat transformers) have lower global
entropy generation and cope with higher solution Reynolds (Fig. 3.18). The thermodynamic optimum Reynolds, for
fixed operative conditions, increases for higher temperature applications, such as heat transformer absorbers. Optimal
Reynolds numbers of 22, 73 and 127 are obtained, respectively, for inlet solution temperatures of 46, 97 and 177C
(correspondingly, 60%, 60% and 63% lithium bromide concentration). These values have been obtained as an ideal

target condition which doesn’t consider partial wetting of the solid surface, but typically (especially at lower

65



temperature operability), they correspond to solution mass flowrates which are not able to assure complete wetting,

unless tension-active surfactants are added to the LiBr-H,O solution.
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Fig. 3.18 Volumetric entropy generation [kW-m~K™'] as a function of Reynolds number for different operative conditions
(logarithmic axes); 7=9.0mm, lines labelled as 46 C (@,=60% , 7,=32.0'C, p=1.0 kPa), lines labelled as 97.0 C (®,=60%,
7,=83.0°C, p=12.5kPa) and lines labelled as 177 C (®,=63% , 7,=163 C, p=149kPa).

Relaxing the equilibrium hypothesis at the inlet of the calculation domain, when the inlet concentration of the
solution is increased the solution enters the calculation domain as a sub-cooled film. Figures 3.21(a)-(d) make evidence
of a similar effects of higher inlet solution concentration and higher absorber pressure on each entropy generation group.
In general, the higher the concentration the higher the optimal Reynolds number (Fig. 3.19). According to the global
entropy generation distribution presented in figure 3.19, the lines crossing point appearing at Reynolds equal to 15
shows that, for higher Reynolds numbers, operating in closer proximity to thermodynamic equilibrium results to be

thermodynamically advantageous.
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Fig. 3.19 Volumetric entropy generation [kW-m~ K] as a function of Reynolds number for different inlet concentrations
(abscissa in logarithmic scale); 7,=32.0C, p=1.0 kPa, =9.0mm, 7;,=46.6T.

Figure 3.20 highlights that increasing the absorber pressure also entropy generation increases. This response can be
explained considering that a higher vapour pressure directly determines higher absorption rates and, indirectly, higher
heat transfer rates at the tube wall. As a rule, increasing the absorber pressure or the inlet solution concentration, for the

same value of the others parameters, increases the absorbed vapour mass flux (Fig. 3.21a-d). On the other hand, the
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effect of an increased absorber pressure is stronger than a higher solution concentration, the irreversibility related to
friction S; decreases for increasing absorption pressures due to the higher heat released for the absorption of water
vapour, while increases for higher concentration, pointing out that the influence of an increased viscosity is higher than

that of heat of absorption on the temperature field.
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Fig. 3.20 Volumetric entropy generation [kW-m K '] as a function of Reynolds number for different absorber pressure
(abscissa in logarithmic scale); @,=60%, 7;,=32C, p=1kPa, =9mm, 7;,=46.6C.

Referring to the LiBr-H,O concentration and temperature distributions that have been obtained from the numerical
solution of the coupled species and energy transport equations inside the laminar falling film, where the velocity field
was established according to Nusselt integral solution, gradients and fluxes of these variables can be estimated. As a
result, the local volumetric entropy generation of the absorptive film flowing over a cooled horizontal tube can be
integrated up to the component level.

Maintaining a distinction between the various entropy generation groups, related to different entropy variations
sources, these have been globally discussed and analysed. The parametric analysis performed has made evidence of a
minimum of the global entropy generation which can be always identified in terms of solution Reynolds number, and
how the key operative parameters affect this optimal thermodynamic condition. The behaviour of each entropy
generation group has been described and the importance of the group related to the coupled effect of heat and
convective mass transfer on this strategic thermodynamic condition has been stressed. As a rule, lower tube radius, inlet
temperature, inlet concentration and absorber pressure correspond to lower values of the optimal Reynolds number for
the absorber, while the tube wall temperature shows a weak influence on that condition.

This analysis characterises the irreversibility of the process occurring in real absorbers and has been used to identify
the least irreversible value of the solution flowrate for various operating conditions. These results make evidence of the
importance to work at reduced values of this parameter with a thin uniform film. As a consequence, tension-active
substances might be critical to realise this condition.

Also, it can be observed that changes in parameters’ values (such as lower tube radii, lower coolant temperature or
lower mass flowrates), which, in general, bring about an enhancement in the absorber performance, are associated to
higher irreversibilities.

Nonetheless, the component internal irreversibilities have direct impact on the overall system performance being
transferred outside the cycle through the heat exchangers and affecting the potential of these process that constitute the
operative cycle. This observation suggests that the attempt to optimise the functionality of this device with respect to the

sole second principle could also not be recognised as the best technical solution.
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As a consequence, the internal process irreversibilities should be related to the performance improvement for the final
technical target of the system to identify an optimal condition for the absorber and define a criterion for its

thermodynamic optimisation.
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generation groups [kW-m>K™] (a), (b), (c) (abscissa in logarithmic scale) (d) (logarithmic axes); 7,=32 C, T,=46.6 C,
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3.6 Optimisation parameters

In order to consider the final technical duty of the whole plant in which the absorber is operating, a general
thermodynamic analysis is carried out for a chiller and a heat transformer, and it is used to underline the effect of the
component irreversibility on the system COP. The inlet conditions of the LiBr-H,O solution film are set at typical
conditions of real absorbers, specifically at the equilibrium temperature for a 60% concentration solution at the absorber
vapour pressure.

The total rate of entropy generation per unit volume S, for an absorptive LiBr-H,O liquid film flowing over a cooled
horizontal tube is illustrated in figure 3.9. Nevertheless, in order to compare the performance of the system with the
actual amount of irreversibility produced, the local volumetric entropy generation rate is integrated over the film
physical domain. Considering film thickness and the circumference of the tube, the entropy generation rate per unit
length of the tube E is defined by eq. 3.36.

zrd

E=2[ [ Sdydx (3.36)
00

The parametric analysis performed ascertains that, in terms of the film Reynolds number (eq. 3.35), it is always
possible to identify a minimum £, This establishes the most desirable trade-off between two or more competing
irreversibilities or the least irreversible thermodynamic condition of the specific process.

A parametric study is performed similarly to the one presented in paragraph 3.5, evaluating the influence on the
entropy generation rate £ of design and operability parameters, namely tube radius, coolant inlet temperature and inlet
solution temperature, as function of the film Reynolds number. Figure 3.22 shows the effect of different tube radii on

each entropy generation group.
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Fig. 3.22 Various entropy generation groups per unit length of the tube [W-m™K™'] as a function of film Reynolds number for
different tube radii; (a) 7,=32.0C, @;=60%, T;,=46.6C, p=1.0 kPa, (b) 7,,=83.0C, w;=60%, T;,=97.1 C, p=12.5kPa

A bigger tube radius increases the absolute value of every entropy generation rate group integrated with reference to

eq. 3.36. The group related to the coupled effects of mass convection and heat transfer £, has a critical influence on the
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global trend of the entropy generation rate per unit length £, and, as already pointed out, it shows a minimum. A greater
outer radius moves the minimum to higher Re and to lower values of E;. Finally, the greater the tube radius the higher
the friction related irreversibility £. Comparing chiller and heat transformer applications, as a rule, the latter highlights
a greater impact of the diffusion related irreversibility, has lower entropy generation values and cope with higher
solution Reynolds. Higher Reynolds numbers determine increasing friction and decreasing absorption rates, thus their
respective entropy generation groups (£ and £;) show consistent trends. The combined effects of increasing extension
of the entrance region, increasing film thickness and decreasing absorption heat release, globally establish increasing
thermal related irreversibilities £. The minimum of the entropy generation group related to the coupled effects of mass
convection and heat transfer £, can be clarified considering that when Reynolds number is increased convection is
amplified although absorption heat release is reduced, and this group assumes negative values.

The influence of the radius on the global entropy generation is presented in figure 3.23. As a rule, lower tube radii
present lower entropy generation rates per unit length of the tube and match with lower solution Reynolds values. The
trend of the global entropy generation shows a minimum value and the corresponding Reynolds number can actually be
considered as the least irreversible operative condition for the specific technical configuration of horizontal tube falling
film absorbers. For the chiller application case (Fig. 3.23a), least irreversibility Reynolds numbers of 10, 14 and 23 are
obtained, respectively, for tube radii of 5, 8 and 11mm. For the same values of tube radii, but for an absorber operating
at reference conditions for a heat transformer, respectively, 31, 42 and 52 (Fig. 3.23b) are the least irreversible Reynolds
numbers. Again, careful attention should be paid to the fact that these values are extracted without considering partial
wetting of the exchange surface, even though, in general, they correspond to solution mass flowrates which are not able

to assure complete wetting, unless tension-active surfactants are added to the solution.
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Fig. 3.23 Global entropy generation per unit length of the tube [W-m™'K™'] as a function of film Reynolds number for
different tube radii; (a) 7,=32.0C, @;=60%, T;,=46.6C, p=1.0 kPa, (b) 7,,=83.0C, w;=60%, T;,=97.1 C, p=12.5kPa

Figure 3.24 describes the effect of different tube wall temperatures on the various entropy generation groups. A lower
wall temperature increases temperature gradients and, once the temperature gradient reaches the interface, also
concentration gradients. Accordingly, figure 3.25 makes evidence of a higher entropy generation rate when the wall
temperature is decreased, while the least irreversible Reynolds is weakly dependent on this parameter.

Also, friction related irreversibilities £ (eq. 3.32) are indirectly affected by a different wall temperature which
determines a different temperature field.

Given the low Reynolds operability typical of these systems, the overall significance of friction on the falling film
absorption process on a horizontal smooth tube appears to be 4 orders of magnitude less important when compared to
the other groups and phenomena involved.

Furthermore, the trend of the average rate of volumetric entropy generation S, and the global rate per unit tube length

E, can be compared, observing different positions of the minima and reversed effect of the radius as a parameter.
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Figures 3.23a-b, as well as 3.25a-b and 3.26a-b, if compared with the corresponding trends obtained for S,, make
evidence of the influence of the film thickness on the global entropy generation rate per unit tube length. This can be
summarised as causing the increasing trend at high flowrates to be steeper and the decreasing trend at low flowrates to

be less pronounced.
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The effect of a different inlet temperature at the interface (and, a different absorber pressure due to the inlet
equilibrium hypothesis) is revealed in figure 3.26 for both chiller and heat transformer applications. Since the tube wall
temperature is maintained constant, it is possible to observe how different inlet temperatures have a similar effect to that
of different wall temperatures for a fixed inlet condition. However, for the same temperature difference 7;,-T,, a change

in the inlet temperature value brings about a smaller entropy generation than that correspondingly obtained by changing
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the wall temperature. Also, lower the inlet temperatures are associated to slightly lower Reynolds corresponding to the
least irreversible condition.

Acting again on the temperature difference 7},-T,,, inlet solution temperature variations have similar effects to those
of a different wall temperature on each entropy generation group, thus the corresponding graph can be omitted, and the

description of the influence of this parameter can be referred to figures 3.24a-b.
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Fig. 3.26 Entropy generation per unit length [W-m'K™'] as a function of Reynolds number for different inlet temperatures; (a)
r=8.0mm, w,,=60%, T,,=32.0C, (b) =8.0mm, w,;=60%, T,,=83.0C

As a rule, the formulation of thermodynamic optimisation criteria has always accompanied the technical development
of energy systems in order to improve their performance. Since the development of finite-time thermodynamics, the
attention has been moved towards the concept of non-equilibrium processes and their related irreversibility sources.
Since the use of absorption systems has attracted a remarkable attention and has demonstrated a great potential in the
utilisation of low-grade heat sources (as additional examples *'*%), a comprehensive literature production have
generally analysed both chiller and heat transformer configurations 6:22) 46-48) 53) 85-90)

Based on the previous irreversibility analysis in a falling film configuration of the absorber, this chapter aims at the
definition of proper dimensionless parameters for the optimisation of this component with reference to the ultimate duty
of the whole system. In general, an absorption refrigeration machine is supposed to extract heat at a lower temperature
than those of the external ambient and the driving-fluid delivering heat at the generator. The cooling effect is realised by
the evaporation of the condensed refrigerant, which is then absorbed by the solution inside the absorber, in order to be
effectively pumped at the generator pressure level and repeat the cycle steadily. A heat transformer is a system which
aims at delivering heat at a higher temperature than the given temperature of the heat source. The component of the
plant which actuates this final heat transfer process is, in fact, the absorber. Accordingly, the best operative condition of
the absorber in different application cases may correspond to different circumstances.

For the first principle of thermodynamics, the COP of an absorption system can be expressed in a general way by eq.

3.37 for a refrigeration application and eq. 3.38 in case of heat temperature boosting one.
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Introducing the second principle of thermodynamics, applied to irreversible cycles where isothermal heat transfer

without any temperature difference at the heat exchange occurs, is possible to state,

99
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Accordingly, the expression of the system performance, in terms of COP, can be rearranged highlighting the influence

of components irreversibilities. These simplified expressions (eq.s 3.41 and 3.42) describe the system performance in a
chiller and heat transformer configuration as a function of the main temperature levels of heat sources and sinks
involved, the Carnot efficiencies of an engine, a refrigeration machine and a heat pump operating between these main

temperature levels heat transfer and irreversibilities of the fundamental heat exchangers.
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Broadly speaking, when a comprehensive point of view is adopted, chiller and heat transformer application cases, eq.
3.41 and 3.42 emphasise the effect of irreversibility on the system COP. More precisely, making evidence of the
importance to minimise components irreversibilities, they state that by maximising the dimensionless groups “Q/2T”
the efficiency of the system is improved. Even though the expressions obtained for the system performance are based on
a simplified approach, indicate a way to improve the system efficiency by acting also on single devices irreversibilities
(in this case the absorber).

In a chiller (but this observation is also valid for a heat pump application case), the optimal performance can be
identified by the condition at which the absorber operates at the maximum absorption rate with the least thermal power
to be rejected. On the other hand, for a heat transformer, the best operative condition corresponds to the maximum
thermal power supplied at high temperature for the least power supplied at the generator. Under this approach, based on
the previous dimensionless group, two different dimensionless parameters are introduced. Eq. 3.43 defines the
parameter used to maximise heat transfer at the absorber tube wall with regards to the irreversibility introduced, useful

in order to enhance the efficiency of the whole system in a heat transformer application.
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Namely, by maximising DQ the heat flux per unit tube length is maximised for a certain irreversibilitiy production
inside the absorber. From an alternative standpoint, at maximum DQ, the product E,T,, of the total irreversibility per
unit length of the tube and the tube temperature is minimised for a certain thermal power per unit length ¢, to be
extracted by the cooling water. This product embodies the thermal flux associated to the entropy variation of the whole
process, in case this would be generated by heat transfer at constant temperature 7, and represents the loss of the
available thermal power ascribed to the process irreversibility.

Similarly, eq. 3.44 defines the dimensionless group used to maximise absorption at the film interface with regards to

the irreversibility introduced, in order to eventually enhance the efficiency of a chiller configuration.

G i
DA =5 (3.44)
E,T,

T, is defined as the equilibrium temperature of the solution at the inlet concentration @j, (under the assumption of
thermodynamic equilibrium at the inlet 7,=T},), as a result, its physical significance corresponds to the temperature that
would be reached if the equilibrium could be obtained without changes in concentration. DA is the ratio between the
entropy generation rate that would be produced by the heat transfer of the thermal power per unit length related to the
release of the heat of absorption by the absorbed vapour at the film interface (at fixed temperature 7,) and the global
entropy generation rate per unit length Z,. Defined in this way, DA is proportional to the O/2T group appearing in eq.
3.41. As a result, by maximising this parameter the absorption flux per unit tube length G,, (and consequently
O=nLG\g(hgou-hgin)) is maximised for a certain irreversibility generation inside the film and the absorber. Otherwise, at
the maximum DA, the group E,T, Ligs ' is minimised for a certain vapour flux per unit length of the tube. This group
represents the absorbed vapour flux per unit length of the tube associated to the entropy variation of the whole process,
in case this would be generated by the release of the heat of absorption 7, at constant temperature 7.

The operability of the absorber can be investigated and then optimised with respect to these dimensionless parameters

for both the absorption chiller and the heat transformer application cases under analysis.

3.7 Chiller operability optimisation

By performing simulation in the extended range of the parameters of interest, it can be observed that a specific value
of the film Reynolds number maximising the dimensionless parameter proportional to the group Q/2T (DA for the
chiller application, DQ for the heat transformer application) can always be identified. It can be stated that these values
of film Reynolds (referred to as optimal Reynolds in the following) are mainly dependent on the specific on the
application case (i.e chiller or heat transformer operability) and on the outer tube radius, while a weak influence of the
temperature difference between the inlet solution and the wall temperature is shown (Fig. 3.27, 3.28, 3.31 and 3.32).

In general, the maximum value of DA is approximately constant and the film Reynolds that maximise mass transfer,
with regard to DA, increases continuously when the tube radius is increased (Fig. 3.27).

Indeed, according to the results presented in figure 3.27, it can also be stated that, for any fixed Reynolds there is an
optimal value of the tube radius, whose value increases with Reynolds, but more steeply at low than high values.
Accordingly it is possible to identify an asymptotic maximum value of the radius, above which is not convenient to

operate with any flowrate.
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Fig. 3.27 Dimensionless parameters DA as a function of film Reynolds number and tube outer radius » [mm] at chiller
representative conditions; w;,=60%, T;,=46.6C, 7,,=32.0°C, p=1.0 kPa (7,=46.6C)

On the other hand, when the difference between tube wall and inlet temperature is decreased (Fig. 3.28), for a fixed
Reynolds, the dimensionless group DA shows a persistently increasing trend. This behaviour can be explained
considering the fact that, provided the increase of heat transfer (and indirectly mass transfer) for a lower temperature of
the tube wall, the irreversibility associated to the absorption process increases at a higher rate than heat and mass

transfer. In any case, an optimal condition in terms of film Reynolds number can always be recognised and the
corresponding value increases when the inlet temperature of the solution is increased.
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Fig. 3.28 Dimensionless parameters DA as a function of film Reynolds number and inlet solution temperatures T;, [°C] at
chiller representative conditions; r=8mm, w;=60%, 7,,=32.0C

The previous calculation results have been attained under the assumption of thermodynamic equilibrium of the inlet
solution with the vapour at the absorber pressure. This condition, which appears to be suitable for a general analysis,

doesn’t correspond to the typical operability of the absorber in actual plants *® ©. Accordingly, relaxing this hypothesis,

=
_

the analysis is extended to include sub-cooled conditions of the inlet solution. To this aim, the dimensionless parameter
is defined according to eq. 3.44. The latter expresses the boundary and initial temperature conditions in a

dimensionless form, linking solution sub-cooling to the temperature difference between the wall and the equilibrium
temperature of the inlet solution with the vapour.

e _7-;-71

—e in (3.44)
T;'n - TW
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As a first screening attempt, by introducing 2°C sub-cooling of the solution (Fig. 3.29) and keeping it constant the
maximum values of D4 move to higher Reynolds. The obtained trend of the objective function DA with respect to
Reynolds and the tube outer radius in this case is qualitatively and quantitatively similar to the case of an inlet solution
at thermodynamic equilibrium with the vapour in the absorber (Fig. 3.27), and will be hence omitted.

In order to directly investigate the influence of the sub-cooling, it is then possible to change the = 'value keeping fixed

T, and T, (Fig. 3.30).
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Fig. 3.29 Dimensionless parameters DA as a function of film Reynolds number and inlet temperature T}, [°C] at chiller
representative conditions, 2°C sub-cooling inlet solution, /=8mm, ®;,=60%, 7,,=32.0C, p=1.0 kPa

Higher values of the sub-cooling at the inlet move the maximum to higher Reynolds.

Assuming a different optimisation standpoint in a chiller absorption system, it can be stated that a best value of the
solution sub-cooling can be identified and furthermore, for a fixed value of =, an optimal Reynolds can always be
identified. What is more, when the absorber works with an inlet solution characterised by the optimal value of the sub-

cooling, the corresponding optimal Reynolds (Re=17) is at its highest value.
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Fig. 3.30 Dimensionless parameters DA as a function of film Reynolds number by changing solution sub-cooling at chiller
representative conditions, 7=8mm, w;,=60%, T,,=32.0°C, T,=46.6 C, p=1.0 kPa

These results suggest once more operating at low solution mass flowrates and with a small temperature difference

between the inlet solution and the cooling water. The latter requirement can be achieved by properly managing the



design of the solution heat exchanger. These findings are consistent with global simulation *" results and empirically
guided technical development.

In the specific case of falling film absorbers, the film thickness constitutes the main heat transfer resistance with the
cooling water circulating inside the tube and it has been theoretically and experimentally recognised that working with
reduced solution mass flow rate can improve the system performance. As a result, operability at reduced Reynolds
number is attractive for absorption plants, but the tube partial wetting at low solution flow rate needs to be considered as
a critical related issue. Regarding the temperature difference between the inlet solution and the tube wall temperature a
low value of this parameter reduces the irreversibility of the process. However, under this point of view in a specific
application case the size-constraint of the system is also expected to be decisive.

Both figures 3.29 and 3.30 show a maximum of the DA value. By considering the physical meaning of this parameter
from a system point of view, the chiller operates at the maximum absorption rate with the least irreversibility introduced
by the absorber, and, bearing in mind eq. 3.41, this is beneficial to the whole system COP.

3.8 Heat transformer operability optimisation

Similarly to the absorption chiller case, the dimensionless parameter DQ defined by eq. 3.45 gives a way to optimise
the absorber of a heat transformer plant. When thermodynamic equilibrium is assumed, figure 3.31 shows that, similarly
to DA, the optimal Reynolds increases for higher tube radii, but the maximal value of DQ is roughly constant.
According to this criterion, for the heat transformer application case, Reynolds number of 30, 40 and 55 maximise heat

transfer in the absorber (or minimise the process irreversibility for a given useful effect), respectively, for tube radii
equal to Smm, 8mm and 11mm.
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Fig. 3.31 Dimensionless parameters DQ as a function of film Reynolds number and tube outer radius » [mm] at heat
transformer representative conditions, 7,=83.0 C, w,,=60%, T;,=97.1C, p=12.5kPa

DQ increases relentlessly when the wall temperature is augmented for a fixed Reynolds number (Fig. 3.32).

When the assumption of thermodynamic equilibrium of the inlet solution is relaxed (Fig. 3.33) and a 2°C sub-cooling
is introduced (consistently with the calculation performed for the chiller application), the maxima move to slightly
higher Reynolds. Also, the influence of the tube wall temperature is intensified and higher 7, are associated to
increasing Reynolds. More significantly, an optimal DQ condition can be shown with respect to T,, and Reynolds for the
heat transformer; corresponding to a solution flowrate of 0.035kg'm™s™!, and a cooling water temperature bringing the
tube surface at 7,,=92 °C (Fig. 3.33). In this circumstance the optimal wall temperature is at its minimum and the
optimal Reynolds (Re=71) is maximised.

The behaviour of the previously defined objective function DQ with respect to Reynolds and the tube outer radius for

a sub-cooled solution marginally differs from the case of an inlet solution at thermodynamic equilibrium with the
vapour in the absorber; therefore, is not represented herein.
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Fig. 3.34 Dimensionless parameters DQ as a function of film Reynolds number and solution sub-cooling at heat transformer

representative conditions, 7=8.0mm, w;,=60%, T,,=83.0°C, T,=97.1C, p=12.5kPa

When both T, and 7, are fixed and the sub-cooling of the inlet solution becomes a parameter, a best value of the latter
(i.e. £) can be identified (Fig. 3.34). Up to that value, higher sub-cooling at the inlet move the optimal condition to
lower wall temperatures and higher Reynolds. By referring to the physical meaning of this parameter, while maximising
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DQ, ceteris paribus for the operative conditions of the other components, the whole systems operate at its highest COP
and best thermodynamic state. This condition corresponds to the maximum thermal power delivered by the heat

transformer at high temperature for the least irreversibility generated at the absorber.

3.9 Summary

Summarising, LiBr concentration and temperature distribution inside the laminar falling film have been obtained
from the numerical solution of the coupled system of species and energy transport equations. Velocity, temperature and
concentration field, in turn, allow estimating gradients and fluxes of these variables and, finally, the local volumetric
entropy generation of an absorptive film flowing over a cooled horizontal tube. Various entropy generation groups,
distinguished with regard to different entropy variations sources, have been discussed and locally analysed with
reference to the effects of different tube radii, tube wall temperature, inlet solution temperatures and concentrations.
This analysis characterises the irreversibility of the process in this specific heat exchanger configuration and can be
related to absorption occurring inside real absorbers operating inside chillers, heat pumps or heat transformers. As a
result, the local volumetric entropy generation of the absorptive film flowing over a cooled horizontal tube can be
integrated up to the component level. Maintaining a distinction between the various entropy generation groups, related
to different entropy variations sources, these have been globally discussed and analysed. The parametric analysis
performed has made evidence of a minimum of the global entropy generation which can be always identified in terms of
solution Reynolds number, and how the key operative parameters affect this optimal thermodynamic condition. The
behaviour of each entropy generation group has been described and the importance of the group related to the coupled
effect of heat and convective mass transfer on this strategic thermodynamic condition has been stressed. As a rule, lower
tube radius, inlet temperature, inlet concentration and absorber pressure correspond to lower values of the optimal
Reynolds number for the absorber, while the tube wall temperature shows a weak influence on that condition.

This analysis characterises the least irreversible value of the solution flowrate for various operating conditions. These
results make evidence of the importance to work at reduced values of this parameter with a thin uniform film. As a
consequence, tension-active substances might be critical to realise this condition.

Also, it can be observed that changes in parameters values (such as lower coolant temperature, lower tube radii or
lower flowrates), which generally bring an enhancement in the absorber performance, are at the meantime associated to
higher local and global irreversibilities. This observation suggests that the attempt to optimise the functionality of this
device with respect to the sole second principle could also not be recognised as the best technical solution. As a
consequence, the related increase of irreversibility needs to be compared to the performance improvement related to the
effect of these variations to identify the optimal thermodynamic condition for the absorber, and this model can been
used to define a criterion for the thermodynamic optimisation of the absorber.

From the local volumetric entropy generation rate of an absorptive film flowing over a cooled horizontal tube the
global entropy generation rate £ has been estimated and investigated with respect to the critical parameters at play. The
global analysis characterises the irreversibility of the process occurring in real absorbers and has been used to identify
the least irreversible value of the solution flowrate for a chiller and a heat transformer application cases. In addition, the
entropy generation rate at heat transformer operative conditions is lower than that of the chiller and, although the overall
trend is conserved, the minima occur at higher Reynolds and a higher impact of the diffusion related irreversibility can
be highlighted.

As a rule, a bigger tube radius increases the absolute value of every entropy generation group. The group related to
the coupled effects of mass convection and heat transfer £, has a critical effect on the global trend of the entropy
generation rate per unit length £, and shows a local minimum. The bigger the tube radius the higher the amount of
friction related irreversibilities Erare produced in the absorber. A higher difference between the solution inlet and tube
wall temperatures increases the entropy generation rate, while the optimal Reynolds is weakly dependent on this
parameter. Finally, a bigger diameter of the tube moves the minimum to higher Re and to lower values of £,
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Moreover, a simplified and general thermodynamic analysis of the whole system performance has been proposed in
order to highlight the important role of irreversibilities 2 on the overall performance of the system. This analysis brings
back to the point made in the previous chapter and makes evidence of a dimensionless ratio “Q/2T” that separates the
weight of the irreversibilities. Meanwhile, it is clarified how by maximising this term the system efficiency can be
enhanced. Since the functioning duty of the absorber is different in refrigeration system and in a heat boosting
application, two different dimensionless parameters, DQ and DA, have been defined by comparing, respectively,
thermal flux at the tube wall and absorption at the interface with entropy generation rate related to the process. The
following main conclusion can be accordingly stated:

- When the inlet solution is at thermodynamic equilibrium with the vapour pressure in the absorber, DQ and DA
can be maximised by a defined value of film Reynolds number.

- The sub-cooling of the solution moves the occurrence of the maxima to higher Reynolds. Contrarily to the case
of thermodynamic equilibrium, DQ and DA can be maximised also with respect to the temperature difference between
the inlet and the wall temperatures and higher values of the sub-cooling move the maximum to higher temperature
differences.

- Furthermore, by considering the physical meaning of each parameter and the different operability of the
absorber in the two application cases considered, it can be observed that the optimal value of DA, at which the absorber
operates at the maximum absorption rate with the least thermal power to be rejected, corresponds to the most suitable
condition for a chiller or a heat pump, while by maximising DQ in the absorber the maximum thermal power is supplied
at high temperature and the heat transformer performance is increased.

In conclusion, DQ and DA practically allow the user to realise a thermodynamic optimisation of the absorber
performance with respect to Reynolds, tube radius and cooling water temperature, by taking into account entropy
generation and the technical duty of the system. Also, their positive influence on the overall system performance has

been suggested. Again results suggest operating the absorber at low solution flowrates with a thin and uniform film.
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Chapter 3,
Falling film absorbers optimisation criterion
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Chapter 4, Falling film stability and wetting behaviour

The thermodynamic analysis presented in the previous chapter and recent literature concerning falling film absorbers
suggest that heat and mass transfer performances of falling film heat exchangers are drastically affected by various
hydrodynamic aspects which are responsible for determining the distribution of the solution along and over the tube
bundle. More precisely, the results of the previous analysis suggest the importance to work at reduced mass flowrates
with a thin uniform film to increase the system performance and/or reduce its size.

At these operative conditions, specifically at low Reynolds and high Weber numbers, the assumptions of a film with
uniform thickness and a complete wetting of the transfer surface can’t be considered, even approximately, rigorous and
leads to unacceptable inaccuracy of simulations results in that operative region. Furthermore, partial wetting is
recognised to occur even at typical operative conditions of absorption systems. Accordingly, the inadequacy of previous
theoretical models of the absorptions process in falling film heat exchangers can be ascribed to a major issue correlated
to this particular phenomenon.

Partial wetting of the exchange surface as the solution flowrate is reduced brings about a reduction of the area of the
interfaces contributing to heat and mass transfer. The circumstances under which the film breaks down and the
extension of the resulting dry spots are of critical importance to predict the performance of these devices and of the
system they belong to. Both a criterion of film stability, to identify the minimum wetting rate able to ensure a complete
wetting of the solid surface, and, after the film breakage, a method to estimate the wet part of the solid surface and the
extension of the vapour-liquid interface are demanded for an accurate description of these processes. To this aim, the
principle of minimising the energy of a given stream-wise section of the film is applied in order to model and
investigate the film stability and the local wetting behaviour. This approach is extended to include hysteresis behaviour
of the contact angle (considering advancing and receding contact angles) and wettability hysteresis when increasing or
decreasing mass flowrates are delivered. An application case on a vertical fin-tube contactor is studied and compared
with experiments for a first validation. Afterwards, a semi-empirical model suitable for a horizontal tube bundle is
developed to match the characteristics of real absorbers. In this way, the effect of these phenomena can be included in
the absorption model to extend its validity and increase its accuracy. Nonetheless, to reach the highest technical
performance of this component, new materials and surface characteristics for an improved wettability of the film along

the tube bundle should be investigated in parallel with theoretical studies and modelling efforts.

4.1 Falling film hydrodynamics

The chaotic behaviour characterising falling film dynamics even at low Reynolds number constitutes a fascinating
phenomenon frequently occurring in nature and being recurrent in technical applications. This complexity stems from
the combination of a number of aspects, challenging and pushing forward an active research effort towards
interdisciplinary issues that have not been comprehensively resolved as of yet. Concerning heat and mass transfer
application cases at low specific mass flowrates, apart from the extended contact area and small thermal resistance,
convection effects stimulated by surface tension gradients (or Marangoni effect) brings a drastic enhancement of
interfacial and internal transport phenomena. As a rule, these devices require conditions which avoid thin liquid films to
break into a number of rivulets, exposing the solid heat transfer surface partly uncovered and/or lowering the extension
of the liquid-vapour interface, where mass transfer occurs. As a consequence, thin liquid films are attractive to increase
the performance of heat and mass transfer devices and reduce their overall size, but the drop of the contact area due to
the occurrence of partial wetting must be considered as a related issue.

Extensive literature and experimental data have been published about wetting phenomena ***?

and properties
involved in these mechanisms (especially, regarding the contact angle characterising the interaction between the
coexisting three phases '*"'%%), emphasising their complexity and the active interest about them. Unfortunately, a shared
agreement on the specific reasons of film break-down has not been reached and the amount of data concerning a variety

of parameters such as temperature level, surface inclination and geometry, mode of liquid distribution, physical
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92-93)

properties, etc., which have a significant role in preserving fully wetted surfaces, are incomplete and characterised

by large deviation. Nevertheless, the role of the film wetting ability in determining the efficiency of the absorption
process has been recognised as a critical factor ® 1?7,

Considering the main features at the characteristic scale of falling film absorption, the influences of inertia (in the
specific case of interest directly caused by gravity) and surface tension dominate the film hydrodynamic behaviour. In
particular, once the solid surface geometry is defined, their conflicting effects (gravity forcing towards flowing
configurations and iso-potential flat interfaces, whereas surface tension tends to create stationary spherical phase
boundaries) establish stability limitations which, in certain operative conditions, define metastable hysteresis
phenomena. These, in turn, reflects importantly on a proper design and control of systems in which heat and mass
transfer processes are performed by means of thin liquid films, two phase flows, spreading droplets or rivulets. Thus,
the stability and the wettability of a uniform film are reduced to the identification of energetically stable configurations
characterised by a minimum of its mechanical energy, which accounts for kinetic and surface tension energy. The
delineation of a concurrent broken configuration (rivulet) can be used to describe the liquid partial wetting behaviour.

Going back to the main target of this study, absorption cycles include three fundamental heat and mass-transfer
processes that are realised inside specific typologies of heat exchangers: evaporator/condenser, absorber and regenerator.
Heat exchangers characteristics have decisive effects on the overall system efficiency, its dimensions and cost. However,
the attempt to experimentally and theoretically describe their heat and mass transfer performance, in order to optimise
these devices, is still incomplete and has not led to conclusive approaches.

Horizontal tube falling film heat exchangers are usually employed for their capability of realising high heat and mass
transfer rate with reduced dimensions and low pressure losses. The state of the art reviewed by J. Killion and S.
Garimella (2003) '® (2001) '™ regarding falling-film heat exchangers calls attention to how their transfer
performances may be drastically affected by various hydrodynamic aspects (unsteadiness of the flow, due to waves or
turbulence, film thickness variation along the surface, flow contraction-increase along the tube bundle, flow mode
between adjacent tubes and/or film breakdown causing dry patches formation), which, in turn, influence the distribution
of the working fluid over the tube bundle. In this configuration, the film thickness constitutes the main heat transfer
resistance with the cooling water circulating inside the tube and simulations theoretically recognise that working with
low solution mass flowrates improve the system performance. As a result, operability at reduced Reynolds number is
attractive for real absorption plants, but the tube partial wetting needs to be considered as a conflicting phenomenon and
a critical issue.

Due to a smaller phase interface, incomplete tube wetting, which directly means a lower heat transfer area, leads to a
strong reduction of the achievable heat extraction. Accordingly, a closed thin film structure is sought-after in order to
realise heat and mass transfer processes effectively.

Reasons for tube wet surface reduction can be of various types: first of all, surface drying can arise when the film
thickness falls below its minimal stable value, or can be caused by an asymmetric film distribution, by impurities
causing bad wetting or by the occurrence of a combination of these stated phenomena. In addition, during absorption,
the thermo-capillary force, which is related to the surface tension variation due to both the surface temperature and
concentration gradients ', brings about the departure of liquid away from the thinnest location in the layer (also called
the Marangoni effect).

Excluding few exceptions '*1%

among the previously developed models, the effect of the amount of wetted surface
has not been assessed or has been merely assumed as a fixed value imposed to the calculation '° "', Moreover, related
experimental data and visual description by digital image processing are also very limited both in the number of works
which report them and in the condition range covered *® Nevertheless, the role of the tube wetting has been recognised
as a critical factor in determining the efficiency of the absorption process.

Among the various methods to predict the stability of a thin film ¥, such as small perturbation approach * or the
forces’ balance at the upstream stagnation point of a dry patch ***”, the principle of minimising the energy contained in

a specified stream wise span of the falling film has been applied *® in order to develop a stability criterion of the
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uniform film. In order to obtain an expression of the rivulet wetting behaviour from the minimisation of its mechanical
energy, the rivulet cross-section shape has been assumed to be a segment of a circle (as in J. Mikielewicz and J. R.
Moszynski (1976) *). This research work reflects the purpose of practically characterise the wetting ability of a liquid
interacting with a solid surface in a gaseous environment in a generalised way, and presents a first experimental
validation. Film wetting behaviour and contact angle hysteresis phenomena are included under a sole energy-based
theoretical approach based on the knowledge of the fluid properties, the solid surface features and geometry, to clarify
the relation between wettability and solution mass flowrate. Additionally, direct flow visualisation data and wetted area
measurements are obtained, in turn, by image acquisition and processing on an experimental test section when
decreasing and increasing solution mass flowrates are delivered. The model is hence compared with the experimental
data acquired and is expected to constitute a useful tool to include partial wetting phenomena in comprehensive system
modelling for a number of technical applications. Finally, since an established method to predict the wetting behaviour
of horizontal tube-falling film heat exchangers is not available at present, a semi-empirical model suitable for a
horizontal tube bundle is developed to match the characteristics of real absorbers. This work eventually aims at
modelling and evaluate of the direct inferences of thin films break-down on the transfer characteristics of falling film

absorbers at low solution flowrates, which will elaborated in chapter 5 and chapter 6.

4.2 Critical condition of a uniform falling film over a plain wall

For the sake of the purpose stated above, the method adopted requires preliminarily delineating the geometry of the
broken configuration to be compared with a uniform film to define its stability. Even though T. Hobler et al. (1964) *®
does explain the influence of the contact angle, on the other hand offers no information about the geometry or rivulet
spacing. Afterwards, in a successive work J. Mikielewicz and J. R. Moszynski (1976) ) have enlarged Hobler’s
formulation by considering the film to collapse into streams of a circular segment cross section-shape with amplitude of
two times the contact angle in order to obtain an expression of the stable rivulet wetting behaviour from the
minimisation of its mechanical energy. The method enables estimating the transversal extension of the rivulet in its
stable configuration.

A. Doniec (1991) (1988) ""'"''? observes that the assumption of a circle-shaped rivulet requires the contact angle to
change with changing rivulet dimensions. Furthermore, and more specifically, when a circular segment cross-section of
the rivulet is assumed, the width of the plain surface (or the distance between adjacent rivulets) can’t be set as a
geometrical parameter of the problem, but it’s a result of the calculation. Within the bounds of the same approach, A.
Doniec (1984) "' uses the variational calculus to determine the rivulet shape, once set the minimum total energy. The
solution for the symmetric half of the rivulet is composed of a segment of a straight line and an integral curve which

cuts the solid surface with an angle corresponding to the contact angle.

Fig. 4.1 Schematic of the composed cross-section shape of the rivulet

In the followings, an energy based criterion for the film stability is re-established for a generic inclination of a solid

surface with given transversal width. Consistently with a composed cross-section shape of the rivulet, an additional
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geometrical degree of freedom is added to the problem. Accordingly, the width of the surface is used as a parameter.
Moreover, since an established method to predict the local transient wetting behaviour of thin films over plain inclined
surfaces is not available at present, this work aims also at characterising the transition from uniform film to the steady
rivulet configuration.

The problem considered is presented schematically in figure 4.1. A homogeneous liquid film of uniform thickness,
with uniform surface tension (Marangoni effect is neglected), is considered to flow, waveless, down over a solid wall of
width A, with generic inclination 3, only driven by gravity g.

- Steady state is postulated and each parameter changes quasi-statically;

- The contact angle 6, is initially assumed to be a constant property of the gas-liquid-solid set;

- The laminar flow is supposed to be fully developed;

To use the energy minimisation principle, and establish the stable extension of the rivulet, its total mechanical energy
(kinetic energy Ex plus surface energy E,, as in eq. 4.1) must be computed, minimised with respect to the geometrical
parameter responsible for the rivulet extension, and lastly compared to that calculated consistently for the uniform film

configuration.

E=E, +E, =I%pu2dA+IadH=I%pusz+ I o, dIT+ f o, dI+ I o, dIl (4.1)
A 11 A4

I Is Ilsv

Furthermore, under the same assumptions of Nusselt integral solution for an isothermal plate (gravity g is the only
external force active on the film, liquid properties are constant, the vapour at the film interface does not cause drag, heat
transfer is neglected) the velocity profile and the corresponding film thickness are expressed as in the previous chapter
by eq. 3.2 and 3.6.

The composed cross-section shape of the rivulet assumed in the followings is suitable for the local characterisation of

) as well as the analysis of the rivulet behaviour

the transition from uniform film to the steady rivulet configuration "
for increasing/decreasing flowrates, and consistent with that calculated by A. Doniec (1984) ''®. The rivulet profile &z)
expressed by eq. 4.2 is a symmetrical and continuous combination of a straight segment of line and a circular segment,

cutting the solid surface with an angle equivalent to the contact angle (Fig. 4.2).

R(cos@—cos8,)), ze(Z,Z+2Rsin€0>
5.(2)= (4.2)
R(1-cos6,), ze(0,Z)

Considering the rivulet cross-section identified on a plane section adjacent to the tube axis z, and dividing it into thin
bands dz of height &z), the velocity distribution u(y) in such a band is supposed to match the velocity profile in a film

of uniform thickness &, equal to &z).

I 8al2)

6o

M2 =

Fig. 4.2 Transversal cross-sections of rivulet and uniform film configurations
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Therefore, the total energy per unit length is expressed, respectively, for the rivulet and uniform film configurations
by eq. 4.3 and 4.4.

Z+Rsin6, 6,

e = g [ f W (y)dzdy +2p % j w2 (y)dy + SV(1—X)+0S1X+ZV (2RO, +2Z) (43)
VA

=p= fu (dy+0, +a, (4.4)

Considering the hydrodynamics of the system, the total energy per unit width and unit length in the stream-wise
direction of the uniform film configuration can be expressed as,

1 3 2 2
0, = LPESN B 55 5 io 45
15 i

And the corresponding mass flowrate per unit length is given by eq. 3.5 in the previous chapter. When the film breaks
up into rivulets (Fig. 4.2), the basic parameter to compute the wet part of the tube surface X (eq. 4.6) is the ratio of the
rivulet chord at its base to the corresponding width of the uniform film.

2Rsin @, +27Z “6)
— .

X =

The mass flowrate per unit length for the rivulet configuration is given by eq. 4.7.

Z+Rsin6, 6, Sy
=2 T i o -
A 0

2 . 6y 24
2P 8P i (cos-cos ) cos 6+ 2 LEMP L o1 _cosg, - @)
3 Au 0 3 # 4

2 . 2 b
207858 pirigy4 2 L8P Z s (1 _cosyy
3 Au 3 u A
Where,

0
f6,)= J‘(cos¢9—c036?0)3 cos¢9a76’=—%cos3 ﬁosinﬁo—%cosé?osinﬁo—zﬁ sin? § +1§5¢9 (4.8)
0

The mass balance between the two configurations (eq. 4.9) and the definition of the wetting ratio (eq. 4.6) yield a
relationship (eq. 4.9) concerning the rivulets radius R, the uniform film thickness &, and X, which assures continuity.

The surface tension forces’ equilibrium at the point of contact of the three phases is imposed by the Young-Dupree
equation (eq. 4.10).

3 .
(i} :2Rf(60)+(X_MJ(1—c0590)3 4.9)
R A A
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o, =0,+0, cosb, (4.10)

Accordingly, the energy contents of the rivulet configuration can be assessed as a function of the rivulet radius (eq.
4.11).

_2 pg—sm,BR j(cos& cos 8,)’ cos Od 6 +

e .
rv 15 iﬂ
3 2 2
1re s12n 'B(X 2Rsin 6, jR (1-cos@,)’ +
15  Au A
o, (1-X)+0,X +%(2R¢90 +XA-2Rsiné,) @.11)

3 2 2 3
=ipg—szmﬂ1z5 2Ry@)+ (ij _2R1G0) | ps1—cos,) L+ o, +
15 u A R A

. 1&3’1 —2R* f(€)+2Rs1nt9 (1—cos8,)+cos 6, +— R(¢9 —sin @)
Rﬂ(l—cos@o) A

Where,

w(6,)= jeo (cos@—cos6,)’ cosd6

15

5 113 (4.12)
—6[16+4cos 6, +=cos 6’] s1n6( cosé?+

97 1
o] cos’ 6, +€cos5 6,)

2

The rivulet will be stable if its total energy shows a local minimum with respect to the rivulet radius R (which
determines the wetting ratio X for a certain flowrate and contact angle, see eq. 4.9), when X<1. Contrarily, if the broken
configuration shows no minimum with respect to X, or if the uniform film configuration has a lower value of total
energy, the uniform film is the stable and energetically advantageous configuration. Hence, differentiating eq. 4.11 with
regard to R, and solving for R once equated to zero (eq. 4.13), it is made possible to establish the extension of the rivulet

in the previously stated condition.

: 52
vo, [_3@3 L 2/6) | 2sing,

M{“RS (9)+_5 R(1-cos6,)’ —i—f(ﬁ)(l COS“}
(4.13)

2 .
R* (1-cos8,) A(1-cosB,) A }(I_COSQO)"'E(BO_“HHO) =0
0 0

From the knowledge of the value of the rivulet radius R, the equality of mass flowrates (eq. 4.9) yields the wetting
ratio X and, finally, the extension of the straight line of the rivulet Z can be calculated from the definition of the wetting
ratio (eq. 4.6).

The critical condition at which the uniform film breaks into rivulets can be identified by a minimum value of film
thickness & as a function of solution properties, contact angle, width A4 and inclination f of the plain surface. The

system of eq. 4.13 and 4.14 is obtained by combining the minimisation of the rivulet energy and equating the energies
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of the two configurations (eq.s 4.5 and 4.11). Its solution gives the critical condition for the uniform film and requires to

be solved iteratively with respect to R and .

1 p'g’sin’ B
15 y7i

A6, —2R*f(6,) | 2Rsing,

25—k 2§w<00>+ (

o,
lv R’ A(1-cos6,)’

A

[}
R

f _2Rf(8)
A

R’(1-cos6,)’

(I1-cos8,)+cos b, +%R(00 —sing)) p—1

(4.14)

As a result, when the thickness of the uniform film is lower than the minimum critical thickness (9,<dy), the film is

assumed to be broken and the local wetting ratio X is given by eq.s 4.9 and 4.11.

Table 4.1 Calculation results

B [m] Bglrad] Xo ) eyl m’]
mslzeﬁv:ﬁ.u(f;fe) o 0.000379 0.785398 0.402568 0.002351 0.104128
Present work 0.000449 0.785398 0.746554 0.001735 0.108431

Calculation results for the present model are characterised by higher values of both the critical thickness d, and the
stable rivulet wetting ratio X,. This directly means that the break-up of the film would occur at a higher Reynolds, but at

that condition the rivulet would cover about 75% of the plain wall width A.
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Figure 4.4 illustrates the specific energy of the two configurations (quantified up to the value of ogj, which has been
assumed to be constant and, as a result, not influent for the comparison) and makes evidence of the critical condition for
the uniform film as the crossing point at which the rivulet energy becomes lower than the uniform configuration. The

specific energy of the rivulet increases linearly with Reynolds number, whereas the uniform film shows a higher order

dependence on the same parameter (5/3).
When the wetting ratio X is taken as the primary independent parameter, figure 4.5 highlights that the rivulet

configuration is a stable condition characterised by a minimum energy. The path identified by all these minima

constitutes the set of states defining the respective line e,;, in figure 4.4.
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Accordingly the values of X for decreasing Reynolds correspond to the abscissa of the local minima of the black
curves in figure 4.5 (see dashed lines referring to the secondary axis). Grey curves correspond to conditions resulting
energetically disadvantageous with respect to the uniform film configuration.

Repeating the calculation for a value of the surface width A equal to 0.05m (Table 4.2), it can be observed that the
minimum stable thickness J, is higher than that characterising the 0.022m width surface. This means that the uniform
film configuration results to be stable for a narrower range of operative conditions when the characteristic scale of the

problem increases.

Table 4.2 Calculation results for the critical condition of a uniform film for different wall widths

A[m] 8o [m] Bolrad] Xo R[m] enmollm?]
0.022 0.000449 0.785398 0.746554 0.001735 0.108431
0.050 0.000470 0.785398 0.817097 0.001736 0.113897
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Figures 4.6 (a) and (b) depict the critical condition (as the set of critical thickness of the uniform film & and critical

stable extension of the rivulet Xj,, which are energetically equivalent conditions in this case) at the two reference values

of surface width. The first reference value A equal to 0.022m corresponds to Taylor instability length for LiBr/H,O at
25°C and 60% concentration.
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Fig. 4.6 Critical thickness & [mm] and rivulet extension X, at the critical condition for a plain vertical wall of width (a)

50mm (b) 22mm

However, the minimum of the specific energy correspond to a similar radius R, and, as a consequence, the stable

rivulet has a higher wetting ratio X’y at the critical condition (Fig. 4.7 and Fig.s 4.6 (a) and (b)).
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Fig. 4.7 Specific energy [J'm™] and wetting ratio as a function of film Reynolds for different wall widths

The effect of a different contact angle is portrayed in figure 4.9 and described in table 4.3.

In general, the bigger the contact angle 6 the higher the minimum stable thickness & of the uniform film.

Accordingly, film breaking into rivulet occurs at higher Reynolds, but the wetting ratio at the critical condition X

slightly increases.
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Table 4.3 Calculation results for the critical condition of a uniform film for different contact angles

Alm] 8o [m] Blrad] Xo RIm] eroll'm”]
0.022 0.000449 0.785398 0.746554 0.001735 0.108431
0.022 0.000507 1.047200 0.762593 0.001131 0.125617
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Fig. 4.8 Critical thickness &) [mm] and rivulet extension at the critical condition X, of a liquid with contact angle (a) 45° and
(b) 60° for a plain vertical wall of width 22mm
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When the inclination of the plain surface is reduced (Fig. 4.11) the minimum stable thickness & of the uniform film
increases and the wetting ratio at the critical condition X, remains almost constant (Table 4.4). Pointing out how a
slower film (direct consequence of a lower surface inclination 3 on a fully developed Nusselt film; see eq. 3.2) has a

lower stability and a poorer wettability, owing to a stronger influence of surface tension.

Table 4.4 Calculation results for the critical condition of a uniform film for different wall inclinations

B [rad] 8o [m] Bo[rad] Xo RIm] eayolim”]
/2 0.000449 0.785398 0.746554 0.001735 0.108431
/4 0.000510 0.785398 0.733507 0.001992 0.107343

91



The effect of the surface inclination f can be mainly related to the reduction of the velocity profile, which makes the

film slower and thicker for the same mass flowrate.
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Fig. 4.10 Critical thickness & [mm] and rivulet extension at the critical condition X, of a liquid with contact angle 45° for a
plain vertical wall of width 22mm, with inclination (a) 90° and (b) 45°
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4.3 Wetting behaviour of falling films over a vertical plain wall

Experimentally, three different minimum wetting rates related to three different critical conditions of a uniform film
have been distinguished in previous literature ****:

— I} is established when a liquid is wetting a surface which was initially completely dry, gradually increasing its
mass flowrate,

— Iy 1s established in the same way, but on an initially wetted surface,

— I'j occurs when the liquid flowrate is reduced to the point at which the rivulet configuration becomes stable.

The last condition is represented by figure 4.12, where, starting from a uniform film configuration, mass flowrate is

reduced quasi-statically until the film critical thickness & is reached and the film brakes into the rivulet configuration.
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Further decreasing the mass flowrate, the rivulet reduces its extension following the path identified by the set of

minimal energy configurations.
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Fig. 4.12 Specific energy per unit width [J-m™] and wetting ratio as a function of film Reynolds for decreasing mass flowrates
(dashed line)

Since the Rivulet configuration is a stable configuration, characterised by a minimum energy condition, for quasi-
statically increasing mass flowrates (i.e. Reynolds number, once the liquid properties are set constant) the rivulet
configuration is maintained until the rivulet base cover the whole surface (red line in Fig. 4.13).

Even though the energy of the uniform configuration is lower after the critical condition Re,, the sudden change to
the uniform configuration would require passing through configuration at higher energy (Fig. 4.5).

Furthermore, this statement is supported by experimental observation and previous theoretical studies, with the sole
difference of the rivulet cross-section shape. Accordingly, the values of X for increasing Reynolds correspond to the
abscissa of the local minima in figure 4.5.

As a result, the previously presented model is able to make evidence of the wetting behaviour hysteresis of falling
film (Fig. 4.13).

0.8 4

0.6 -

Wetting ratio X
\

0.2 4 -~

0 T T T

0 50 100 150
Film Reynolds Re

Fig. 4.13 Wetting ratio X as a function of film Reynolds for decreasing (blue line) and increasing (red line) mass flowrates

It can also be observed that the wetting behaviour X has a linear dependence on Reynolds number (as in J.
Mikielewicz and J. R. Moszynski (1976) **).
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4.4 Transient wetting model

The previously presented model establishes the critical condition at which the break-up of the film occurs and
describes the stable configuration of the rivulet corresponding to that condition. However, in order to predict the wetting
behaviour of thin films over plain inclined surfaces, a generalised method, able to deal with different mass flowrates, is
needed. Observing the actual behaviour of flowing film (Fig. 4.14) after their break-up, the main obvious feature is
related to the gradual transition from uniform film to the stable rivulet configuration. A newly developed method for
estimating the film wetting behaviour under different operative and geometrical conditions combines a Lagrangian
approach for the approximation of the transition from uniform film to the steady rivulet configuration and the energy
minimisation method for the identification of the latter. The resulting theory generalises earlier theories by T. Hobler et
al. (1968) *® and J. Mikielewicz et al. (1976) *.

i £ L M- vl
Fig. 4.14 Flow visualisation on a vertical aluminium wall

The particle at the edge of the rivulet is considered under a Lagrangian point of view. The particle is assumed to
represent the whole rivulet wetting behaviour and moves along a line under the effect of a force derivable from the
potential related to the energy difference between the steady rivulet configuration and the rivulet at time ¢ (position
x=u,t). Finally, its trajectory is obtained from the numerical integration of Lagrange equation at static operability.

Accordingly, for fixed inlet temperature and concentration of the solution, constant contact angle 6, and defined
geometric features of the plain surface (width A and inclination f), the critical condition of the uniform film ¢, is
calculated, the thickness of the film J, at a given mass flowrate is compared to the critical value and, if lower, the stable
condition of the rivulet (X,., R, and Z,,) is identified by minimising its total mechanical energy.

Although not energetically stable, due to an ideally functioning distributor at the initial stream-wise position (x=0),
the rivulet is assumed to cover completely the transversal extension of the surface and its cross-section shape (R and Z)
can be determined by the continuity relation (eq. 4.9) and eq. 4.6 for a fixed wetting ratio (X;=1). The energy associated
to this configuration can be calculated with reference to eq. 4.11.

The Lagrangian function of the particle at the edge of the rivulet is defined by the difference of kinetic E; and
potential energy Y (eq. 4.16).

Y=e (X.,0)-Y(X,0) 4.15)

The potential energy Y responsible for the transition of the rivulet configuration and the particle kinetic energy in the

transversal direction e, are calculated, respectively, according to eq. 4.16 and eq. 4.17. This quantity is made
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corresponding to the difference between the energy of the rivulet in its stable configuration and the energy related to a

rivulet of wider extension at the generic position x, gradually approaching its minimum energy (the stable configuration

X, R and Z,,).

Y(X,,t)=e, (X)—e, (X)) (4.16)
1 (ezY 1 ax Y

X, H=—m | —| =~—m |-u A— 4.17

ek( i ) me/(atj 2mr1v( uav axj ( )

Where m,;, can be calculated given the cross-sectional shape of the rivulet. The Lagrange equation is given by eq.

4.18.
d| oY aY
—|—|-—=0 (4.18)
dt X oX

The problem is considered under a static and steady point of view. Accordingly, the Lagrangian is constant and its
value is determined considering the stable rivulet condition at which the both kinetic and potential energy are null. As a

consequence, the Lagrangian is constantly zero, but, even if they cancel each other, kinetic and potential energy are not

necessarily and singularly null.
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Fig. 4.15 Calculation results for the gradual transition from uniform film to the stable rivulet configuration
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Eq. 4.19 gives the wetting ratio distribution over a surface with defined width A and inclination £.

oX [eriv (Xi)_eriv (Xoc)]

— e (4.19)
* lp[4(90—sin€0)+ZR(1—cost90)}uav2

Calculations have been carried out for different surface geometries and fluid operative conditions, analysing the effect
of the main significant parameters.

Figure 4.15 shows an example of calculation results. The effect of mass flow rate, contact angle and surface
inclination on the wetting behaviour of a 40 C and 60% LiBr-H,O can be summarised as follows.

In general, for increasing mass flowrates the rivulet increases the extension of the transition region from the inlet to
the stable rivulet configuration and improves its wetting ability. The latter observation can be explained considering that
the average speed of the rivulet increases when flowrate is augmented.

A lower contact angle causes a similar effect, but at a lower order of magnitude.

Finally, when inclination £ is reduced also the wetting ability of the solution is slightly decreased. However, as
pointed out previously, the minimum stable thickness & of the uniform film increases and the rivulet cross-section is
also increased, due to the reduction of the velocity profile.

Moreover, the wetting behaviour map of the rivulet (Fig. 4.13) can be re-estimated with an integral approach over the
specific surface for decreasing and increasing mass flowrates (Fig. 4.16). Although the wetting behaviour doesn’t show
a linear trend anymore with respect to the film Reynolds, the hysteresis phenomenon can still be captured. In particular,
the effect of the inertia of the film delivered by the distributor generally enhances the wettability behaviour, but shows a
more significant impact at higher Reynolds than at lower values of the same parameter.
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Fig. 4.16 Integral wetting ratio WR as a function of film Reynolds for decreasing (blue line) and increasing (red line) mass
flowrates on a 200x400[mm]

4.5 Comparison with experiment and previous models

The results obtained can be compared with previous models [Mikielewicz and J. R. Moszynski (1976) *, T. Hobler,
(1964) °®] (Table 4.5) or with experimental data [D. M. Maron et al., (1982) **] (Fig. 4.17).

In figure 4.17 the minimum wetting rates obtained with decreasing (blue line) and increasing mass flow-rates (red

line) are expressed as functions of the dimensionless group corresponding to Galileo number. The present model shows

96



noteworthy agreement with 7, but tends to overestimate the critical wetting rate 7, obtained for decreasing mass

flowrates.

Fig. 4.17 Minimum wetting rates expressed as functions of the dimensionless group of ﬂﬁid p;operties (from D. M. Maron et
al. (1982) *?)

Defining the dimensionless parameter &," in accordance to [Mikielewicz and J. R. Moszynski, (1976)°”] (eq. 4.20),
the critical condition resulting from this work can be compared with those obtained from previous models and
experimental data (Table 4.5).

3 4\
50*:[’0—ng S, (4.20)
15u o

Table 4.5 Comparison with previous models

Substance 6 Exp. %) ) Present model
deg
Al 37.7 0.728 0.793 0.550 0.714
& Glass 35.8 0.787 0.777 0.540 0.699
; Cu 53.0 0.901 0.902 0.660 0.823
Steel 36.3 0.900 0.781 0.545 0.703
VAR 56.8 0.977 0.925 0.680 0.847

4.6 Application case: Wetting behaviour on an internally-cooled contactor

The circumstances under which dry areas appear on the exchange surface, and the extension of the wetted part of the
surface, are critical to predict and control the performances of heat and mass transfer processes performed by using
liquid films. Among the numerous technical applications based on this transfer method, air dehumidification can be
achieved by means of an open absorption cycle in which the absorptive solution is spread in the form of a thin film
flowing over the solid surface, explicitly, a desiccant contactor; a device for which the wetting behaviour is fundamental
to realise the ultimate heat and mass transfer process required to the system, which constitutes, in fact, a falling film
absorber.

This paragraph presents an experimental investigation, as an exemplifying application case of the theoretical

construct previously presented for the prediction of film wettability. A corresponding theoretical model based on the
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energy minimisation principle is presented and compared to the resulting experimental data. Both the measurement of
the wetted area by image processing of the test section and the theoretical estimation highlight a hysteresis phenomenon
of the film wetting behaviour for gradually increasing and decreasing mass flowrates. The modelling approach,
experimental results and a first comparison are hereby presented and discussed. Quantitative and qualitative agreement
is promising for a further employment of the model in actual system design and control.

Although an appropriate adjustment of air humidity is widely recognised to be critical for the preservation of human
comfort and health, conventional vapour compression dehumidification systems are still inefficient, require high
maintenance cost and their dehumidification capability is limited to dew point temperatures higher than 0°C. Systems
employing liquid desiccant materials can be an interesting alternative approach to achieve the desired air
dehumidification rate in a direct and independent way, avoiding condensation-related issues and dew-point temperature
limitations to their operability. To realise a continuous steady effect, low temperature heat is required to perform the
desiccant regeneration process, thus, waste or solar heat can also be conceived as their main energy sources. With the
sole difference of being an open cycle, this represents an example of the vapour absorption cycle.

In these systems, the air-liquid contactor is a fundamental element for dehumidification and regeneration processes.
This particular type of a falling-film absorber can be differentiated among two main categories: adiabatic (Fig. 4.18a)

and internally cooled contactors (Fig. 4.18b).

Absorptive solution

Absorptive solution
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Fig. 4.18 (a) Adiabatic contactor for liquid desiccant systems (b) Internally-cooled contactor for hybrid liquid desiccant
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Fig. 4.19 Test section repruducing a vertical section of the fin-tube contactor

In a previous study S. Yamaguchi et al. (2011) ' have revealed the effect of air velocity and solution mass flowrate

on heat and mass transfer coefficients of adiabatic contactors. In this kind of device, due to the release of the heat of
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absorption, the desiccant solution temperature rises, consequently decreasing local dehumidification (i.e. absorption)
capacity.

Internally-cooled contactors integrate a contemporary heat rejection within the dehumidification process, and
significant performance improvement can be expected, besides the evident reduction of the plant size. To the final aim
of establishing optimal design methods of this component, this study deals with an attempt to characterise the
momentum transfer occurring inside its volume in order to understand the solution wettability along the exchange
surface. The fin-tube cooled contactor considered matches the one presented in figure 4.18b.

The problem considered is presented with reference to figure 4.19; a homogeneous water film of uniform thickness,
with uniform surface tension, is considered to flow down over a vertical section of the contactor (single fin) and around
the refrigerant tubes, only driven by gravity. Steady state is postulated and the flow is assumed to be fully developed
and laminar.

Under these assumptions, the analysis can be applied to the smallest symmetrical part of the system (P,/2XP.,
delimited by dashed borders in Fig. 4.19).

Consistently with the presence of tube base section, when the fully developed film flows around it, the mass flowrate

per unit width experiences a local variation which is assumed to be represented by eq. 4.21.

r= 2m (4.21)

n(PZ—2 Dx—xz)

Where 71 is the total delivered mass flowrate at the distributor and » id the number of tubes on one single row of the
array. Furthermore, considering gravity g to be the only external force on the vertical isothermal pate, the air at the film
interface (y=0) does not exert drag on the film and constant fluid properties, Nusselt solution of the momentum equation
in the strean-wise direction x can be applied to describe the velocity field u(y) (eq. 3.2). Also the film thickness can be
derived from eq. 3.5 and matches eq. 3.6, when eq. 4.21 is used locally to define the mass flowrate per unit length. In
the following it is assumed that the thickness o of the uniform film configuration remains can be defined by a single
value in the width direction y also when the film flows around the fin for each x position. Therefore, the mass flowrate
of the uniform film configuration (eq. 4.22) can be related to the physical properties of the liquid and to a defined value

of its thickness.

P’'g .2 _
2 (25)/ y )dy—

2
=T = 1pg s
3ou

u

(4.22)

S —y

o |E .

In order to model partial wetting phenomena on the contactor surface, the principle of minimising the energy
contained in a given stream-wise length of the falling film is applied, first, to identify its limit of stability and, after the
film breakage, to establish a method for quantifying the wet part of the contactor. To use this principle, the total
mechanical energy (kinetic energy and surface energy) of a broken film configuration must be computed (eq. 4.1),
minimised with respect to the parameter describing the amount of wet surface (eq. 4.23) and compared to that of the
uniform film configuration. Given the small deviation highlighted in paragraph 4.4 between a simple circular segment
cross-section shape and a composed geometry, for the sake of simplicity of the model, the first cross-section shape is
assumed herein. Furthermore, when the flow characteristic dimension is reduced (in this case P.,/2 is below Taylor
instability length of water at the considered range of operative conditions), precisely at higher Weber number, the
relative importance of surface tension is higher and a circular geometry of the rivulet pattern seems appropriate. Namely,
the film is assumed to break-up into rivulets with a cross-section shape corresponding to a circular segment and

amplitude of two times the contact angle 6, (as in ),

99



2Rsin 6,

— 0<x<2r
x=1F _? 2rx—x (4.23)
—2Rj;n€° , 2r<x<P

z

Fig. 4.20 Schematic of the rivulet configuration

Provided the circular geometry of the rivulet of radius R, the ratio WR of the rivulet base (2Rsing)) to the
corresponding uniform unbroken film width represents the basic parameter to compute the wetted part of the surface. As
a parallel result, inertial effects have a lower impact and the gradual transition to the stable configuration will be also
neglected.

Consistently with the formulation previously presented”, by decomposing the rivulet cross-section shape into strips
of width dy and height &,(y) (eq. 4.24), in such strip the velocity profile matches the profile of a uniform film of the

same height.
0,,(z)=R(cos@—cos8,) (4.24)

The previous relations are based on the knowledge of a suitable value of the contact angle, representing a measure of
the wettability of the substrate interacting with the liquid. Ideally, this interaction is described by interfacial tensions of
the three phases which come into contact. The solid surface is completely wetted only when the liquid molecules
interactions are highly weaker than those between solid and liquid. Otherwise, the liquid molecular interactions tend to
contract the interface area to minimize the system free energy, delineating a finite value of the contact angle. In practice,
gravity or other external forces affect the shape of the interface, and the contact angle 6 is determined by the
combination of these effects. Theoretically, once the solid-liquid system in a given environment is established, the

contact angle is defined as a unique property ''> 6y expressed by the well-known Young-Dupree equation (eq. 4.25).

o,—0.
g (4.25)

0, =0,+0,c0s6, or cos, =
gl

This quantity is associated to an ideal condition which can be satisfied only if the solid surface is chemically

homogeneous and purely smooth. Even though Young contact angle 6y is a significant quantity for the characterization
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of solid-liquid systems, the previously stated requirements imply that the Young contact angle can’t be directly
determined experimentally. Since the phenomenon of wetting is not necessarily a static state, a more significant method
to characterise the solid-liquid interfacial system is to account for a maximal advancing contact angle 64 and a minimal
receding contact angle @ "', namely, to estimate the difference between these two values (specifically referred as
contact angle hysteresis). In fact, if a certain amount of liquid is quasi-statically condensed or added to a droplet placed
on a flat solid surface, or if the plate itself is tilted, the liquid-solid interface will maintain the same contact area until a
sufficient mass of liquid, or a certain tilted angle, is able to increase the contact angle up to a maximum value 6,4 which
is then maintained while the extension of the contact area advances. If the liquid is gradually withdrawn or evaporated,
the contact area remains constant until the droplet start receding with a minimum contact angle ) at the point of
contact of the three phases. The significance of this phenomenon has been extensively investigated and mainly related
to surface heterogeneity, roughness and imperfections, bringing to the conclusion that advancing and receding contact
angles may correspond to different equilibrium angles. Except for the case of null hysteresis a change in the interfaces
shape occurs and can be regarded as an energy activation barrier that is required to be overcome so that the point of
contact of the three-phases can move. This can be quantified (Eo=0,AS,, given that the solid liquid contact line is
maintained constant) by the variation in the extension of the liquid-gas interface and thus in terms of interfacial free
energy. The angles comprised in between advancing and receding contact angle have been described as metastable
configurations. X.D. Wang et al. (2004) 1 points out that the effect of rough surfaces is equivalent to an additional
tension depending on the surface roughness at the solid-liquid contact line, in other words, to a hysteresis tension f. This
parameter reaches its maximum f,,,, when the contact angle equals the advancing contact angle 6, while its minimum
value f,,;, is associated to the receding contact angle 6. When f,,, and f,,;, are zero, there’s no hysteresis and the unique
contact angle 6,y corresponds is given by the Young-Dupree equation (eq. 4.25). When the contact angle varies between
the two limit values the hysteresis tension is assumed to be continuously balanced by the other surface tension

components at the point of contact of the three phases'” (eq. 4.26).

f

o,=0,+0,c0s0,+ f or cos@ =¢—— (4.26)
\

Consequently, eq. 4.27 is introduced ''” by assuming that maximum and minimum hysteresis tensions are equivalent

with respect to their absolute values.

f:fmax (90 2HOA)
f=0,(¢—cosb,) (6,<6,56,,) (4.27)

f = f;nin = _fmax (90 < HOR )

To account for the effect of the hysteresis tension for a specified mass flowrate when a liquid rivulet flowing over a
solid rough surface is considered (Fig. 4.21), a different geometry with respect to the static droplet, and kinetic energy
of the liquid need to be incorporated in the analysis. To extend or reduce the solid-liquid interface of a flowing rivulet,
namely the wetted area of the solid surface, the liquid is indeed required to either advance or recede at the line of
contact of the three-phases. These circumstances can be represented by advancing and receding contact angles.
Accounting for the effect of the hysteresis tension for a specified mass flowrate when a liquid rivulet flowing over a
solid rough surface is considered, kinetic energy of the liquid is incorporated in the analysis of the free energy of the

cross-section of a rivulet on the z-y plane.
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Fig. 4.21 Rivulet contact angle variation for increasing mass flowrates

The contact angle formed at the intersection of the phase interfaces is considered to be governed by the balance of the
interfacial energies and the rivulet kinetic energy, namely the free energy of the system. Consequently, advancing and
receding contact angles are sought after as stable states of the rivulet, in relation to its free energy, when the hysteresis
tension reaches its limit values (f,ux, fmin). The free-energy of the flowing rivulet (considered as the amount of work that
the thermodynamic system, in this case a flowing rivulet with defined geometry, can perform) is defined by eq. 4.28 for
a given mass flowrate, constant temperature, and it is assumed to be zero when the pure liquid at the reference state is
quiet in a reservoir of infinite volume.

According to the problem formulation, the total energy per unit length of the rivulet and uniform film configurations
are expressed by eq.s 4.28 and 4.5, respectively.

Rsing, o, 2 . B )
e, =L J’ [£(25y—y2)} dydz+ 2Rsin 6, (0,+ 1)+ 2R6, o+ P.—2Rsiné, -
SN " " Z (4.28)
3.2 . .
=2 LE goyg+ 2GSy T o
ISP u P, sin 6, o,

Where y(6)) is defined by eq. 4.12 in relation to the geometry of the rivulet cross-section. When the film breaks up
into rivulets the mass flowrate for the rivulet configuration,

Rsin8, d,,, 2 2 3
Moot =2 [ [t = LE R f() = LE x B LE (429
P, P39 3P u uo 3 sing,

Where f{6)) is defined by eq. 4.8. From eq. 4.29, it is possible to relate the value of the rivulet radius R to the liquid
properties and the contact angle for a given mass flowrate m,;, (eq. 4.30).

AN/
R =| 3 MM 4 (4.30)
" 20%ef(6) ‘
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Given the cross-section geometry of the rivulet (eq. 4.24), eq. 4.30 yields to the relation expressed by eq. 4.31 when

different configurations are analysed with respect to the contact angle 8, for a specified liquid flowrate.

. Vi

glumriv 9 _% (6 )
2 e | L@ r@) @31)

dR

1
de, 4

Modelling the stable configuration and geometry of the rivulet is the basis to estimate its wetting ability and the
extension of its interfaces. Among the potential set of states associated to different values of the contact angle for a
given mass flowrate, Young’s equilibrium contact angle 6,y and a value of the hysteresis tension f,,,., and consistently
with previous approaches, the geometry of the rivulet is modelled by combining eq.s 4.28-4.31 as that corresponding to

a local minimum of the rivulet free energy (eq. 4.32).

de. 1 g2 dR
P8 [6R5 ; 1//(90)+R6y/'(¢90)}+

90 15P i1 a6,
(4.32)
+d—RO-“’ 6, —sin 6, L +RL 1—cos6, L =0
dg() })z vl I)z vl

Eq. 4.32 gives the equilibrium values of advancing and receding contact angle once @¢=cos@y and the hysteresis
tension f,,,, are fixed consistently with eq. 4.27.

Pertaining to operative conditions and features of the experimental equipment, pure water at 25°C is considered as a
reference condition for a parametric analysis of the model. For a defined value of the hysteresis tension f'it is always
possible to identify a local minimum of the rivulet free energy for a single value of the contact angle (Fig. 4.22). In
between its limit configurations associated to f,. and f,., (respectively corresponding to 8,4 and 68y), f is varied
continuously according to eq. 4.27, and the angles comprised in the hysteresis range designate metastable

configurations with a constant value of the rivulet free energy e,;,.
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Fig. 4.22 Rivulet free-energy per unit width and per unit stream-wise length e,;, [J-m™] normalised with respect to the liquid
surface tension oy, [J -m'z] as a function of the contact angle [°] when 77,=0.0075 [kg~m']s'l], ¢= cos &y = 0.423 for hysteresis
tension f;,,=0.02[J-m™]
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Even though advancing and receding contact angle have been described as configurations with a high energy content
if compared to Young’s equilibrium contact angle, this is not conflicting with a description of their manifestation as
equivalent to local minima of their free energy at given conditions. In fact, this analysis shows that the higher is the
hysteresis phenomenon of the contact angle, the higher the energy of the rivulet in its limit configurations
(corresponding 6, to and 6yr) results to be (Fig. 4.23). Figure 4.23 presents the calculation results characterising

advancing and receding contact angles of water, when the maximum value of hysteresis tension is varied.
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Fig. 4.23 Rivulet free-energy per unit width and per unit stream-wise length e,;, [J-m™] normalised with respect to the liquid
surface tension oy, [J -m™] as a function of the contact angle [°] when 77,=0.0075 [kg'm™'s™] ¢= cos @y = 0.423 for different
values of the hysteresis tension f[J-m™]

Consistently with previous analysis, the hysteresis range of the contact angle is stretched when the hysteresis tension
Jumax increases. Higher values of this parameter can be at first primarily related to higher interfaces deformations due to a
higher roughness of the surface. Young’s contact angle is described as the value associated to zero hysteresis tension
(/~0) and gives the lowest value of the system free energy.
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Moreover, considering Young’s contact angle variations with temperature by means of the enthalpy of immersion ',

the contact angle hysteresis weakly, but not considerably, increases at higher temperatures. Thus, the effect of
temperature on the contact angle hysteresis is not included in this analysis.

Comparing results obtained with the present approach and those obtained according to X.D. Wang et al. (2004) "7,
kinetic energy reduces the equilibrium value of both advancing and receding contact angles (Fig. 4.24), but shows
higher impact on the first. Figure 4.24 exemplifies the effect of different delivered specific mass flowrate 7;,. Higher
flowrates are associated to a higher rivulet energy. Although the effect of kinetic energy doesn’t have a strong impact,
wettability is improved at high flowrates, whereas the hysteresis behaviour of the contact angle is slightly reduced.

On the other hand, even though this approach constitutes a formalism consistent with the following wettability
analysis, in fact, this method preliminary requires the estimation of the hysteresis tension f,,,, as a function of the key
variables at play. In this case of study its value is established with reference to the experimental values of the contact
angle hysteresis measured on a sample of the material of the test section at hand. Extensive experimental analysis could
be then reversed to correlate this parameter to the variable significant for the practical characterization of wettability
properties. Therefore, figure 4.25 displays advancing and receding contact angles as directly measured on the surface of
a tilted plane of the same material of the fin test section (aluminium with roughness-mean arithmetical tolerance
0.417um). Consequently, using the measured values of 6, and G, eq. 4.26 and eq. 4.27 give the value of Young’s
contact angle (6,y~65°) and the limit value of the hysteresis tension (f;,=-min=0.0301 J -m?). If compared with

18 reporting values of 34° and 73° (6~54°) respectively for receding and advancing

reference data from literature
contact angle of water on aluminium, the value of the advancing contact angle measured hereby is obviously higher.
This result could be explained considering different surface characteristics and, more plausibly, could be related to
different measuring procedures or hard dryness condition of the test sample for this kind of measurements. Furthermore,
the contact angle hysteresis analysis suggests that a flowing configuration could be related to lower values of stable
advancing and receding contact angles (Fig. 4.24).

As a result, in order to characterize the wetting ability of the liquid flowing on the contactor, the cross-section shape
of the rivulet is modelled by considering that, for a narrowing extent of the solid-liquid interface when decreasing mass
flowrates of liquid are delivered, the angle formed at the intersection line of the three interfaces equals the receding
contact angle @z. Conversely, to widen the solid-liquid interface when the liquid mass flowrate is increased, the contact

line of the phase-interfaces cuts the solid plane with an angle equivalent to the advancing contact angle 6.

Fig. 4.25 Visualization of advancing and receding contact angles of two 50ul water droplet on a tilted plate of aluminium
with mean arithmetical roughness of 0.417um, at the maximum tilt angle before they start falling.

In order to identify the critical condition at which the film breaking occurs, the mass balance (combining eq. 3.5, 4.23

and 4.29) is required to assure continuity between the two configurations (uniform film and rivulet), yielding a relation
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(eq. 4.33) between the rivulet radius R, the uniform film thickness & and the parameter used to estimate the wet part of
the surface X (eq. 4.23).

3
[EJ =X @ (4.33)
R sin 6,

Substituting eq. 4.33 inside the specific energy of the rivulet (eq. 4.28), the expression is rearranged (eq. 3.34) as a

function of the wetting parameter X and the uniform film thickness o for a given liquid mass flowrate.

_ip3g2R5Xl//(90)+[ 6 _(¢—LJ}XO',+O' =

Criv = 15 u? sing, |siné, o,

- ' % (4.34)
i p % X’% sm 90 55 l//(eo) + .90 _ ¢ _ i Xo-vl + O-sv
15 u f(6,) sin 6, sin g, L

The energy minimization principle indicates that, once a proper value of the contact angle is fixed, the rivulet will be
stable if its total energy shows a local minimum with respect to the local wetting ratio X for a value of this parameter
lower than one. Contrarily, if the broken configuration doesn’t exhibit a local minimum of its free energy in this range,
or if the uniform film configuration has a lower energy value, the film will keep flowing in a continuous and uniform
configuration. Hence, by differentiating eq. 4.34 with respect to X, equating to zero and solving for X (as in J.
Mikielewicz and J. R. Moszynski (1976) °”) gives a way to estimate the wetting ability of the liquid, and, introducing
film- Weber and Reynolds numbers, the expression can be written as a function of these parameters, hysteresis tension f°
and the contact angle 6, (eq. 4.35).

(4.35)

v_|2v@)| 6 _(¢_L] smeo(g Rej

5 sing, | sin 6, o, feH\4we

The critical condition (eq. 4.36) can be identified by a minimum value of film thickness d, as a function of solution

properties and contact angle, or by critical values of the dimensionless group (Re We>)""

(proportional to the
dimensionless critical thickness, equally to °”). Eq. 4.36 is obtained using eq. 4.35 and equating the energies of the two
configurations (eq.s 4.28 and 4.5). As a consequence, when the film thickness is lower than the minimum critical

thickness (J<d), the film is assumed to be broken and the local wetting ratio is given by eq. 4.35.

3(3 Re }* 3 Re
R +(1-cos6,)-G(6,) w7 =0 (4.36)
Where,

, % %
G(8) = %{Sm % }F V’.(e‘))} I PR (437)
f(8,) || 3 sing, sin 6,
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Fig. 4.26 Specific energy per unit width [J-m™] of rivulet and uniform film configurations on a vertical aluminium hybrid
desiccant contactor. ¢=0.588, 7=25°C, /=0.0301 N-m™ for decreasing (a) and increasing (b) liquid mass flowrates

Starting from a uniform film configuration, and as the mass flowrate quasi-statically decreases, complete wetting of
the surface is maintained until the film critical thickness &, is reached. Thereupon, the film will brake switching to the
rivulet configuration with a contact angle 6, equal to the receding value G.

For Reynolds equal to 200, the rivulet configuration has a lower energy (Fig. 4.26a) and becomes stable for a wetting
ratio of about 0.4 (Fig. 4.27a). The specific energy of the two configurations is quantified up to the value of o, which is
assumed to be constant and, as a result, not influent in the comparison and in the differentiation operated to obtain eq.
4.35. Further decreasing the mass flowrate, the rivulet reduces its extension following the path identified by the
configurations of minimum energy. Grey lines in figure 4.27 (a) represent the energy of the rivulet at Reynolds for
which the uniform film configuration results to be stable for decreasing flowrates.

Since the Rivulet configuration is a stable configuration characterised by a minimum energy condition (Fig. 4.27b),
for increasing mass flowrates, the rivulet configuration is maintained up until the rivulet base covers the whole surface
(X=1 in Fig. 4.26b). In this case, the advancing contact angle ), is used in the calculation. Consequently, the values of

X for increasing Reynolds correspond to the abscissa of the local minima in figure 4.26 (b).
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Fig. 4.27 Specific energy per unit width and per unit stream-wise length [J'm™] of a water rivulet on a vertical aluminium
internally-cooled contactor. ¢=0. 423, T=25°C, f=0.0301 N-m™' for decreasing (a) (6,=6z) and increasing (b) (6;=6,,) liquid
mass flowrates

Figure 4.28 (a) shows the local film wetting behaviour for decreasing Reynolds number, locally based on the critical
condition expressed by eq. 4.36 and using the receding value of contact angle )z. When the film Reynolds decreases
enough to make the local rivulet energy lower than the local uniform film configuration, the wetting ratio is given by eq.
4.35. Figure 4.28 (b) is obtained for increasing liquid mass flowrates, making evidence of the wetting ability of the
rivulet configuration when the advancing contact angle 6, is used while this stable configuration is maintained until
complete wetting is reached.

The surface wetting WS (eq. 4.38) is obtained from the integration of the local wetting ratio X. Figure 4.29 compares
the results obtained (continuous lines) with the calculation performed ignoring the hysteresis phenomenon of the contact
angle (dashed lines) (6,=6y). It can be highlighted that the hysteresis of the wetting behaviour would occur also on an

ideally smooth surface, but it is intensified by the contact angle hysteresis phenomenon.

P,
WS = j Xdbx (4.38)
0
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Fig. 4.28 Simulated local wetting behaviour of water on a vertical aluminium test section of an internally-cooled contactor.
¢=0. 423, T=25°C, f=0.031 [J'm™] for decreasing (a) (6,=8%z) and increasing (b) (6;=6,,) liquid mass flowrates
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Fig. 4.29 Global wetting behaviour of water on a vertical aluminium test section of a hybrid desiccant contactor. ¢=0. 423,
T=25°C, £=0.0301 [J'm]

4.7 Experimental equipment

Since the liquid desiccant can’t be directly visualised while flowing inside the contactor, the film hydrodynamics is
reproduced on a vertical test section corresponding to a single flat aluminium fin. The staggered array of tubes is
arranged as shown in figure 4.19, and the geometrical features of the experimental equipment are written in Table 4.6.

The structure of the experimental apparatus is shown in figure 4.30. The test section is fixed on a polycarbonate
vertical wall, above which a liquid reservoir is positioned. A slit at the bottom of the latter constitutes the distributor,
assuring uniform film configuration at the inlet of the test section. At the bottom of the vertical wall a second reservoir

collects the liquid and a circulation pump delivers it back to the distributor. The temperature of the liquid is measured at

the inlet and at the outlet of the test section to define a single mean arithmetical value.
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Table 4.6 Equipment geometrical features

Width A mm | 200
Flat plate -
Height H mm | 400
Tube Diameter 2r mm | 7.95
Tubes’ Vertlsal pitch Py mm | 20.0
disposition Horizontal P mm | 200
pitch z

Buffer

Liquid tank
2O
[« i
Distribut OO0

1stributor .
Test section slole ]
@lele]
[« ..
200
Temperature sensors 00
Flow meter

F
© <
Y
Y
Circulation LiQUid_
reservoir
pump

Fig. 4.30 Experimental equipment

A first series of cyclic wetting/de-wetting processes are performed by increasing and decreasing the liquid mass
flowrate, to assure the absence of external impurities, and exclude conditions at which hard dryness of the surface or at
the distributor could affect wetting behaviour of the liquid. Afterwards, the data collection is performed by following a
quasi-static cycle between complete wetting and dryness of the test section, executed as a sequence of steady conditions
obtained for increasing and decreasing mass flowrates. Each state is characterised by the amount of wetted area
estimated by image processing. As a reference for a first comparison with the previously presented model and previous
literature, experimental data are collected using pure water flowing over an adiabatic surface, since temperature changes

within the operative range of these systems is not expected to be a major effect.

4.8 Image processing

The original image captured at steady state (Fig. 4.31a) is trimmed limiting the analysis to the test section area (Fig.
4.31b). The contours of the wet part are extracted (Fig. 4.31c¢). Static droplets are not considered as contribution to the
wetting ability of the film. Successively, wetted parts and the corresponding dry patches are respectively changed into
black and white surfaces, whereas, the tubes’ sections (grey circles) are not considered into the calculation since they
are not constituting flowing surface (Fig. 4.31e and 4.31d). The wetted area of the resulting image is calculated from the
number of black pixels.

Results obtained are plotted with reference to the film Reynolds number and the Weber number, since, as shown in
the mathematical model, inertial force, the viscous forces and surface tension are expected to significantly affect the

wetting behaviour of the falling film.
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Fig. 4.31 Image processing; (a) Original image (b) Distortion correction and trimming (c) Wetted area contours extraction (d)
Reduction to binary image (e) Processed image

The wetted surface WS (representative of the extent of the wetted area 77,,, against fin area, excluding the tube cross-
sections, /7;,) and film Weber number are respectively defined by eq. 4.39 and eq. 4.40. Iis the mass flowrate per film
unit width at the distributor. Physical properties are calculated for the arithmetical average of measured inlet/outlet
temperature values.

IT 1

ws=—=—[ I,dIl (4.39)
Hﬁn Hﬁn f

We=—2 (4.40)
pu L,

Where the average stream-wise velocity u and the characteristic length L. of the fluid are, respectively, defined by
eq. 4.41 and eq. 4.42.

s (4.41)
3u
VA
L = (V—j (4.42)
g

The relationship between the surface wetting WS and the film Reynolds number is shown in figure 4.32, where the
secondary horizontal axis indicates Weber number. Increasing and decreasing mass flowrates correspond to the black
and grey lines, respectively. Different wetting ability of the liquid on the same solid surface can be highlighted for
increasing and decreasing mass flowrates. In other words, the hysteresis phenomenon of wetting is experimentally
observed. Furthermore, by introducing the contact angle hysteresis, the model shows improved accuracy and
noteworthy average agreement with experiments. In general, at low liquid mass flowrates, experimental data show
higher wettability than the theoretical calculations. This discrepancy can be mainly related to the effect of imperfect
liquid delivery at the distributor (Fig. 4.34e), locally increasing the mass flowrate delivered per unit surface width. A
similar result could be ascribed to the chaotic characteristics of the local fluid flow, as can be observed in figure 4.33(e),

where rivulet come to contact and join creating uniformly wetted patches.
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Fig. 4.32 Comparison between simulations and experiment; simulation results obtained using experimentally measured values
of advancing and receding contact angle (thin lines), results for values of @ and 6, obtained from literature ''® (thick lines)
when decreasing (grey) and increasing (black) flowrates are delivered

Figure 4.33 and 4.34 represent examples of processed (binarised) images. Images 4.33 (a) to (f) obtained when the
flowrate is increasing, and 4.34 (a) to (f) for reducing mass flowrates. The two sets of images in figure 4.33 and figure
4.34 depict the wetting behaviour at closely corresponding Reynolds numbers. By comparing these pictures (see, for
instance, Fig.s 4.33d and 4.34c) it is possible to visualise the effect of the hysteresis phenomenon as an increased
wetting ability of the same liquid flowrate when reached reducing its value if compared to the same condition
established by increasing the liquid flowrate (Fig. 4.33d). In particular, figure 4.33(c) embodies the critical condition of
a uniform film able to assure complete wetting. When the same critical mass flowrate is reached for increasing mass
flowrates it is obvious that the rivulet configuration of the flowing liquid is maintained while the flow configuration
doesn’t switch back to uniform film thickness. As described by the theoretical model previously presented, the rivulet
configuration gradually increases its width until it completely wets the fin surface/combines with adjacent rivulets.

In conclusion, an experimental study and a theoretical analysis based on the energy minimisation principle have been
presented in order to characterise the wetting behaviour of falling liquid films on a vertical finned contactor. The
analysis combines a contact angle hysteresis model with a criterion for the critical condition of a uniform film and, after
the film breakage, establishes a method to estimate the wet part of the solid surface. Results obtained have been
expressed as functions of contact angle, film Reynolds number and Weber number, highlighting that inertial force,

viscous forces and surface tension significantly affect the wetting behaviour of the falling film.

-
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kP ik

(a) (b) () (d) (e (
Fig. 4.33 Binary images obtained for gradually increasing flowrates; (a) WS=9%, Re =20, We=656 (b) WS=18%, Re =52,
We=183.0 (c) WS=24%, Re =106, We=71.0 (d) WS=37%, Re =200, We=30.4 (¢) WS=62%, Re=400, We=12.1 (f) WS=95%,
Re =982, We=3.65
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Fig. 4.34 Binary images obtained for gradually decreasing flowrates; (a) WS=96%, Re =1394, We=2.29 (b) WS=96%, Re
=342, We=149.0 (c) WS=91%, Re =215, We=27.7 (d) WS=61%, Re =146, We=46.2 (¢) WS=48%, Re =99, We=77.8 (f)
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According to the theoretical and experimental analysis, the following main conclusions can be stated:

When a liquid rivulet of specified geometry and flowrate is flowing over a solid rough surface, the contact angle
hysteresis has been modelled by making use of the concept of an additional component taking part in the equilibrium of
surface tension forces. This parameter has been introduced with the practical purpose of summarising the influence of
different effects such as surface roughness and distortions of the liquid-vapour interface geometry required for
widening/narrowing the extension of the rivulet base, namely the wet part of the solid surface. In parallel, its value is
established referring to values of the contact angle hysteresis from literature and direct experimental measurements on a
sample of the same material used to construct the desiccant contactor. Subsequently, advancing and receding contact
angle are individuated as meta-stable configurations characterised by a local minimum of the liquid free energy in
which kinetic energy was accounted for.

The effect of kinetic energy can be mainly summarised as giving lower advancing and receding contact angle if
compared to the case of a static spherical droplet. Higher mass flowrates give a higher reduction. Hence, this approach
suggests that wettability is improved at high Reynolds number and the hysteresis behaviour of the contact angle is
slightly reduced.

The film stability and the hysteresis phenomenon of the wetting behaviour with respect to decreasing and increasing
mass flowrates have been modelled and estimated by means of an energy minimisation approach. In general, by

introducing the effect of contact angle hysteresis in the analysis, the phenomenon of wettability hysteresis is amplified.

4.9 Semi-theoretical wettability model for falling film heat exchangers

Since an established method to predict the wetting behaviour of horizontal tube falling film heat exchangers is not
available at present, this work aims at the modelling and evaluation of the direct inferences of thin films break-down on
this particular heat exchanger configuration (Fig. 4.35), in order to study its effects on the transfer characteristics of the

absorber at low solution flowrates.

Fig. 4.35 Coordinate reference system

Taking advantage of the understanding gained in the previous paragraphs, the complexity of the flowing film
hydrodynamic behaviour can be simplified by consistent assumptions. This results in a semi-empirical approach for
estimating the critical condition of the uniform film and the tube partial wetting characteristics.
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A homogeneous and uniform falling liquid film is considered to flow over a single horizontal tube. Steady state is
postulated, the flow is fully developed and laminar, the curvature of the interface is negligible, heat and mass transfer
influences are neglected. Assumptions introduced are equivalent to those stated in paragraph 4.2.

Furthermore, adopting an integral approach for the flow, Nusselt integral solution can be applied (see eq. 3.2)
consistently with the numerical approach used for the solution of the coupled system of energy and species transport

equations. The corresponding film thickness is given by eq. 3.6.

| 85.i(Z)

- G

Fig. 4.36 Schematic of rivulet configuration

Considering a circular cross-section shape (eq. 4.24) of the rivulet (parallel to the tube axis) and dividing it into
narrow strips of width dz and height g, (z), the velocity profile in such a strip is assumed to be the same as the profile
in a uniform film of the same height é‘ﬁ;”-v(z).

Accordingly, the total energy per unit length for the rivulet and uniform film configurations, are expressed,
respectively, in a similar way of eq. 4.5 and eq. 4.27, with the only differences related to the thickness distribution and a
unique value of the contact angle. When the film breaks up into rivulets (Fig. 4.36), the local wetting ratio Xj (eq. 4.43)
represents the basic parameter to quantify the wet part of the tube surface.

2R, sin 6,
5= T (4.43)

The mass balance between the two configurations (equivalent to eq. 4.35) yields a local dependence between wetting
ratio Xp, rivulet radius R and the uniform film thickness g at every angular position A In addition, eq. 4.10 still holds
true. Consistently with the energy minimization principle, the rivulet will be stable if the total energy shows a local
minimum with respect to the wetting ratio X, when X<1, and if the uniform film configuration has a higher value of

total energy. Hence, minimising the rivulet energy and solving for X gives eq. 4.44.
3
RRVA
2 p’g’sin’ [ sin G,
_pg ﬁ . 0 —COSHO 05/33
sin 6, JACH)

P45 dlo

(4.44)

From the knowledge of the value of the wetting ratio, the equality of mass flow-rates (eq. 3.35) yields the rivulet
radius and, finally, the spacing between adjacent rivulets A can be calculated from the definition of wetting ratio (eq.
4.43).

The critical condition can be identified by a value of film thickness &z as a function of solution properties and
contact angle (eq. 4.45), and is obtained using eq. 4.45 and equating energies of the two configurations (eq. 4.5 and eq.
4.28). As a result, when the thickness of the uniform flowing film is lower than the minimum critical thickness (65</y,),

the film is assumed to be broken and the local wetting ratio is given by eq. 4.45.
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5 +(1—cos¢90)—G(é?o)cio+3 =0 (4.45)

Where G(6)) (eq. 4.37), as well as the rivulet energy (eq. 4.28), are defined without considering the effect of the
hysteresis tension (£=0). Eq. 4.46 is obtained with respect to the following definition of the dimensionless parameter &,"
(eq. 4.46).

1
3 22 g\
0, = (—'0 £ Sin P J Sy 5 (4.46)
15u°c
Its value is constant and can be easily calculated for a fixed characteristic contact angle.
On the other hand, the critical thickness value is a function of the angle S over the tube surface and is minimal in the
vertical part of the tube. Setting the value of contact angle, 29.7° for Lithium-Bromide over copper (Soto Frances 2003),
the film thickness for different value of Reynolds number has been compared to the minimum stable thickness obtained
by combining J. Mikielewicz et al. (1976) °°
It can be shown that above a certain Reynolds number the film thickness is higher than the minimum stable value

and Nusselt theory for film flowing over a horizontal tube (Fig. 4.37).

along the whole tube surface. Decreasing Reynolds number determine an increasing value of the incompletely wet
portion of the tube (decreasing average wetting ratio). Three different zones can be accordingly identified and
represented in figure 4.38:

- Complete wetting of the whole surface

- Complete wetting along part of the surface

- Partial wetting of the whole surface
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Fig. 4.37 Comparison between film thickness [m] (grey lines) and minimum stable thickness [m] (black dashed line) for
different Reynolds numbers

The black line represents the minimum stable thickness and depending on -2/5 order of sing, its behaviour for
increasing [ is steeper than that of Nusselt integral solution film thickness, which has a dependence on the same factor

of a lower order (-1/3).
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These three regions are limited quantitatively (eq.s 4.47, 4.48 and 4.49) by considering that when the thickness of the
flowing film over the horizontal tube predicted by Nusselt theory is lower than the minimum critical thickness (=),

the film is assumed to be broken into rivulets.
3.2 -2 v 2 %
0y pesmp Slzn P > zRe—z # - (4.47)
15u°c 2 pgsinf

0y IOp%Sa% .

in 3, < 4.48
sin 3, o la%sg 7 (4.48)
1
I A
0 < f<arcsin % 10p" o0 (4.49)

R g

In order to obtain a single value for the whole tube surface, the results are integrated around the tube surface for a

symmetry reduced range.

arcsin

[ & 10k J/
Re% /l%sg% %
.[ X ﬁd £+ J‘ i3
0 arcsin ilop%ﬁr% /s

Re% /1%5g%
- (4.50)

7

The rivulet shape assumption together with the mass balance determine an abrupt discontinuity between partial and

uniform wetting, corresponding, respectively, to uniform film and rivulets configurations (Fig. 4.36).

116



This result finally determines an irregular behaviour of the average wetting ratio (Fig. 4.39).
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Fig. 4.39 Average Wetting Ratio over the tube surface as a function of film Reynolds number

The rivulets radius and the spacing between consecutive rivulets are results of calculation.

b4
4.51)

R. = sin 6,
B B
XS ()

A value of rivulets radius Rz actually exists only when the film is broken in the rivulet configuration, otherwise its

value represents just a mathematical solution without any physical meaning.
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Fig. 4.40 Rivulet radius [m] distribution over the tube surface

The same concept applies to the calculation of rivulets spacing Ag.
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Fig. 4.41 Rivulet spacing distribution [m] over the tube surface for different values of Reynolds number
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Rivulets spacing values for different Reynolds numbers seem to be quite far from the actual flowing pattern that can
be observed on a real tube bundle.

The film break-up criterion expressed by eq. 4.45 represents a threshold defined energetically and can be approached
in two different ways. Contact angle can be assumed to be constant, resulting in a critical thickness distribution over the
tube surface (Fig. 4.37); otherwise, a reverse can be also done, referring to a fixed value of minimum stable film
thickness (Fig. 4.42), establishing a critical contact angle distribution (eq. 4.53 and Fig. 4.46).

The previously presented model exhibits a few main disadvantages. Due to the assumption of a constant value of
contact angle, the corresponding critical minimum thickness distribution results in a wetting behaviour (shown in Fig.
4.38) which is qualitatively different from what can be actually observed in actual systems. Furthermore, results
obtained seem to underestimate experimental values 2. Observing that the contact angle is subjected to irregular and
condition-sensible changes, difficulties occur in comparing experimental data to this theory. Consistently, M. Trela
(1993) * observes that experimental results disagree with the assumption of considering contact angle a unique
property of materials, being a characteristic dependent on the operative conditions, solid surface configurations, film
flowing dynamics and flow rate. On the other hand, the value of minimal stable thickness can be referred directly to
experimental data or calculated from experimental minimum wetting mass flow-rate values, for an assumed velocity
distribution (see /p, I and I in paragraph 4.3).

In order to overcome some of the theoretical uncertainties and complexities, a semi-theoretical method, based mainly
on experimental observations that the contact angle is a variable quantity and that the critical minimum thickness should
be identified as a value defined by fluid properties and flowing conditions, is hereby presented.

The same set of principles, resulting in the equation describing the critical condition between rivulet and uniform film
configuration (eq. 4.43), applies. By fixing the value of minimum critical thickness &, related to fluid properties and
operative conditions, a critical contact angle distribution over the tube surface is obtained. A constant value of minimum
stable thickness directly implies that its dimensionless expression J," increases with the surface angle 4.

Representing the solution of the critical condition described by eq. 4.43 with a polynomial fitting curve
approximating its numerical solution, contact angle distributions can be obtained for different values of dimensionless
critical thickness &," (eq. 4.53).
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6,5= 1665 &, 3447 5, + 23995, -459.78,” +49.548,” +2.9748, +0.8616 (4.53)

9 26 or obtained from

The value of minimal stable thickness can be referred directly to experimental data
experimental values of minimum wetting mass flowrate %2 This parameter is required to summarise the complex
occurrence between different hydrodynamic and thermodynamic effects; accordingly its value is critical for the model
accuracy. Experimental data for the critical wetting rate Iy of continuous film from D. M. Maron et al. (1982) *? (Fig.
4.17), has been approximated by a fitting relation, as a function of the dimensionless group summarising fluid
properties (eq. 4.54). According to previous theoretical and experimental studies, both minimum wetting rates (/' and
T'y) obtained gradually increasing mass flow-rate and film critical wetting rate 7 (reached with negative increments in
the liquid flowrate) are recognised to increase with the dimensionless group defined by Ga=ps’/u*g and them all can be
represented by a power function of Galileo number. Eq. 4.54 is obtained from the interpolation of experimental data °*

and is used for identifying the film breaking condition and the corresponding minimum critical thickness d.

4

3 \0.0505
.= 8.5027(0- P ] (4.54)
Hg

Unfortunately, as can be observed in figure 4.17, sound consistency between the different studies exists only in the
intermediate range of the dimensionless group.

Considering the operative conditions of a high-temperature absorber (7=180 C°, @w=62%) the corresponding
dimensionless critical wetting rate can be obtained for the values of solution properties and calculation are performed in
order to estimate the wetting ability of the solution.

When the thickness of the uniform falling film is lower than the minimum critical thickness, the film is assumed to be
broken into the rivulet configuration and the local wetting ratio is that corresponding to (eq. 4.44) for the local value of

contact angle and film thickness.
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Fig. 4.42 Comparison between film thickness [m] and minimum stable thickness [m] (black dashed line) for different
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Calculations for different Reynolds numbers result in the following wetting ratio distribution over the first half of the
tube surface (Fig. 4.43).
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Fig. 4.43 Local values of wetting ratio for different Reynolds numbers

This different approach gives a fluid distribution closer to experimental observation. The local Wetting Ratio is
unitary between the impact position and S, while between S, and the vertical portion of the tube its value is given by
the modified Mikielewicz theory using the contact angle distribution obtained for film flowing over a horizontal tube.

A single value for the tube is obtained as its average value over the surface.
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Fig. 4.44 Rivulet Radius distribution over the tube surface
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Fig. 4.45 Rivulet Spacing distribution [m] over the tube surface for different values of Reynolds number

Furthermore, rivulets radius (Fig. 4.44) and rivulets spacing distribution (Fig. 4.45) can be calculated for different
Reynolds numbers. Once the film is broken, calculation results make evidence of a decreasing wetting ratio, an
increasing rivulets spacing and a decreasing radius for the rivulet flowing over the tube surface, which is consistent with

the direct observation of dry patches shape.
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Fig. 4.46 Local values of wetting ratio and contact angle over the entire tube surface for different Reynolds numbers
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Fig. 4.47 Average Wetting Ratio over the tube surface as a function of film Reynolds number

The wetting behaviour estimation is applied to the tube surface using constant critical thickness approach for the first
half of the tube, obtaining a contact angle distribution and using a constant contact angle value, corresponding to that
obtained in the vertical part of the tube surface, in the second half of the tube. This approach combination avoids the

sudden change from broken to uniform film configuration, which otherwise would occur using either approach.
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Fig. 4.48 Average wetting ratio as a function of (a) film Reynolds (b) mass flowrate per unit length for different operative
temperatures
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Moreover, figure 4.46 highlights a flowing pattern similar to that observed on actual systems. Practically, constant
critical thickness model is applied in the first half of the tube while in the second half constant contact angle model is
used. The present formulation gives a global wetting ability that can be visualised in figure 4.46.

As a consequence, the sudden change from broken to uniform film configuration is avoided. In fact, this latter
behaviour can’t be observed and a gradually increasing wetting ratio is also consistent with the theoretical work of A.
Doniec (1988) ''? about equilibrium shape of liquid cross-section and with the experimental results presented by D. M.
Maron et al., (1982) 2.

Furthermore, in order to employ the model for component analyses, the wetting model needs to be extended

19%) and results ', the

considering multiple tubes. Based on visual observations and according to previous models
calculation method for wetting ratio should be directly applied only for the tubes at the bottom of the bundle (after 10th
tube), while the solution distribution is forced at the first tube. As a consequence, there must be a transition zone, in

which wetting ratio decays following a certain law.
—Cp(j=1)
Xz, =BRe,Be (4.57)

Where j is the index identifying the tube number and B is a coefficient representing Reynolds number influence on
the first tube, allowing consistence with the condition of absence of heat transfer in the extreme case of null solution

mass flow rate.

Re
BRe,f)=| Xz, +(1-X ﬂ"’)[_j (4.59)
Re,
Where,
4T
Re, =—" (4.59)
u

Accordingly, Cp is the constant adjusted to give the value of Xj calculated by the direct application of the wetting
ratio model at tube 10.

Re
In Xﬁ’10 +(1_Xﬁ’10)[Re j —In X/mo
Cy= 5 b (4.60)

4.10 Summary

As a summary, a criterion for the identification of the uniform film critical condition has been developed according to
the energy minimisation principle. By the introduction of an additional geometrical parameter for the description of the
cross-section shape of the rivulet and considering a generic inclination of the plain surface, the resulting theory
generalises earlier theories.

Furthermore, the combination of the energy minimisation principle with a Lagrangian approach can be applied to
estimate the local wetting behaviour of the rivulet in its transition to the stable configuration and analyse its trend with
respect to the main geometrical and operative parameters. According to the results obtained and to the model presented
above, the following conclusion can be stated:

- A newly developed method for the estimation of the local behaviour has been presented and explored for various

geometrical features and under different operative conditions
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-The partial wetting model and the critical condition show both qualitative and quantitative agreement with
experiments and previous theories.

-Furthermore, the hysteresis behaviour of the wetting behaviour with respect to decreasing and increasing flowrates
can be described by the present model. The occurrence of this phenomenon is believed to have a major role for the
operative control of a system employing falling liquid films as transfer medium.

- Increasing the plain surface width A and its inclination f the minimum stable thickness &, decreases and wetting
ratio at the critical condition X, increases.

- The bigger the contact angle 6, the higher the minimum stable thickness J, of the uniform film. Accordingly, film
breaking into rivulet occurs at higher Reynolds, but the wetting ratio at the critical condition Xj slightly increases.

As a result, this approach seems to be suitable for the characterisation of thin film hydrodynamics and appears to be
promising to be included in heat and mass transfer modelling of processes performed by using thin liquid films flowing
on solid surfaces.

Experimental flow visualisation of water on an adiabatic vertical test section, equivalent to a single fin of a liquid
desiccant contactor, has been performed as a first comparison and validation of the theoretical analysis. Visual data have
been collected, and image binarisation has been used to establish a calculation method of the amount of wetted area.

The film critical condition and the partial wetting model have shown both qualitative and quantitative agreement with
experiments. As a result, the current approach appears to be promising for being employed in the optimisation of
internally cooled desiccant contactors, as well as in the development of the control method of the whole system, and,
can be combined with heat and mass transfer models for an improved characterisation of processes performed by using
thin liquid films. On the other hand, further experimental comparisons are envisaged for a refinement of the model and
for extending its applicability to different application cases.

Finally, a semi-empirical approach has been used as a criterion for estimating the critical condition for a uniform film,
while the energy minimisation principle has been used for describing the tube partial wetting. According to the results
obtained and to the model presented in the previous paragraph, the following conclusions can be stated:

The complexity of the flowing film hydrodynamic behaviour has required significant simplifying assumptions, which
have brought to neglect important phenomena like Marangoni effect, coupling with mass transfer, turbulence or wavy
surface. These considerations suggest that the modelling effort could be extended including the effect of other
phenomena and parameters. On the other hand, the model complexity should be compared pragmatically to the
accuracy-improvement possibility related to the inclusion of such details and to the practicability of eventual
employment of the model in global system simulations. In addition, this first approach can be improved by further
experimental comparisons. In particular the estimation of the critical breaking condition and visual observations of
partial wetting for an extended range of operative conditions can be critical for refining the model accuracy and

extending its applicability.
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Chapter 4,
Falling film stability and wetting behaviour
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Chapter 5, Heat and mass transfer characteristics of absorptive falling film on a partially-
wetted horizontal tube

Going back to the main objective of this work, a detailed numerical study characterising the absorption process of
water vapour in LiBr-H,O solution for different operative conditions, including both partial and complete wetting, is
performed and this chapter describes its main results. Consistently with the numerical analysis of the absorption process
developed in chapter 3, the model describing partial wetting is based on hydrodynamic description of Nusselt boundary
layer integral solution, thus it can be easily adapted to be included in the transfer analysis by acting on the local film
thickness. Accordingly, extended maps of heat and mass transfer coefficients of falling film heat exchangers are
obtained. The resulting analysis is improved in its accuracy and extended in its applicability to the low Reynolds region.

Due to different dominant hydrodynamic effects, three main regions of the resulting heat and mass transfer
coefficients can be identified (Partial wetting, uniform laminar film and film—dominated by velocity field). The
influence of operating and geometric parameters is investigated to extract general and detailed observation for actual
falling film absorbers design and control. Additionally, a first comparison with experimental data from literature is

presented.

5.1 Numerical model

The fundamental structure of the numerical model matches the one presented in Chapter 3, paragraph 3.2 (eq. 3.1-
3.18). However, in order to include the effect of partial wetting, the method presented in Chapter 4 is used at every
angle step for the estimation of the local wetting behaviour X and contact angle 5. This gives the local extension and
the geometry of the rivulet. Accordingly, when the film is not able to completely cover the exchange surface of the tube,
energy and species transport equations are solved, applying the same boundary and initial conditions, inside the two-
dimensional domain identified by the average rivulet thickness (eq. 5.1) and the angular stream-wise position; then the
values of heat and mass transfer coefficients are adjusted taking into account the reduction of the transfer interfaces. Eq.
5.1 is extracted as the average thickness of the rivulet local cross-section of a circular segment shape, cutting the solid

tube wall with an angle equivalent to the contact angle 6 .

o 1
B .
5/,(02—2511160)1300560’/,)
O v = T (5.1)
(X,/(8,,)) " sin”* 6,

Where f(8)4.) is defined by eq. 4.8. To comprehensively model the transfer phenomena occurring inside the absorber,
heat transfer with the cooling water inside the tube is estimated by means of the Dittus-Boelter relation, dividing the
tube in an axial mesh (where Z is the number of nodes, singularly identified by the k index). Every axial tube position is
characterised by inlet and outlet values of cooling water temperature and by a single value of wall temperature,
establishing the wall boundary condition for energy equation solved in the film numerical domain outside the tube.

Cooling water heat transfer is coupled with the film heat and mass transfer through the heat flux across the wall at the
same axial position ¢;. Cooling water heat balance (eq. 5.2) gives the outlet temperature 7, which constitutes the inlet
value for the next axial tube position 7+ ;.

The convergence of the solution method towards a single value of outer tube wall temperature and a specific value of
the global heat flux for that axial position on the tube ¢, requires an iterative procedure (see the calculation flow

diagram in Fig. 5.2).

Y . (5.2)
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The overall heat transfer coefficient U is expressed by eq. 5.3.

-1
U= i+ £ ln(ij (5.3)
o r

c w c

Where the heat transfer coefficient with the cooling water inside the tube ¢, is calculated by using the Dittus-Boelter
relation (eq. 5.4).

a, =0.023Re" prtt K (5.4)
r

c

The schematic concept of the model is represented qualitatively by figure 5.1.

Tube wall

Fig. 5.1 Model of a single falling film-absorber tube

Finally, wall temperature can be calculated by integrating the heat transfer equation for cross-flow heat exchangers

which makes use of a mean logarithmic temperature difference (eq. 5.5).

2UnrL
qk”z’ (Tons~Tooi)
T _ T;z’n,ke _T;o,k 55
wk 2U;er( 1) (5.5)
q 7z cin k cok
e % -1

A curvilinear coordinate transformation is adopted in the same way described in Chapter 3, to map the actual
computational space from the physical flow domain to a simple rectangular domain. Dimensionless variables, e=f/7
and 77=)/9, are considered, respectively, in the circumferential and radial directions. The solution is approached using
the same kind of cosine type calculation grid, and finite difference schemes matches those presented in chapter 3 (eq.s
3.14-3.18).
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Solution properties are calculated for the inlet values of temperature, pressure and concentration, with the following
references: density and diffusivity of water vapour [HL T 4 A D& #}], saturation temperature and enthalpy [ASHRAE
Handbook - Fundamentals (2005)], viscosity [#Thi + &5 6 hk M ERZEFREE 125, (2010)], thermal conductivity
[ASHRAE Trans., 1990] and surface tension [ H AR50, Fitm 2WtE N> K7 > 7, BEE, (2008) HER
w7e L.

The calculation technique is represented by the block diagram displayed in figure 5.2.

\

’ Cosine grid construction (N,M) ‘
v

Input of Geometrical parameters (r, r, L)

and solution inlet conditions (T, w, P, m)

\

’ Fluid properties calculation ‘

J&
A A

Tco,k= Tcin,k+1

Input of cooling water inlet conditions (Teink,
m., P.) and tube mesh construction (Z)

v

’ Estimation of T,, ‘

N
A4

’ Film velocity field calculation ‘

K

Local film thickness and wetting estimation at

angular position ir/N
T

\V\
Contemporary solution of energy and species transport
equations for all the inner nodes (j=1,...,M)

Newton-Raphson
ethod convergence

No
i=i+1

’ Total heat flux calculation at the wall ‘
7

’ Wall temperature estimation T, ‘

v

Residue
[(Tu-T)/Tw|<10°

No
Tw=T.,,

’ Estimation of T, ‘

No
K=k+1

Fig. 5.2 Flow diagram of the calculation method
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5.2 Local results

As a case of technical interest, the analysis is carried out for representative operative conditions of an absorber
operating as a component of a LiBr-water heat transformer; 95 ‘C solution inlet temperature and 60% inlet concentration,
0.0125 kg~m‘ls'] as a reference value for a low solution mass flowrate, inlet coolant temperature of 80 C, outer tube
radius of 9 mm and pressure of 12.5 kPa (continuous lines in the following graphs refer to these reference conditions). A
qualitative description of the uniform film configuration velocity field can be referred to figure 3.3 (a) and (b) in both its
tangential and normal components for a solution flowrate of 0.045 kg'm™'s™. Owing to the equilibrium at the film
interface, the solution of the simultaneous heat and mass transfer processes occurring inside the domain is strongly
related to the solution inlet conditions as well as to the operative pressure. Since the concentration of 60% is the
equilibrium concentration at about 96 C and the inlet solution is slightly sub-cooled, the absorption process starts as

soon as the LiBr-H,O solution enters the domain.
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Fig. 5.3 Local interface (black lines) and average (grey lines) temperatures [°C] for the reference conditions and different
mass flowrates; 0.03 kg'm™'s” (continuous lines) and 0.01 kg'm™'s™" (dashed lines)

Temperature distribution inside the film thickness depends on the combination of interconnected effects related to the
heat rejection to the coolant at the wall, vapour absorption rate at the interface and velocity field inside the film.
Broadly speaking, some general observations provide the main cornerstones for a proper interpretation of the simulation
results. A higher solution sub-cooling at the inlet promotes absorption at the interface, and heat rejected to the cooling
water. As the layer thins, the temperature gradient is intensified together with the rate of absorption. The thickening of
the film is generally responsible for the opposite effect. A higher flowrate directly intensifies the velocity field of the
film, extending the entrance region and convective heat and species diffusion effects, but, at the same time, increases
the film thickness.

0.605

0.600
0.595 -
0.590 -
0.585 -
0.580 -

Concentration @

0.575
0.570

0.565 T T

0 0.2 0.4 0.6 0.8 1
Dimensionless stream-wise coordinate €
Fig. 5.4 Local interface (black lines) and average (grey lines) emperatures [°C] for the stated conditions and different mass

flow rates; 0.03 kg'm™'s™ (continuous lines) and 0.01 kg'm™'s™" (dashed lines)
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Fig. 5.5 Local mass flux per unit area [kg's™ m™] for the reference conditions and different mass flow rates [kgrm™'s™]
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Fig. 5.6 Bulk (grey lines) and interface (black lines) concentrations (a) and (b) temperatures [°C] for different tube wall
temperatures; 85°C for continuous lines and 83°C for dashed lines; 7=0.015 kg-m']s'], @;,=60%, T;,=95C, r=9.0mm,
p=12.5kPa

Concentration ®

The effects of different parameters is analysed to clarify the model ability to describe different phenomena in details.
Figure 5.3 compares interface and the bulk temperature distributions for different solution mass flowrates included in
the usual operative range of real horizontal tube falling film absorbers. It can be pointed out that, at lower flowrates, the
slower and thinner absorptive film is increasingly affected by cooling effect of the water circulating inside the tube.
Furthermore, the decrease in the solution bulk temperature is less significant than the one at the interface. This effect is
related to the corresponding variation of concentration, which, in turn, is directly dependent on the vapour mass flux at

the interface, hence highlighting enhanced mass transfer performance. Independently on the value of the solution
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flowrate, figure 5.3 makes evidence of an approximately constant temperature difference between interface and bulk
values along most of the tube surface.

Given the interdependent nature of heat transfer at the wall, velocity field and boundary condition of thermodynamic
equilibrium at the solution interface for the absorber’s vapour pressure, results demand to be explored from multiple
points of view; a lower interface temperature constitutes a higher driving force for vapour absorption, and, consistently
with first Fick’s diffusion law, a higher concentration gradient brings about the same effect. Accordingly, the described
influence on the temperature distribution can be related to the corresponding variation of concentration (as shown in Fig.
5.4), which, in turn, is directly dependent on the vapour mass flux per unit area at the interface (Fig. 5.5).

Figure 5.5 illustrate the effect of both a reduction and an increase in the solution mass flowrate on the mass flux per
unit area at the film interface. The increasing maximum value of vapour mass flux for decreasing solution mass flow
rate can be ascribed mainly to a lower interface temperature at lower flowrates. On the other hand, the increasing
distance of the angular position of the local maximum from the inlet at a higher solution mass flowrate is related to the
influence of the velocity field on concentration and temperature fields.

The cooling water temperature is a critical parameter for the absorber’s optimisation and control, as well as for the
whole system performance. Strictly targeting the absorption process, the coupled heat and mass transfer phenomena are

strongly related to its value (Fig.s 5.6 and 5.7).
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Fig. 5.7 Local mass flux per unit area [kg's™ m™] for different tube wall temperatures; 85 °C (continuous line) and 80 °C
(dashed line); 7=0.015 kg'm™'s™, 0;,=60%, T;,=95 C, =9.0mm, p=12.5kPa

In general, a lower cooling water temperature enhances both heat and mass transfer (Fig. 5.6 a-b). Contrarily to the
effect of a lower solution mass flowrate, the reduction of the cooling water temperature mainly affects the temperature
field near the wall region; indeed the decrease in the solution mean temperature is higher than that of the interface value.
However, the opposite behaviour can be ascribed to the concentration field (Fig. 5.6b), which is mainly influenced at
the interface, while the bulk value of concentration is slightly affected by a lower coolant temperature.

As already pointed out, a lower interface temperature constitutes a higher driving force for vapour absorption and
figure 5.7 shows the directly related increase in the maximum value of vapour mass flux.

The effect of different values of the outer tube radius is also examined as a significant geometrical parameter for the
process as well as for the overall size and performance of the absorber.

The direct consequences of a downsized tube are lower heat and mass transfer interfaces and a smaller flowing time
of the solution, bringing about, globally, lower heat and mass transfer. This is not valid, ceteris paribus, for the cooling
water circulating inside the tube, which experiences an enhancement of the heat transfer performance when the tube
internal radius is reduced. As a result, a compromising optimal solution can be bordered by these two conflicting effects.

Contrarily, both local heat and mass transfer coefficients of the film outside the tube seems to be are slightly affected.
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Fig. 5.8 Normal velocity distribution [m-s™] at &=N-1/N for two different outer tube radius; 9mm (continuous line) and 4.5mm
(dashed line); 7=0.015 kg'm's™, 0,,=60%, T,=95C, T.=80C, p=12.5kPa
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Fig. 5.9 Bulk (grey lines) and interface (black lines) concentrations (a) and temperatures (b) for two different outer tube
radius; 9mm (continuous lines) and 4.5 mm (dashed lines); 7=0.015 kg~m'ls'1, 0,;,=60%, T;,=95°C, T=80C, p=12.5kPa.

When this geometrical parameter is studied in its influence on temperature and concentration distributions, an
analogy in their response to such a change is suggested. A higher radius decreases in parallel temperature and
concentration in both their interface and bulk values. Furthermore, the value at the interface is the most affected for both
temperature (Fig. 5.9a) and concentration (Fig. 5.9b). However, the driving difference between interface and bulk
temperatures is not affected, while the difference between the corresponding values of concentration is higher for higher
tube radii.
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Fig. 5.10 Local mass flux per unit area [kg's'1 m?] for two different outer tube radius; 9mm (continuous line) and 4.5 mm
(dashed line); 7=0.015 kg'm™'s™, ©,=60%, T;,=95C, T.=80C, p=12.5kPa
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Fig. 5.11 Temperature difference [°C] (between interface and bulk values) distribution for different cooling water
temperature: 80°C, 85°C and 90°C. 7=0.05 kg'm's™, ,,=60%, T;,=95 C, r=9mm, p=12.5kPa
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Fig. 5.12 Temperature radial derivative [°C] at the interface for different cooling water temperature: 80C, 85°C and 90 C.
I=0.05 kgm's™, 0,,=60%, T,=95 C, =9mm, p=12.5kPa

Simulation results highlight some characteristic features of the temperature field: temperature distribution in radial
direction gradually approaches a linear trend. In fact, at sufficiently low solution flowrates, the radial distribution
appears to be nearly linear for the major part of the stream-wise extension of the tube. After the entrance region (the
extent of which is strongly dependent of the solution flowrate), the temperature gradient at the interface is almost

constant. Temperature difference between interface and bulk values shows a variation along the tube surface below
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10 % (Fig. 5.11). Figure 5.12 presents the radial temperature derivative at the interface for different cooling water
temperatures.

Except for the absorber pressure, the main influence on the values of temperature difference between interface and
bulk values and temperature radial derivative at the interface is related to the coolant temperature and to the mass
flowrate. Furthermore, a parametric study of these two parameters suggests an approximately constant value along the
tube surface except for the entrance region.

When the film uniformly wets the tube surface, the local heat transfer coefficient is calculated according to eq. 5.6,

whereas, when the film is broken eq. 5.7 is used.

T
S
V.,
o=—"" 5.6
]—:ZV_TM’ ( )
T
S
V.
’T,-T, e

Solution bulk properties are calculated according to eq. 5.8.
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Similarly, the mass transfer coefficient is estimated according to eq.s 5.9 and 5.10.
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The importance of the inclusion of partial wetting effect can be first highlighted at a local scale;

When the film breaking is ignored and other conditions are kept constant, a reduction in the solution mass flowrate
brings about the reduction of bulk film temperature together with a thinner film, which directly causes higher heat
transfer coefficients at the wall, lower interfaces temperatures and higher mass fluxes at the free surface. Furthermore,
for sufficiently low flowrates, the local distribution of the heat transfer coefficient makes evidence for the occurrence of
a local maximum mainly related to the dominant effect of a minimum film thickness. Contrarily, at higher solution
flowrates the influence of film thickness reduction in the first half of the tube surface is overwhelmed by the effect of

the flow field and no local maximum occurs. These observation points out that, without considering partial wetting at
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low Reynolds number, heat transfer coefficient would increase constantly because of a decreasing heat transfer

resistance related to the film thickness wearing thin. Also the mass transfer coefficient would be greatly overestimated.
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Fig. 5.13 Local heat transfer coefficient [W-K™ m™] for the reference inlet and pressure conditions at different mass flow
rates; 0.06 kg'm™'s™ (black lines), 0.03 kg'm™'s™ (dark grey lines) and 0.01 kg'm™s™ (light grey lines); continuous lines for
uniform film and dashed lines consider the effect of partial wetting

Owing to the film break up, besides the direct reduction of the surface taking part in heat and mass transfer, the
increase of the local film thickness and the velocity redistribution, reduces temperature and concentration gradients,

indirectly diminishing local heat and mass transfer coefficients.
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Fig. 5.14 Local mass transfer coefficient [m-h™"] for the reference inlet and pressure conditions at different mass flow rates;
0.06 kg'm™'s™ (black lines), 0.03 kg'm™'s™ (dark grey lines) and 0.01 kg'm™'s™ (light grey lines); continuous lines for uniform
film and dashed lines consider the effect of partial wetting

Figures 5.13 and 5.14 present, respectively, local heat transfer and mass transfer coefficient distributions for different

film flowrates and compare uniform film results (continuous lines) with the broken film ones (dashed lines).

5.3 Average heat and mass transfer coefficients
In order to map extensively heat and mass transfer coefficients of falling film absorbers, average values for the entire
tube are calculated in a wide range of Reynolds. Simulations are performed for three typical operative temperatures, in

order to cover operative conditions of different applications.
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Fig. 5.15 Average tube heat transfer coefficient [W-K' m™] for different solution and absorber conditions as functions of
Reynolds number; 42 C and 60% LiBr, 95 C and 60% LiBr, 175 C and 63% LiBr
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Fig. 5.16 Average tube mass transfer coefficient [m'h'] for different solution and absorber conditions as functions of
Reynolds number; 42 C and 60% LiBr, 100 C and 60% LiBr, 180 C and 63% LiBr

Three main regions, mainly characterised by different hydrodynamic effects, can be accordingly identified:

- Partial wetting region (low Reynolds)

- Uniform laminar film region, in which film thickness has the main influence on heat and mass transfer
(intermediate Reynolds)

- Uniform film dominated by velocity field effects (high Reynolds)

Figure 5.15 highlights that higher solution temperatures correspond to higher heat transfer coefficients. Furthermore,
at high temperature operability, the influence of partial wetting ceases before ¢ begin to increase regularly at high
Reynolds for the dominant effect related to the velocity field. Accordingly, when the film is uniform at the critical
condition before the break up and the occurrence of partial dry out of the exchange surface for lower delivered flowrates,
the heat transfer process takes advantage of the minimum film thickness and a relative maximum of « appears.
Contrarily, for low solution temperatures the partial wetting region covers a wider range of mass flow rates and the heat
transfer coefficient is characterised by a relentlessly increasing trend with respect to Reynolds. The use of surfactants, in
order to improve the wetting ability of the solution film, would reduce the extension of the partial wetting region,
increasing that of the uniform film, thus creating the circumstance for the existence of a local maximum heat transfer
coefficient also at lower temperature operability. Considering the tubes at the top of the bundle, the solution distribution

could be enhanced by a proper design of the distributor.
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Fig. 5.17 Average tube Nusselt number for different solution and absorber conditions as functions of Reynolds number; 42°C
and 60% LiBr, 100C and 60% LiBr, 180°C and 63% LiBr
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Fig. 5.18 Average tube Sherwood number for different solution and absorber conditions as functions of Reynolds number;
42C and 60% LiBr, 100 C and 60% LiBr, 180 C and 63% LiBr

A similar behaviour is followed by the mass transfer coefficient, represented in figure 5.16, but, in the transition from
the region of reduced wetting to the complete covered surface, a persistently increasing trend is shown.

Figures 5.17 and 5.18 represent the absorber heat and mass transfer maps in their dimensionless form, namely,
Nusselt and Sherwood numbers.

5.4 Comparison with experiments from literature

Experimental works on absorption process have been usually performed in multiple-tubes component (not usually
instrumented for the local evaluation of heat and mass transfer coefficients), for a reduced range of Reynolds number
and, in general, for low temperature operative conditions.

Multi-factorial experimental data from V. M. Soto Francés and J. M. Pinazo Ojer (2003) ' are used as a reference
for a first comparison with the present model. Simulations are performed by setting the operative conditions
consistently with those of the experiments, and compared with these data in figures 5.19 (a) and (b).

Simulation results agree both qualitatively and quantitatively with experiments in the low Reynolds region, making
evidence of the necessity to consider partial wetting for absorbers’ modelling procedures. The intermediate Reynolds
region can be compared with experimental data of vertical tube falling film absorbers reported by K.J. Kim et al. (1995)

120 in similar solution operative conditions. According to their study, for Reynolds between 50 and 130, measured
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Nusselt and Sherwood numbers increase, respectively, between 0.3 - 0.5 and 4 - 8. While heat transfer evaluation agrees

with the experiments also in this range (Fig. 5.19b), mass transfer seems to be globally over estimated.

2000
1800 -
1600 -
1400 - . ,
1200 - .
1000 - . 3 ;
800 - :
600 - I p
400 - . .
00 |

P |
1 e 100

Heat transfer coefficient o

(@
0.30

o
N
%
.
N\

o
N
o
I
N
Ay

o
a
S
!
\
\

o

o

[l
L

Mass transfer coefficient mtc
o
=
(6,]
‘
\
\

0.01 0.1
Mass flowrate per unit length T (b)

Fig. 5.19 Experimental comparison of heat transfer [W-K™' m™] (a) and mass transfer [mh'] (b) coefficients

5.5 Summary

As a conclusion for this chapter, results obtained can be summed up to general statements: as a whole, a detailed and
widely applicable heat and mass transfer characterisation is required in order to optimise absorption systems
performances and control their operability in an extended range of conditions.

From a strictly theoretical point of view, working with reduced solution mass flowrates would be highly beneficial.
However, practical analysis should consider the occurrence of partial wetting as a conflicting effect. If this
hydrodynamic phenomenon is included in the simulation of absorption transfer performance the accuracy of the results
can be improved and their validity can be extended.

The semi-theoretical model for partial wetting of a horizontal tube developed in the previous chapter has been
coupled with the physical model for absorption of a falling film and heat transfer with the cooling water circulating
inside the tube. The film thickness distribution and the velocity field have been calculated from momentum and
continuity equations and have been consistently modified in order to consider the redistribution in the broken rivulet
configuration. The model for falling film heat and mass transfer has been based on the numerical solution of energy and
species transport equations in a two dimensional domain which consider different local thickness values accounting for
velocity field and partial wetting.

The influence of geometrical and operative parameters on heat and mass transfer has been explored in order to
describe in detail the absorption process, improve its fundamental understanding and estimate the resolution power of
the model.
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By the implementation of the model in a wide range of Reynolds number and for different solution temperatures
extended heat and mass transfer coefficients maps have been obtained and studied. Three different regions mainly
characterised by different hydrodynamic effects can be identified:

- Partial wetting region

- Uniform laminar film region, in which film thickness has the main influence on heat and mass transfer

- Uniform film mainly subject to velocity field effects

Though incomplete, the comparison of the model with experiments from previous works gives promising agreement.

The single tube model can be employed as a module for global component and system simulations in order to

optimise their performances and control their operability in an extended range of conditions.
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Chapter 5,
Heat and mass transfer characteristics of absorptive falling film on a partially-
wetted horizontal tube
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Chapter 6, Extended range analytical expression of heat and mass transfer coefficients

As a closing modelling effort, this chapter articulates, slims down and canalises the understanding developed in the
previous chapters in a detailed, widely applicable and time-saving method for predicting heat and mass transfer
characteristics of horizontal tube film absorbers. Based on the foregoing numerical, theoretical and experimental studies,
simplifying assumptions are introduced in order to analytically solve the coupled set of fundamental equations. As
demonstrated so far, a two-dimensional model is able to capture the physics of the phenomenon. As demonstrated so far,
since falling operability at low Reynolds number is attractive to increase absorption system performance and reduce their
overall size, the reduction of transfer interfaces area due to partial wetting demands to be included in the model. By means
of the inclusion of a film stability criterion and a linear wetting model, partial wetting phenomena are incorporated in the
analysis extending the target range of the resulting heat and mass transfer coefficients expressions and increasing their
accuracy. A first comparison with the numerical solution is also presented to validate the simplifying assumptions

introduced.

6.1 Closed-form solution of film mass-transfer on a partially wetted absorber tube

As a first step, aiming at expressing the corresponding mass transfer coefficient in a closed form valid for an
extended range of operative conditions, the interest is limited to a single side of the problem. A closed solution which
takes into account the effect of incomplete wetting of the exchange surface for the gas absorption process of a laminar,
gravity driven film, flowing over a horizontal tube is sought for. The species transport equation is solved for horizontal
tube geometry. Small penetration for physical absorption hypothesis and constant heat flux boundary condition are
introduced to reach a closed solution.

The film stability criterion for the identification of the breaking condition can be based on the energy-minimisation
principle or directly related to experimental data, and the model describing partial wetting is abridged to linear
distribution with reference to film Reynolds. Using a modified form of the Nusselt equation the film thickness
distribution is adjusted in order to assure continuity between uniform and partial wetting. Finally, mass transfer
coefficient and absorbed mass flux are expressed as functions of the leading dimensionless groups and a parametric
analysis is performed to perform a first screening of the results and clarify the process. Results agree with previous
numerical solution, can be used generally for different fluids, and, eventually, for actual system design and control. On
the other hand, the necessity of establishing the absorption heat flux at the interface as a given boundary condition is
problematic and, as a matter of fact, requires detailed information about the mirroring side of the problem, namely heat
transfer and temperature distribution.

The system under consideration is exemplified schematically by figure 6.1. A single horizontal tube is considered. A
thin film of LiBr-H,O solution impinge the top of the tube (x=0) and flows down over it driven by gravity as a laminar

incompressible liquid. In the meantime, vapour absorption takes place at the film interface.

\

Solutiom
film \ Vapour

7

Fig. 6.1 Local coordinate system of the falling film
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Mass transfer characteristics are considered under the following main assumptions: the impingement zone is

12D where shear

supposed to be a small fraction of the total periphery. The flow is laminar and waveless at the interface
force between the liquid film and the vapour, as well as interfacial mass transfer resistance are also overlooked. Physical
solution properties remain constant as the film flows. The variation of the film flowrate due to the absorbed vapour is
considered to be small enough to be neglected. According to the thin film approximation (the film thickness is small if
compared to the tube diameter) introduced by G. Kocamustafaogullari (1985) '*V, body fitted coordinates (x along the
tube surface and y normal to it at any point) are used. The momentum equation is solved under Nusselt integral solution
(eq. 3.2) hypotheses for a laminar film over a horizontal tube and the radial component of the velocity distribution (eq.
3.4) can be determined from the integration of the continuity equation. To map the flow domain of the physical space to
a simple rectangular domain, the same curvilinear coordinate transformation introduced in chapter 3 is adopted 7,
hence, the dimensionless variables considered in the circumferential and radial directions are, respectively, &=x/m and
7=y/0.

In order to include the effect of partial wetting at low Reynolds number, the extension of this region is estimated by
experimental data for the break-up specific flowrate I’y of continuous film from D.M Maron et al. (1982) 2. A fitting
relation describing the critical Reynolds number Re, (eq. 6.1) at which film breaking occurs, is expressed as a function
of Galileo number (Ga=pa’/ui’g), whereas, for lower values of Reynolds number a simplified linear wettability model

(eq. 6.2) is applied. Linear wetting behaviour agrees with methods based on energy minimisation approach ),

Re, =34.1Ga"" (6.1)
Re

WR = — (6.2)
Re,

Where WR represents the basic parameter to describe the wet part of the tube surface. Alternatively, the critical
condition can be referred to the theoretical expression from the direct application of the energy minimisation principle
to a plain surface (eq. 4.38). Furthermore, a closed analytical solution requires considering WR as an independent
function of the angular position B (WR, as an average global parameter, also correspond to the local value since it is
considered to be a constant along the tube surface). Accordingly, given the film mass flowrate per unit length 7 the film
thickness distribution is adjusted in order to assure continuity between uniform and partial wetting using a modified
form of the Nusselt equation as in S. Jeong anf S. Garimella (2002) ' (eq. 6.3).

A
S= (Lj (6.3)

WRp’ g sin ze

For a steady flow with constant properties, the two-dimensional form of species transport equations is given by eq.
6.4.

dw mrD d’w (77 dd ﬂw)&)w

9o _mDIw (1dd_mrv)ow (6.4)
o  ud I o0de ud )on

Where,

d_é‘__( urr’ j% 1 65
de WRP'E ) tan ze sin% e
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For a small penetration distance of the vapour into the falling film thickness and a short contact time (physical
absorption), the velocity field can be represented by the corresponding values of tangential and normal components at

the interface (77=1). Thus, the velocity field is abridged to eq.s 6.6 and 6.7.

u=u_ (&)= sin 7z& (6.6)
2u
P 3
v=y_(&)=- 89 cosze (6.7)
6ur

Under these last assumptions, the term in brackets in the form of the species transport equation represented by eq. 6.4
(6.8) is,

(ﬁd—‘s—”—wj—(l— )(5 : j (68)
Sde us) 7 3 tan e .

As a result, under the assumption of small penetration distance (77=1) the following simplified expression is obtained.

dw _ 7D o w

= (6.9)
de u & I’
Developing non-constant terms, and defining the dimensionless diameter d'=27/L,.,
y + 2
Y 0w (4WR)37rd dw
sin P m—=-——| —T
de \3 Re Sc dan
, (6.10)
.-y 0w o'w
sin A e—=c’ -
e an

Finally, it can be expressed in a dimensionless form, representing the behaviour of the function K& n)=w(& 1)/ @;,.

%ﬁgﬂzcza_f 6.11)
o€ on

sin

In order to obtain the concentration field, the problem formulation needs to be closed by consistent boundary
conditions. The solution concentration at the distributer or, assuming that a complete mixing occurs, the bulk values of
the previous tube is established as the inlet condition at &=0 and 0<7<1 as p=1. The boundary condition at the tube
surface assures non-permeability of the wall (77=0 and 0< &<l, dy /077=0). Absorption heat transfer is reduced to a
constant value of Biot number Bi and the normalised form of the heat of absorption A (defined by eq. 6.12) at the

interface.

A=—0— (6.12)
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Temperature gradient at the phases interface 7=0 and 0< &<I) is assumed to be constant and related to the
temperature difference between interface and bulk temperatures AT (d7/077=BiAT). This last parameter is considered

. 106
constant also in other works %

and numerical results presented previously (see Chapter 5) validate this assumption
Consequently, the interface concentration is determined from Fick’s law of diffusion combined with the thermal effect
of absorption; the heat produced is assumed to be entirely transferred by conduction through the film towards the tube

surface:

% L__BiLe 6.13)
on v Vi A

The method of separation of variables is used to find an analytical solution. The method assumes the dependent

function to be a product of a number of functions, each being dependent on a single variable.

X(e,m=EE)H(n) (6.14)
;yﬂ _ (6.15)
csinfre £EH

Considering that both £ and 7 can be varied independently, the equality between the two sides of eq. 6.15 can hold
true for any value of £ and 7 only if eq. 6.15 is equal to a constant. Further, this latter must be a negative constant in

order to obtain a solution which is not constantly zero in the calculation domain.

1 E'
—/—z—fz (6.16)
sin e E
H"
—=-£ 6.17
o (6.17)

Whose general solutions are,

1
e Jsiné mede
e

E=C, (6.18)

H =C, cos(&n)+C, sin(&m) (6.19)

These, combined together as in eq. 6.14 give the general form of the lithium bromide concentration distribution.

. Isin% nede .
X=e [4cos(én) + Bsin(én)] (6.20)

Where 4 and B (A=C;Cj;, B=C,Cj) are arbitrary constants that can be determined by applying the boundary and initial
conditions. The boundary condition at the wall requires that B is null B=0).

97 =0—>B=0 (6.21)

an|,
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Under the assumption of constant heat flux at the interface the boundary condition at the film interface gives the

characteristic equation, or the set of eigenfunctions (eq. 6.22).

dy| 1 _ Bile

Jdy| 1 _ —>§ntan§n=BlLe
anl, vy A A

(6.22)
The roots of eq. 6.22 are the characteristic values of the solution, or eigenvalues. Since the characteristic equation is
implicit in this case, the characteristic values &, need to be determined iteratively. Consequently, the solution is a linear

combination of an infinite series of functions with similar form and decreasing influence.

= —& 22 Sin%lté‘ e
y=> Ae 87 fon” e cos(&,17) (6.23)

n=0

The constants A, are determined from the boundary condition at the inlet by means of the Sturm-Liouville

orthogonality condition.

7(0,m)=1—1= i 4, cos(&,m) (6.24)

n=l1

Multiplying both sides by the term cos(&,77) and integrating in the radial direction, it can be shown that all integrals

vanish except when n=m.

1 1
[ cos(&,mdn = 4, [ cos™ (&,mydn (6.25)
0 0
| dsine,) 626
2& +sin(2E)
As a result, the solution can be expressed in its complete form as follows (eq. 6.27).
%
. _g AR md o W e
- 4sin(¢&)) & (3 Re] S| mede
a(e,n) =, 225 c0s(S, e ° (6.27)
2428 +sin(2£)

From the concentration field inside the solution film, the local mass transfer coefficient mzc is calculated according to

eq. 5.9, whereas the local absorbed mass flux G, refers to eq. 6.28.

G =-WRE=——= (6.28)

In order to consider the tube partial wetting, an expression averaged for the tube length is obtained under the

assumption that the reduction of the surface taking part to the vapour absorption can be represented by the value of WR.
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e (4 WR]/ zr;ij :[sin% rede

WR'S (4 s1n7r8j i 4¢ sin* &, 3Re
Sh = a)in 3 Re n=0 zfn + Sln(zfn) / - - (629)
2 2\( 4WR rd*
2 8sin(2&)siné,, (1-cosé, ) aCAE )[3 Rej Se ! S rede

NgE

=5 (26, +5in(25))) (26, +sin(2¢, )

Il
(=]

n

4¢ sin* & o [;Wl?:j j i rede

WR%pD (i sin ﬂ'sj/ z 32, +sin(28) ¢ (6.30)

3 Re —fnz[gng:J/ nd* J.sm/ nede

G, =
L

c

o 2sin(26)
235 +sinrE)

6.2 Parametric analysis
In order to obtain significant results for actual system analysis, a parametric study is to be carried out for typical

conditions of a the absorber; in this demonstrating case, 40 °C LiBr-H,O solution inlet temperature, 60% LiBr inlet
concentration and outside pressure of 1.0 kPa. The solution properties are calculated for the inlet values of temperature,
pressure and concentration, according to ASHRAE Trans. (1990) . Figure 6.2 qualitatively shows the concentration
field solution results. Table 6.1 presents the eigenvalues obtained from the solution at the reference condition (7;,=40,

@,=60%, Re=43, Le=110, A=341, Sc=2567 and d*=181) for different Biot numbers.
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Fig. 6.2 concentration distribution in the 2-dimensional rectangular calculation domain

Figures 6.3 and 6.4 show different concentration distribution obtained for different interface condition in terms of
Biot Number. The agreement of present analytical results with previous numerical works supports the simplifying
assumptions preliminarily introduced. Figure 6.3 makes evidence that mass transfer boundary layer influences a
reduced part of the film thickness (23%), supporting the assumption of small penetration theory. Observing figures 6.3

and 6.4, higher interface Biot number are directly related to, and are meant to represent, higher absorption rates.
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Fig. 6.3 Concentration distribution in the 2-dimensional rectangular calculation domain; Bi=2.5
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Fig. 6.4 Concentration distribution in the 2-dimensional rectangular calculation domain; Bi=0.5

Table 6.1 First 20 eigenvalues for different values of Biot number;

&, Bi 0.1 Bi 0.5 Bi2.5 Bi 12.5
0 0.17921 | 0.39232 | 0.79546 | 1.26796
1 3.15189 | 3.19240 | 3.37743 | 3.94157
2 6.28835 | 6.30891 | 6.40915 | 6.81995
3 9.42822 | 9.44197 | 9.50992 | 9.81678
4 12.5690 | 12.5793 | 12.6305 | 12.8718
5 15.7100 | 15.7183 | 15.7594 | 15.9570
6 18.8513 | 18.8582 | 18.8925 | 19.0593
7 21.9926 | 21.9985 | 22.0280 | 22.1722
8 25.1340 | 25.1392 | 25.1650 | 25.2918
9 28.2755 | 28.2801 | 28.3030 | 28.4162
10 31.4170 | 31.4211 | 31.4417 | 31.5439
11 34.5585 | 34.5622 | 34.5810 | 34.6740
12 37.7000 | 37.7034 | 37.7206 | 37.8060
13 40.8415 | 40.8447 | 40.8606 | 40.9395
14 43.9830 | 43.9860 | 44.0007 | 44.0741
15 47.1246 | 47.1273 | 47.1411 | 47.2096
16 50.2661 | 50.2687 | 50.2816 | 50.3459
17 53.4077 | 53.4101 | 53.4223 | 53.4828
18 56.5492 | 56.5515 | 56.5630 | 56.6202
19 59.6908 | 59.6930 | 59.7039 | 59.7581

Sherwood Number can be calculated locally at the film interface (Fig. 6.5).
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Fig. 6.5 Local distributions of Sherwood Number (a) and mass flux per unit area [kg's™ m™] (b) for different Reynolds
numbers; Bi=0.1;

An increasing maximum with in increasing Reynolds can be observed in the entrance region, where absorption starts
occurring. When Reynolds increases the position of the maximum slightly moves to higher normalised angular
positions and after it a monotonous decreasing behaviour is shown.

Average Sherwood Number for different Reynolds Numbers can be compared to the results obtained without
considering partial wetting of the tube surface. In the range covered, constantly increasing trend can be observed in both

cases, as shown in figure 6.6.
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Fig. 6.6 Comparison between uniform film (dashed lines) and partially wetted film (continuous lines) Sh as a function of Re
for different Bi.

Considering the proposed partial wetting model, the critical condition of the uniform film, at which breaking occurs
and the film has its minimum stable thickness, identifies a maximum value of the absorbed mass flux G,. The effect of
an increasing Bi is to globally enhance the absorbed mass flux at the interface (Fig. 6.7). A higher heat flux (otherwise, a
greater distance of the solution condition from the thermodynamic equilibrium with the absorbed species) can be related
to a stronger influence of internal heat transfer (lower cooling water temperature), which, as renown, reciprocally

enhance mass transfer.

148



5.E-02

v

(9]
m
o
@©
1
N
wv

Average mass flux per unit area G

(9]
m
o
D
1

Py ¢ !

o

5.E-05 -

5.E-06 \ T

Film Reynolds Re
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A reduced tube radius has a similar influence on Sherwood number. However, it doesn’t affect the interfacial mass

flux.
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Fig. 6.8 Sherwood number as a function of Reynolds for different tube radii [mm]

With the aim of characterising the effect of Lewis number on the mass transfer solution, different operative
conditions are considered.

The followings three values of Le refer to typical condition of the absorber for different applications: cooling system
absorber, heat transformer absorber, high temperature absorber of a multistage heat transformer. Table 6.2 presents the
eigenvalues obtained for these representative Lewis values. Observing figure 6.9, a local minimum characterises the
uniform film solution when the calculation range is extended to very low value of solution mass flow-rate, and the
occurrence of this minimum moves to higher Reynolds for decreasing Lewis numbers. This behaviour can be explained
considering that, reducing the solution flowrate, the penetration distance of the diffusing species reach the tube wall. As
a consequence, the mass transfer coefficient increases because of the reduction of the concentration difference between
the value at the interface and that at the wall. This behaviour is conflicting with the assumption of small penetration
theory. On the other hand, such low values of solution mass flowrate are, in general, outside of the practical range of

operative conditions.
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Table 6.2 First 20 eigenvalues for different values of Lewis number;

& Le 110 Le 38 Le 16

0 0.79546 0.51326 0.34174
1 3.37743 3.23089 3.17980
2 6.40915 6.32886 6.30247
3 9.50992 9.45536 9.43766
4 12.6305 12.5893 12.5760
5 15.7594 15.7264 15.7157
6 18.8925 18.8649 18.8560
7 22.0280 22.0043 21.9967
8 25.1650 25.1442 25.1376
9 28.3030 28.2846 28.2786
10 31.4417 31.4251 31.4198
11 34.5810 34.5659 34.5610
12 37.7206 37.7068 37.7023
13 40.8606 | 40.8478 40.8437
14 44.0007 | 43.9889 | 43.9851
15 47.1411 47.1300 | 47.1265
16 50.2816 50.2712 50.2679
17 53.4223 53.4125 53.4094
18 56.5630 56.5538 56.5508
19 59.7039 59.6951 59.6923
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Fig. 6.9 Average Sherwood number as a function of Reynolds for different values of Lewis number

0.01 -

0.001 -+ 38

Average mass flux per unit area G,

Le 110

0.0001 ‘ T T

1 10 100 1000
Film Reynolds Re

Fig. 6.10 Average mass flux [kg-s" m™] per unit area as a function of Reynolds number for different values of Lewis number
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According to the definition of the normalised heat of absorption A, a different value can be ascribed to a different
heat of absorption 4, a different solution or a different value of the temperature difference AT between the film bulk
and the interface temperatures. Since A appears in the characteristic equation, its solutions (the eigenvalues in Table
6.3) depend on its value. Figure 6.11 shows that Sherwood number is almost independent on this parameter in the
Reynolds range of interest. Contrarily, the higher the normalised heat of absorption the higher the absorbed mass flux at
the interface.

Table 6.3 First 20 eigenvalues for different values of normalised heat of absorption A;

&, A 228 A 325 A 683
0 0.92241 0.79546 0.59701
1 3.47828 3.37743 3.26524
2 6.46920 6.40915 6.34704
3 9.55156 9.50992 9.46762
4 12.6622 12.6305 12.5986
5 15.7849 15.7594 15.7338
6 18.9138 18.8925 18.8711
7 22.0463 22.0280 22.0096
8 25.1811 25.1650 25.1489
9 28.3173 28.3030 28.2887
10 31.4546 31.4417 31.4288
11 34.5927 34.5810 34.5693
12 37.7314 37.7206 37.7099
13 40.8705 40.8606 40.8506
14 44.0100 44.0007 43.9915
15 47.1497 47.1411 47.1325
16 50.2897 50.2816 50.2736
17 53.4299 53.4223 53.4147
18 56.5702 56.5630 56.5558
19 59.7106 59.7039 59.6971
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Fig. 6.11 Sherwood number as a function of Reynolds for different values of dimensionless absorption heat
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Fig. 6.13 Sherwood number as a function of Reynolds for different film breaking criteria
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The present model refers to simple LiBr-H,O solution behaviour, but if tensio-active substances would be considered
the film breaking would occur at a lower Re 122 As a result, the maximum value of absorbed mass flux would increase
and occur at a lower Re (Fig 6.14). This condition would be advantageous also for increasing heat transfer to the cooling
water circulating inside the tube.

In this paragraph a two-dimensional analytical solution for mass transfer into laminar absorptive film over a single
horizontal tube has been obtained with the method of separation of variables and studied. This solution, which gives the
concentration distribution inside the falling film, has been used in order to characterise falling film absorption mass
transfer phenomena. Moreover, a simplified linear model for partial wetting has been used to extend the accuracy of the
solution to the low Reynolds operative conditions. A dimensionless parametric analysis has been performed in order to
study exhaustively the dependence on the groups of interest and obtain widely applicable performance maps for an
extended range and variety of operative conditions. The comparison with numerical solution of the coupled energy and
species transport equations validates the present solution.

Conversely, given the relative importance of heat transfer performance (reduced to the role of constant boundary
conditions in the current solution) on the mass transfer process, this mirroring side of the problem under consideration
requires to be handled appropriately. Furthermore, the assumption of small penetration distance constitutes a limiting

aspect at low solution flowrates, which are considered relevant for a comprehensive analysis.

6.3 Analytical study of coupled heat and mass transfer characteristics of falling film absorption on a
partially wetted horizontal tube

With the same purposes previously stated, and in order to solve the weaknesses of the analytical solution presented in
the previous paragraph, an analytical model, and the related expression of heat and mass transfer coefficients, of
horizontal tube falling film absorber are herein presented.

Simplifying assumptions regarding film hydrodynamics and a linear saturation model are introduced in order to
analytically solve the fundamental equations. Partial wetting phenomena are included in the analysis by means of a
linear model equivalent to that introduced in the previous analytical solution. In this way the target range of the
resulting heat and mass transfer coefficients expressions is extended and their accuracy is increased. Fourier solution
method is used and the eigenvalues obtained from the characteristic equation depend on Lewis number and the
dimensionless heat of absorption, in turn established with reference to the inlet conditions of the solution, boundary
conditions and the pressure of the absorber. Considering a constant temperature at the tube wall, two-dimensional
temperature and concentration fields of the laminar film can be expressed analytically as functions of Prandtl, Schmidt,
Reynolds numbers, the tube dimensionless diameter and the wetting ratio of the exchange surface. As a result, the
expressions of local and average heat and mass transfer coefficients are obtained and analysed as a first screening of the
results.

In chemical and engineering technology, several processes involve coupled heat and mass transfer phenomena that
cannot be considered separately. Absorption systems (chillers, heat pumps or heat transformers) belong to this set of
technology and represent highly complex examples, as well as an opportunity towards clean and efficient energy
conversion systems. Besides, in order to improve efficiency of absorption systems, increasingly complex multistage
configurations are under development and demand accurate and simple models for predicting, optimising and
controlling their performance.

Prior experimental studies on falling film absorption, L. Hoffmann et al. (1997) '* and I. Kyung et al. (2007) '2¥,
report a limited amount of results, with high uncertainties and for a narrow range of operative conditions, which is not
sufficient for a reliable prediction of different absorption systems performance. In terms of modelling efforts, owing to
the complexity of the fundamental problem, recently, solutions have been directed towards numerical approaches. M.
Mittermaier et al. (2014) '* studied simultaneous heat and mass transfer of an absorbing or desorbing laminar liquid
film flowing over a vertical isothermal plate, by using homogeneous velocity and constant film thickness as simplifying

assumptions, but they consider effects such as the change in properties and differential heat of solution due to
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interdiffusion. J.W. Andberg et al. (1999) *” and P.V. Papaefthimiou (2012)*® presented simplified models for falling
film absorption of water vapour over a horizontal tube, similarly using boundary layer assumptions for transport of
mass, momentum and energy equations. They solved the problem with a finite difference method and studied the effect
of different parameters on the coupled heat and mass transfer processes.

On the one side, numerical analysis and CFD have a great potential and could be used to reach very accurate
solutions and descriptions if the problem is formulated properly; however, the time required to reach this accurate
solution, and the fact that this solution validity is restricted to the specific case and the operative condition under
analysis, should be well-thought-out. Additionally, these specific solutions don’t provide general guidelines and cannot
be generalised. Under this point of view, in order to extend the validity of the solution and capture the physics of the
problem, analytical approaches still maintain their fundamental importance.

To the authors’ knowledge, analytical solutions were found only for the corresponding vertical film problem,
assuming thermodynamic equilibrium of the solution at the inlet and neglecting the effect of partial wetting at reduced
Reynolds operability '**'”. T. Meyer and F. Ziegler (2014) '*® present an analytical solution obtained by using the
Laplace transform and, since temperature and mass fraction profiles are obtained independently from the originally
unknown constant temperature and mass fraction boundary conditions at the interface, arbitrary correlation for phase
equilibrium are applicable. The main limitations of the previous models lie in the geometry of the problem, the
assumptions of uniform velocity profile and film thickness. According to G. Grossmann (1983) 121 this assumption is
responsible for deviations of about 20% in the heat and mass transfer coefficient and for an underprediction of about

40% in the distance required for thermal boundary layer development.

Fig. 6.15 Local coordinate system and illustration of the system considered

As a result, the main purpose of this work is to obtain a closed and accurate solution for absorption process of a
laminar, gravity driven film, flowing over a horizontal tube, giving careful attention to the film hydrodynamic
description and film thickness distribution with regards to the effect of incomplete wetting/reduction of the solution-
vapour interface.

Heat and mass transfer processes are considered under the following main assumptions summarising the

understanding gained along this modelling path:
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- The zone of impingement is supposed to be a small fraction of the total periphery and the thermal boundary
layer is assumed to start its growth from the upper stagnation point (x<0).

- Assuming that both the tube circumference and length are large if compared to the film thickness, disturbance
at the edges of the system are neglected.

- The flow is laminar and there is no interfacial shear force and interfacial waves '*".

- Thermodynamic equilibrium exists at the film inlet-interface with the vapour at the heat exchanger pressure.

- Pressure drops are negligible.

- Physical solution properties remain constant and, as a corollary, convection and Marangoni effects are not
taken into account.

- Heat transfer to vapour phase is neglected.

- The variation of mass flow rate due to absorption of water vapour is negligible.

- According to the thin film approximation, body fitted coordinates (x along the tube surface and y normal to it
at any point) are used because the film thickness is small if compared to the tube diameter. The dimensionless variables
considered in the circumferential and radial directions are, respectively, &=x/zr and 17=y/9.

Tangential (eq. 6.31) and normal (eq. 6.32) velocity components, based on Nusselt integral solution of continuity and
momentum equations, are employed in their complete two-dimensional form and expressed as functions of the

dimensionless coordinates.

2

pgo

u= sinze(2n-n° 6.31
2 (27-7") (6.31)
2 .2
o P8O ld—gsin7zg+5(l—ﬁ)cosﬂ8 (632)
2ur | 7 dx 3

Fig. 6.16 Representation of the effect of film partial wetting
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To account for the effect of partial wetting of the low Reynolds region, the extension of that region is identified by the
critical condition for a uniform film, referred to as the minimum wetting rate /7, corresponding to the critical Reynolds
number Rep. The latter can be measured experimentally *? or estimated analytically °” for a surface with generic
inclination, once the thermo-fluid-dynamic properties of the liquid and the characteristic contact angle, representative of
the affinity of the solid-liquid interaction, can be estimated. For lower values of Reynolds number a simplified linear
wettability model has been applied. The approach matches the one presented in the previous paragraph and, precisely, by
eq. 6.2, which evaluates the basic parameter to describe the wet part of the tube surface. Furthermore, as already pointed
out, a closed solution requires considering X (and WR, as a consequence) as an independent function of the angular
position on the tube surface. Accordingly, the film thickness distribution is, once again, adjusted (eq. 6.3) in order to assure
continuity between uniform and partial wetting using a modified form of the Nusselt equation as in S. Jeong and S.
Garimella (2002) '

The system of differential equations representing a steady flow with constant properties, without internal heat
generation and viscous dissipation, and neglecting diffusion terms in the flowing direction, in a two-dimensional form

includes energy and species transport equations, given, respectively, by eq. 6.33 and eq. 6.34.

de ud> oy’ \Sde ud )on '
de uo’ o’ \Sde ud )on '

It is demonstrated that eq. 6.35 holds true, in general, for the velocity distribution expressed by eq.s 6.31 and 6.32.

(%j—g—”—’;j =0 (6.35)
E u

As a result, the following simplified expression is obtained.

a_T _ 7ra o'T 636)
de  ud’ on’ '
dow 7nrD d’w

= (6.37)

e ud o’

An analytical solution of the coupled set of equations is approached with the final aim to obtain Nusselt and
Sherwood numbers expressions as functions of the operative parameters, geometrical features and boundary conditions.

It is advantageous for the problem solution to reach a dimensionless form by the introduction of dimensionless variables.

T(E, 77)—T
0(e,n) =———— 6.38
(&,1) -1 (6.38)
U g’ _a)in
7(8,77)=—( 71) (6.39)
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12 that is, respectively, the equilibrium temperature of the solution at

T, and @, are defined as in G. Grossmann (1983)
concentration @, and @, the equilibrium concentration of the solution at temperature 7;,. Their physical significance
corresponds to the temperature and the concentration that would be reached if thermodynamic equilibrium could be
obtained without changes in concentration and temperature, respectively. Accordingly, 7.—T,, represents the sub-cooling at
the wall, while @w,—®),, embodies the driving force for vapour diffusion at the inlet. The dimensionless tube diameter and the

characteristic length L are defined by eq. 6.40 and eq. 6.41.

d* =ﬂ (6.40)
LC
2 VA
L, =[”2 j (6.41)
P&

Finally, developing non-constant terms and using dimensionless variables and parameters, energy and species transport

equations can be written as eq. 6.42 and eq. 6.43, where independent variables are separated.

1 (3Rej% 26 1 9’0

99 _ 6.42

4 sin® e \AWR ) 0e Pr(277—772) on’ (6.42)
! (3Re)%a_7’_ L 9y (6.43)

4 sins e \4WR) de Sc(2n-n*) o’ '

The solution is approached with the following boundary and inlet conditions, including the solution temperature and
concentration at the distributer or, assuming that a complete mixing occurs, the bulk values of the previous tube (x=~0 and
0<y<d; T=T},, =), at the tube wall (y=0; T=T,,, da¥ y=0), and at the phase interface (y=0, T=Ts.(w;p), W=y ).

¥(0,m) =19, (6.44)
70,7)=0 (6.45)
Il _ 0 (6.46)
an|,

K, 0)=0 (6.47)
8_19 = A% (6.48)
onl, Lean|, '

The last condition (eq. 6.48) constitutes a rearrangement of Fick’s law of diffusion, where @, has been approximated as
@,, and Fourier law, assuring that the heat produced by absorption is conducted through the film towards the tube surface.

Where the dimensionless form of the heat of absorption is defined according to eq. 6.49,
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Ao wl@-®) (6.49)

a)ecp (7—:3 - Tw)

In addition, it is necessary to know the condition of vapour pressure equilibrium at the interface. A linear relation
between yand ¥ (P4 ¥%)=0, was found in good agreement for a wide range of operative conditions of LiBr-H,O solution
and a thermodynamic justification, albeit limited to electrolytic solutions, has been given in G. Grossmann (1982) '*.
Accordingly, in terms of the dimensionless variables at constant pressure, the relation expressed by eq. 6.50 is obtained.

v, =1-9,

ir (6.50)

6.4 Solution method
The method of separation of variables is employed. Dependent functions are assumed to be the series of a product of two
main functions terms, each being dependent on a single variable. As in N.I. Grigor’eva and V.E. Nakoryakov (1977) 126)

and G. Grossmann (1983) '2”, the solution is written in the form of two infinite series of eigenfunctions.

0(e,m) =Y A,F,(NE,(€) 6.51)
yen) =1-Y B.G,(mMH,(€) (6.52)

The application of the method results in four ordinary differential equations.

1 3Re V' E 1 F

1 ==y (6.53)
d* singﬂg 4R E, Pr(277—77 ) F,

(e 1 g o5
dtsin e \WWR) H, Ssc(2-n') G, ‘

The general solutions of the left members of both eq. 6.53 and eq. 6.54 are,

e
—§,,2d+(4WRJ J.sinéiredg
0

E(e)=e (6.55)
2 5+ %E : 13
-G, d (i’gfj J‘sm//zeds
H,(e)=e ’ (6.56)

Where ¢, e g, are the eigenvalues corresponding to the eigenfunctions F, and G,. Moreover, for the linear equilibrium
condition at the interface (eq. 6.50), which must be satisfied for every & it is required for every n that =g,

Considering the right-side members of eq. 6.53 and eq. 6.54, eq. 6.57 and eq. 6.58 can be written.

F"+ &7 Pr(2n-n7°)F, =0 (6.57)
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G,"+&Se(2n-1")G, =0 (6.58)

The boundary condition at the wall, eq. 6.46 and eq. 6.47 require, correspondingly, F,,(0)=0 and G,’(0)=0. While at the
interface, eq. 6.48 and eq. 6.50 indicate, respectively,

A4,F,(1)=B,G,(1) (6.59)
A

A4,F,'1)=-—38,G,'(1) (6.60)
Le

Since, eq. 6.59 and eq. 6.60 are two homogeneous equations for 4, and B,, a significant solution can be reached on

condition that the determinant equals zero.

ED__AGDH

(6.61)
FE@1)  Le G,(1)

Eq. 6.61 represents the characteristic equation for determining the eigenvalues &, once the solution for F, and G, has

been determined. Power series solutions for eq. 6.57 and eq. 6.58 can be written in the following form.

Em=Ya,n (6.62)
i=0

G,(m=.b,1n (6.63)
i=0

Substituting these solution form in eq. 6.57 and eq. 6.58 and using the boundary conditions F,(0)=0 and G,’(0)=0,

coefficients a,; and b,; can be found and calculated by the recursive relations represented by eq. 6.65 and eq.6.67.

an,O = 0’ an,l = 1’ an,Z = O’ an,} = 0 (664)

4 (6.65)

2
bn,O = 1’ bn,l = 0’ bn,Z = 0’ bn,3 == fng (666)

b,,
i(i—1)

,i>4 (6.67)

Coefficients 4, and B, are determined by means of a Sturm-Liouville orthogonality condition at the inlet, using also
boundary conditions at the interface eq. 6.48 and eq. 6.50. The procedure 121 'in this case, enables to obtain a solution
when the inlet temperature value is different from the constant value at the wall and from the equilibrium value (namely,
allows the user to consider sub-cooling or superheating of the solution at the inlet). Multiplying eq. 6.57 and eq. 6.58 by
the eigenfunctions F,, and G, in that order, and integrating with respect to 77, yields eq. 6.68 and eq.6.69.
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1 1 1
& Pr[(2n-1')F,Fdn=-[F,F,"dn=F,(0)F, (0)-F,()F,' )+ [ F,"F,"'dn (6.68)
0 0

0

1 1 1
§n2Scj(2n - 772 ) GmGndn = _J. GmGn "dn = Gm (O)Gn ’(0) - Gm (1)Gn '(1) + J‘ Gm 'Gn 'dn (669)
0 0

0

By proceeding in the same way for eigenvalues and eigenfunctions with index m (eq. 6.70 and eq. 6.71),

1
Pré, jzn ) F,F,dn=F,(0)F, (0)-F,()F,'()+ [ F,'F,dn (6.70)
0

1 1
Seg,*[(21-1°)G,G,dn = G,(0G, (0-G,M)G, )+ G,'G, "dn (6.71)
0 0

And subtracting the corresponding equations and using the boundary conditions expressed by F,(0)=0 and G,’(0)=0,
eq. 6.72 and eq. 6.73 can be written.

Pr(£ &) [(2n-7°) F,F,dn=F,(OF, ()~ F,(DF, (1) (6.72)

S e —

Se(&7-¢})[(2n-7")G,G,dn =G, ()G, (1) -G, ()G, (1) (6.73)

Sy

The coupling between the previous two conditions is established by using eq. 6.59 and eq. 6.60.

A BB
FOE, ' ()=F,MF,1)= . a4 [G, (DG, ' (H-G, (MG, )] (6.74)

n*"m

Eq. 6.74 enables eq. 6.72 and eq. 6.73 to be combined.

1
Se(&7 =&, )[ (277" )(Pr Led, A, F, F, +ScAB,B,G,G,,)dn =0 (6.75)
0
Which directly implies,
! =0,n#m
[(2n-7")(PrLed, 4, F,F, + ScAB,B,G,G, ) dn (6.76)
o #0,n=m

Using the boundary conditions as in eq. 6.44 and eq. 6.45,

S AF (=6, 6.7
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> B,G, (=1 (6.78)
n=l1
The summation of the integrals,

o 1
> [(2n—-n*)(Pr Led, 4, F,F, +ScAB,B,G,G,)dn
0
(6.79)

m="m- m

:j(zn—nz)(PrLeH A,F, +ScAB,G,)dn
0

According to eq. 6.76, the first relation between A, and B, can be obtained (eq. 6.80), while the second one is offered by
either eq. 6.59 or eq. 6.60.

m-"n-n

1
[(2n—17)(PrLed,’F,” + ScAB, G, )dn = jzn 1’ )(Pr Led, 4,F, + ScAB,G,)dn  (6.0)
0

Finally, solving for 4, and B,,

n — D in—élli (6.81)
1 . G, ()
I(Zn—n )| PrLeb, TR F,(n)+ScAG,(n7) |dn
B, = ‘1) (6.82)
J (277—772)(Pr£e P (1)F (n)+ScAGf(n)jdn
0 n )
As aresult, temperature and concentration fields can be expressed as follows.
oo 0o ~&d +(4WRJ%Ism%ﬂ£dg
Tem=T,+(T-T)Y[ 4> (a,n) 7 (6.83)
n=1 i=0
0 oo ) —§,2d+[:yl;/§]%j[sln%mde
e =0 +(o,-0)Y | B, (b1 )e 0 (6.84)
n=1

i=0

6.5 Temperature and concentration distributions
LiBr-H,O solution properties are calculated for the inlet values of temperature, pressure and concentration, and the
following analysis is carried out for two sets of representative operative conditions of the absorber in a cooling system

and in a single stage heat transformer (Table 6.4). The influent dimensionless parameters are shown in Table 6.5.
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Table 6.4 Reference operative conditions

TwCO) [TuCO) |y P (kPa) r (m)
40 32 0.60 1.0 0.009
95 85 0.60 15 0.009

Table 6.5 Reference values of the main dimensionless parameters

Le A Sc Pr d* Re
110.8 5.515 2567 23.17 568.4 42.95
41.67 4.076 394.5 9.467 333.3 101.9

Tables 6.6 and 6.7 show the eigenvalues and the corresponding coefficients of the eigenfunctions used for the

particular chosen solutions.

Table 6.6 Eigenvalues and eigenfunction coefficients for an absorber operating in a refrigeration machine

Table 6.7 Eigenvalues and eigenfunction coefficients for an absorber operating in a single stage heat transformer

n E_,n An Bn

1 0.0418 0.129 1.34

2 0.116 0.135 -0.555
3 0.189 0.154 0.369

4 0.259 0.178 -0.278
5 0.326 0.169 0.197

6 0.392 0.116 -0.124
7 0.462 0.0538 0.0613
8 0.533 0.0213 -0.0267
9 0.607 0.00303 0.00406

n &H An Bn

1 0.1004 0.242 1.33

2 0.278 0.254 -0.533

3 0.445 0.258 0.317

4 0.605 0.179 -0.175

5 0.771 0.0774 0.0769

6 0.948 0.0256 -0.0269
7 1.13 0.00789 0.00813
8 1.31 0.00842 -0.00769
9 1.49 0.0253 0.0186

Figures 6.17 and 6.18, respectively, compare temperature and concentration fields obtained with the first 9
eigenfunctions of the present analytical solution, with the corresponding numerical solutions of energy and species
transport equations. Good agreement can be recognised for both fields. However, regarding the temperature distribution
the approximation appears to be rough at the wall entrance region.

Considering an increased number of eigenvalues (Tables 6.8 and 6.9) it is possible to model the entrance effect at the
wall with an increased accuracy, but higher eigenvalues and an increased number of terms representing the
eigenfunctions F, and G, creates instability far from the wall (77=0) and, in particular, close to the entrance at the
interface (77=1).

The temperature field close to the tube surface obtained with the first 14 eigenvalues is compared to the corresponding
numerical solution in figure 6.19. As obvious, an increased number of eigenvalues enables the solution to model the film
entrance region at the wall. For this reason, in the followings, the heat transfer at the tube surface will be estimated
considering 14 eigenvalues, while mass transfer can be better evaluated with the first 9 eigenvalues, which do not cause

instabilities at the interface.
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Table 6.8 Increased number of eigenvalues and coefficients for typical condition of an absorber in a cooling system

n Z}g An Bn

1 0.0418 0.129 1.34

2 0.116 0.133 -0.551

3 0.189 0.154 0.369

4 0.259 0.176 -0.275

5 0.326 0.168 0.196

6 0.392 0.113 -0.121

7 0.462 0.0536 0.0610

8 0.533 0.0194 -0.0243

9 0.607 0.00328 0.00440

10 2.26 1.28 -9.00E-45
11 3.06 -0.368 -1.00E-70
12 391 1.26 -3.00E-45
13 4.72 -0.504 -1.00E-107
14 5.53 1.27 -8.00E-121

Table 6.9 Increased number of eigenvalues

and coefficients for typical condition of an absorber in a heat transformer

n én An Bn

1 0.1004 0.242 1.33

2 0.278 0.254 -0.533

3 0.445 0.258 0317

4 0.605 0.179 -0.175

5 0.771 0.0774 0.0769

6 0.948 0.0256 -0.0269

7 1.13 0.00789 0.00813
8 1.31 0.00842 -0.00769
9 1.49 0.0253 0.0186

10 3.58 1.57 -6.25E-17
11 4.82 -0.355 -2.14E-30
12 6.08 1.26 -3.73E-49
13 7.34 -0.392 -1.52E-65
14 8.61 1.21 -1.46E-78

6.6 Nusselt and Sherwood numbers

Local heat and mass transfer coefficient (a and mic) are calculated according to eq. 6.85 and eq. 6.86. In order to

consider the tube partial wetting, an expression averaged for the tube length is obtained under the assumption that the

reduction of the surface taking part to the vapour absorption can be represented by the value of WR.

oT
kai
=WR Yl
]:{V_ w
90
D oyl
mtc=—WR——y A
W, W, -0

(6.85)

(6.86)

The dimensionless analytical expression of the local heat and mass transfer coefficients (i.e. Nusselt and Sherwood

Numbers) are given by eq. 6.87 and eq. 6.88.
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n=l1

6.7 Parametric analysis

After the model has been developed, compared with equivalent numerical solutions, and presented in the preceding
paragraph, in order to obtain significant results for actual system analysis, the effects of the main parameters is studied
for typical conditions of a single absorber tube in two different system applications, comparing the effect of partial
wetting (continuous lines) with the uniform film solution (dashed lines, since deviating from an accurate prediction of

absorption transfer performance) and considering different numbers of eigenvalues.

0.9

0.8
0.7 4
0.6 -

0.5 4

0.4 4

0.3

Nusselt number Nu

0.2 4

0.1 +

0.9

0.8 4
0.7 4
0.6 -

0.5

0.4 4

0.3 4

Nusselt number Nu

0.2 4

0.1 4

Re 21
0 T

0.0 0.2 0.4 0.6 0.8 1.0
Stream-wise dimensionless position € (b)

Fig. 6.20 Local Nusselt number for different solution mass flowrates (a) corresponding to the first 9 eigenfuntions (b)
corresponding to the first 14 eigenfuntions, at the reference conditions of a refrigerating machine
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Fig. 6.21 Local Nusselt number for different solution mass flowrates (a) corresponding to the first 9 eigenfuntions (b)
corresponding to the first 14 eigenfuntions, at the reference conditions of a single stage heat transformer

Curves representing the absorptive mass flux per unit area at the interface G,, the heat flux per unit area at the tube
wall g, Nusselt and Sherwood numbers are given locally as functions of the stream-wise normalised length &

Solid lines represent results obtained considering partial wetting and gradually darkening colours stand for increasing
values of the considered parameter, while dashed lines of the corresponding colour make evidence of the different
results that would be obtained for a constantly uniform film.

Figure 6.20 highlights the local trend of Nusselt number for different solution mass flowrates, making evidence of a
local maximum corresponding to the position at which the film assumes its minimum thickness. In figures 6.20 and 6.21,
lines of the same colour correspond to the same value of mass flowrate per unit length. Different values of the solution
properties increase Reynolds at higher temperature and the graphs suggests of the reduced extension (in terms of
solution mass flowrate per unit length) of the partial wetting region for the heat transformer application.

The local heat flux at the wall (Fig. 6.22 (b) and 6.23 (b)) shows a peak due to the entrance effect, related to the
constant temperature boundary condition, and a relative maximum whose value decreases, when the film is uniform,
and increases, when the film is broken, with increasing Reynolds. The position of the maximum on the tube wall moves
forward in the stream-wise direction with increasing Reynolds, when the film is uniform. Contrarily, its position is

slightly influenced when WR is taken into account in the partial wetting region.
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Fig. 6.22 Local heat flux [kW-m™] at the tube wall for different solution mass flowrates (a) corresponding to the first 9
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Fig. 6.23 Local heat flux [kW-m™'] at the tube wall for different solution mass flowrates (a) corresponding to the first 9
eigenfuntions (b) corresponding to the first 14 eigenfuntions, at the reference conditions of a single stage heat transformer
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Fig. 6.25 Local Nusselt number for different tube radii (a) corresponding to the first 9 eigenfuntions (b) corresponding to the
first 14 eigenfuntions,at the reference conditions of a single stage heat transformer
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Fig. 6.26 Local heat flux [kW-m™] at the tube wall for different tube radii (a) corresponding to the first 9 eigenfuntions (b)
corresponding to the first 14 eigenfuntions, at reference conditions of a refrigerating machine
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Fig. 6.27 Local heat flux [kW-m™] at the tube wall for different tube radii (a) corresponding to the first 9 eigenfuntions (b)
corresponding to the first 14 eigenfuntions, at the reference conditions of a single stage heat transformer
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Figures 6.24 and 6.25 show, respectively, the local Nusselt number and heat flux at the wall for different outer tube
radii. Same trend, but different influence of this parameter is shown for different applications.

The tube radius mainly affects the entrance region. In the chiller application it principally influences the extension of
the entrance region (the smaller the tube the higher the extension). Contrarily, for the heat transformer application, the
absolute value of Nusselt Number in the entrance region is mostly affected (the smaller the tube the higher the Nu
value). This different behaviour can be explained considering that, although the same solution mass flow rate is
considered, different applications have different values of WR (eq. 6.2) and, according to eq. 6.87 and eq. 6.88, the
higher is the WR the steeper is the exponential term, which indirectly means shorter impact of the eigenfunctions
determining the entrance region.

As for low solution mass flowrate, the local heat transfer distribution makes evidence for the occurrence of a local
maximum related to the film thickness variation. Contrarily, with higher solution mass flowrates, if the entrance region
is modelled, this effect is overwhelmed by the flow field and no local maximum occurs. By using smaller tube the heat
flux at the wall is enhanced and the position of the local maximum value moves towards higher dimensionless stream-
wise positions € (Fig. 6.26).

In general, figures 6.20-6.27 highlight the importance of including the entrance region at the wall for evaluating
locally the heat transfer performance of both the chiller and the heat transformer.

In figures 6.28 and 6.29, mass transfer at the film interface is considered locally as represented by Sherwood number.
They make evidence for a maximum value, increasing and moving forward when solution flowrate increases in the
partial wetting region, but when solution flowrate is increased in the complete wetting region the value of the maximum

starts decreasing.
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Fig. 6.28 Local Sherwood number for different solution mass flowrates at the reference conditions of a refrigerating machine
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Fig. 6.31 Local Sherwood number for different tube radii at the reference conditions of a single stage heat transformer

A reduction in the outer tube radius always increases absorption and the local maximum corresponds to increasing
value of the dimensionless stream-wise coordinate on the tube surface & This is shown in figures 6.30 and 6.31; where

Sherwood number is plotted against the dimensionless stream-wise coordinate, for different tube radii.
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Absorption mass flux per unit area at the interface is primarily influenced by the film thickness and by the effect of
partial wetting (Fig. 6.32). G, appears to be almost independent from the outer tube radius and different curves overlap
on a single one.

Since the characteristic equation depends on the value of the tube wall temperature, when this parameter is changed
eigenvalues and eigenfunctions coefficients assume different values. Tables 6.10 and 6.11 display eigenvalues and
respective eigenfunctions coefficients for two different temperature-boundary conditions at the tube wall of the absorber
(respectively 28 and 36 C) in a chiller application.

As arule, a lower wall temperature brings about an enhancement of heat and mass transfer, both locally and globally.

Further, it reduces the extension of the entrance effect.

o

a

v}
L

==
T, 28°C  32°C 36°C
7

o
wn
a

7,
<z

o
~
o
!
P

Nusselt number Nu
o
&
(9,

o
N
o

L
-_—

N

o

=

«
!

0.05 ; ; ; ;
0.0 0.2 0.4 0.6 0.8
Stream-wise dimensionless position €

1.0
Fig. 6.34 Local Nusselt number for different tube wall temperatures at the reference conditions of a refrigerating machine

What is interesting, and constitutes a confirmation of what was suggested by temperature and concentration fields
obtained from the numerical solution presented in the previous chapter, is the result showing how a different wall
temperature affects mass transfer more than heat transfer itself. This behaviour can be explained considering the
importance of the consequent change in the interface concentration. Adopting a global system point of view and
referring to the thermodynamic optimisation described in chapter 3, the cooling water temperature seems appear to be a
fundamental parameter to enhance and control the whole system performance, by governing mass transfer inside the

absorber and, accordingly, the amount of refrigerant that can be steadily circulated in the thermal cycle.
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Table 6.10 Eigenvalues and coefficients for typical condition of an absorber in a cooling system with 28 C wall temperature

n &1’1 Al’l Bn

1 0.0424 0.10289 1.34502
2 0.11787 | 0.112024 | -0.57098
3 0.19141 0.144256 | 0.407294
4 0.26177 | 0.198829 | -0.33727
5 0.32739 | 0.231232 | 0.271454
6 0.39118 0.168275 | -0.18522
7 0.45881 0.081898 | 0.104843
8 0.53077 | 0.036791 | -0.05544
9 0.60513 | 0.017746 | 0.02958
10 2.23407 1.39557 | -1.E-43
11 3.02517 | -0.28193 | -9.E-70
12 3.82638 1.24079 | -4.E-89
13 4.63491 -0.31637 | -4.E-106
14 5.44862 1.1987 -2.E-119
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Table 6.11 Eigenvalues and coefficients for typical condition of an absorber in a cooling system with 36 C wall temperature

n E_Jﬂ Aﬂ Bn

1 0.04085 0.171263 | 1.32792
2 0.11387 0.162211 | -0.51733
3 0.18554 0.155852 | 0.310494
4 0.25596 0.136615 | -0.196495
5 0.32538 0.097162 | 0.112812
6 0.39473 0.047738 | -0.049748
7 0.46499 0.005373 | 0.005431
8 0.53659 -0.020453 | 0.020743
9 0.60935 -0.033977 | -0.034529
10 2.29883 0991112 | -3.E-46
11 3.09535 -0.418891 | -1.E-71
12 3.89694 1.0555 -8.E-91

13 4.70315 -0.597441 | -4.E-107
14 5.51332 1.18287 -2.E-120

Figure 6.37 shows the global performances of the absorber tube operating in a chiller plant, in an extended range of

Reynolds numbers, for different tube wall temperatures, highlighting the possibility to maximise heat and mass transfer

selecting the proper solution mass flowrate for fixed inlet and operative conditions. In particular, in order to optimise

the system, the importance of considering partial wetting is revealed. Similarly, figure 6.38 represents a global analysis

performed considering the tube radius as a parameter.
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Fig. 6.37 Global Nusselt Number for different tube wall temperatures at the reference conditions of a refrigerating machine

A lower tube radius increases heat and mass transfer coefficient, but, due to a lower heat transfer surface, reduces the

heat flux per unit length. Accordingly, the best selection of the tube size results from the compromise between these

conflicting effects. It can be observed that the tube radius has a small effect on the global mass transfer, except in the

high Reynolds region. This can be explained considering that, as previously stated, the tube size essentially influences

the local heat transfer coefficient at the entrance, and, as a result, for high mass flowrates the extension of the entrance

region increases and so does the effect of the radius on global heat transfer coefficient. While the highest heat transfer

coefficients is always obtained at the breaking condition, mass transfer and heat flux can be maximised for different

solution mass flowrates depending on the tube size.

174



18

T, 28°C
16 - L
o 14
x
5 12 -
o=
T 10
(]
=
[T
[T
o
o 6 1
Z
4_
2,
0 . :

2.0 20.0 200.0 2000.0
Film Reynolds Re
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Fig. 6.39 Global Sherwood Number for different tube wall temperatures at the reference conditions of a refrigerating machine

In general, the global performances can be clarified considering the respective local behaviour.
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Fig. 6.40 Global Nusselt Number for different tube radii at the reference conditions of a refrigerating machine
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Fig. 6.41 Global heat flux [kW-m™'] for different tube radii at the reference conditions of a refrigerating machine
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The wettability of LiBr-H,O solution can be increased if tensio-active substances are added and the film breaking
would occur at a lower Re and thinner film would become stable. Contrarily, if the affinity between the tube surface and
the solution gets worse, due to impurities, surface material or surface roughness, dry patches would occur also at higher
Re. These two cases are qualitatively represented, respectively, by the lines labelled as 2WR and WR/2.
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Fig. 6.43 Global Nusselt Number for different solution wettability at the reference conditions of a refrigerating machine
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Fig. 6.44 Global heat flux [kW-m™] for different solution wettability at the reference conditions of a refrigerating machine
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Fig. 6.46 Global mass flux per unit area [kg's'm™] for different solution wettability at the reference conditions of a
refrigerating machine

Figures 6.43-6.46 are representative of a chiller application and highlight that both heat and mass transfer can be
critically improved by improving the solution wettability, increasing the advantage of low Reynolds operability.
In the following a global performances comparison between the chiller and the heat transformer application is carried

out. Higher temperature applications take advantage of the lower viscosity of the fluid and the higher thermal
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conductivity, respectively making possible the operation with thinner homogenous films and increasing proportionally

the absolute value of heat transfer coefficient (eq. 6.85).

o, 3500
L
-
£ 3000 -
]
S 95¢
£ 2500
()]
[o]
o
2000 |
g T,40C
e
S 1500 -
s
2
(10
3 1000 -
ey
&
& 500 -
(]
>
< 0 ‘ ‘
2 20 200 2000

Film Reynolds Re

Fig. 6.47 Comparison of the global heat transfer coefficient [W-K'm™] between chiller and heat transformer applications

0.50

0.45
=3

T.40C

Z 540 - i
3
2 035 -
2 030 - 95¢
=
0 025 -
3
2 0.20 -
% 0.15 |
©
@ 0.10 -
Z

0.05 -

0.00 : :

2 20 200 2000

Film Reynolds Re
Fig. 6.48 Comparison of the global Nusselt number between chiller and heat transformer applications
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Fig. 6.49 Comparison of the global heat flux per unit length [kW-m™'] between chiller and heat transformer applications

Similarly, mass transfer coefficient (Fig. 6.50) is higher for higher temperature applications. This can be explained

considering again the lower value of viscosity and the higher mass diffusivity, respectively making possible the
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operation with thinner homogenous films and increasing proportionally the absolute value of mass transfer coefficient
(eq. 6.86).
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Fig. 6.50 Comparison of the global mass transfer coefficient [m-h] between chiller and heat transformer applications
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6.8 Summary

An analytical study of the two-dimensional governing equation of falling film absorption over a horizontal cooled
tube has been presented. The exact solution for coupled mass transfer into laminar absorptive film over a single
horizontal tube has been obtained with the method of separation of variables as Fourier series functions and exponential
terms. The Nusselt integral solution for the two dimensional velocity field and film thickness distribution, have been
assumed. Furthermore, a simplified linear model for partial wetting has been used to extend the accuracy of the solution
to the low Reynolds operative conditions. The solution, which gives the concentration distribution inside the falling film,
has been used in order to characterise the coupled heat and mass transfer phenomena occurring. A parametric analysis
has been performed in order to study exhaustively the dependence of the solution on geometrical and operative
parameters of interest. Different correlated phenomena have been described and results can be used to maximise heat
and mass transfer performances of the system.

The single tube model can be employed as a computationally light and accurate module in component and system

simulations for actual application design and control.
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Chapter 6,
Extended range analytical expression of heat and mass transfer coefficients
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Chapter 7, Experimental transfer performances of horizontal tube falling absorbers
In this chapter, the experimental apparatus employed to perform a first validation of the model presented is described in
its features and in its operability. This machine is equipped with suitable sensors for a reliable evaluation of the global heat
transfer coefficient, and with a couple of windows for direct visual access inside the absorber. In this configuration, flow
visualisation can be compared to the data gathered through the acquisition system in order to support the quantitative
measurement with a qualitative description of the flow, which in turn is useful to appraise the consistency of the introduced

simplifying assumptions in the modelling efforts presented in the previous chapters.

7.1 Experimental equipment

As a critical component of absorption systems in all their configurations, the absorber realises refrigerant saturation into
the liquid solution in order to effectively pump the latter to a higher pressure level (heat pump or chiller) or to produce a
thermal useful effect by the release of the heat of absorption characteristic of the process (heat transformer). Accordingly,
besides the fact that a validation of the modelling efforts illustrated in the previous chapters is required, an experimental
characterisation of the performance of this device is always of substantial importance for the scientific and technical
progress, as well as a continuous development of better prediction tools, regardless the possible availability of well-
validated models. Thus, a horizontal tube heat exchanger resembling commercial falling film absorbers was conceived and
built as the measuring test section to characterise experimentally the performance of these devices.

To operate the system steadily reproducing the operative condition of absorbers working in existing plants or systems
yet to be designed, the main chamber is sealed and evacuated, and integrated with the absorptive solution circuit (aqueous
Lithium Bromide). This latter consist of inlet distributer, outlet port, solution pump and a flooded heater to generate
(desorb) vapour and increase the concentration of the solution to be delivered at the inlet of the absorber.

The cooling system is the counter-part assuring heat balance and steady operability of the absorber. Furthermore, a

condenser supplied by the cooling water circuit is required for the control of the solution concentration.
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Fig. 7.1 Conceptual schematic of the experimental apparatus

Figure 7.1 represents the system conceptually, whereas the main geometrical features of the absorber are summarised in
Table 7.1.
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Table 7.1 Geometrical features of the absorber

Parameter Unit Value
Outer diameter mm 16
Tube length mm 856
No. of tubes / 10
Tube columns / 1

The absorber’s tubes employed are smooth plain-surface copper tubes, as shown in figure 7.2.

Fig. 7.2 Plain surface copper tubes employed in the experimental apparatus

To reach the desired conditions the vessel is preliminary vacuumed. At this phase, the cooling water is not flowing inside
the tube to avoid vapour absorption. Successively, while circulating low solution flow-rate, the inlet concentration is
increased by heating the solution to desorb water vapour, which is gathered and liquefied in the condenser, where the
cooling water is delivered at 5°C. Once the concentration has reached the desired level, the cooling water is delivered
inside the tube in order to increase its inlet temperature to 32°C at the desired mass flowrate. This temperature is kept
constant with an independent system. Finally, the solution mass flowrate is brought to the desired value and controlled with
the solution pump inverter; meanwhile, concentration and vapour pressure are accurately adjusted by means of the heater
and the condensed water reserve, respectively, to 63% and 0.87 kPa.

The steady operability of the absorber can be described as follows; vapour is generated by heating the weak solution
coming from the absorber, and is supplied to the absorber vessel. The highly concentrated solution from the heated
reservoir is delivered to the distributor, which releases it uniformly on the first tube. The solution is cooled down by the
cooled tube and absorption occurs at the solution interface. The heat released by this exothermic process is rejected to the
cooling water circulating inside the tube. Then, depending on the hydrodynamic conditions the solution flows to the next
tube in the form of either droplets or liquid jets. When the solution leaves the last tube its concentration reaches the lowest
value (weak solution). By transporting this lowly concentrated solution to the heated reservoir, the cycle can be repeated
steadily for the sake of an accurate measurement of the details at play.

The measuring system includes flowmeters, thermos-resistors, pressure sensors and data acquisition hard-drive,
positioned as shown in figure 7.1, and as listed in Table 7.2.

The actual system is displayed in figure 7.2 before being wrapped with thermal insulating material to guarantee minimal
heat loss towards the outer environment.

The construction of the two poli-carbonate windows for direct visual access requires paying careful attention to the
temperature level reached during the machine operability. Accordingly, operative conditions typical of the absorber in a
heat transformer application cannot be tested on this machine. To explore these conditions will be necessary to substitute
the poli-carbonate with glass, or operate without a direct visual access.
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(b)

Fig. 7.3 Actual machine in its testing environment (b) and isolated from the background (a)

7.2 Data reduction
In order to extract the value of the external heat transfer coefficient from the measured quantities, the overall heat

transfer coefficient is defined and calculated as in eq. 7.1 employing logarithmic temperature difference.

_Qg( AT - AT, ] (7.1)

4, In(AT,/ATy)

Where the total heat transferred Q is calculated from the measured inlet/outlet temperature and the mass flowrate of the

cooling water (eq. 7.2).
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Table 7.2 List of the active sensors

Type Manufacturer Accuracy/ Range Active sensors Number
thermo resistance Tokyonetu kagaku +0.15°C 14
Pt100Q2
Dpharp transmitter - Yokogawa +0.2% /0 to 3 kPa 1
Difference pressure
transmitter
Promass 80 Endress + Hauser +0.0005 g/cm3 1
Coriolis flow meter
Promass 80 Endress + Hauser +0.15% 1
Coriolis flow meter

0,=mC,(T.,,-T.,) (7.2)

And the temperature differences refer to the temperature difference between solution and cooling water, respectively, at
the inlet and at the outlet of the absorber.

AT, =T  -T

s,in c,in

. (7.3)
AL =T,-T,
Since the heat transfer coefficient inside the tube (cooling water side) can be estimated reliably from the well-established

Dittus-Boelter relation (eq. 7.4) with the support of well-established fluid properties data [1980S1 H ASHk 2785 3K ),

the external heat transfer coefficient can be readily obtained from the definition of the overall heat transfer coefficient (eq.
7.5).

N, =29 _ 0,023 Re" Py (7.4)
c ﬂ,u c c

LFr rtyr.t (7.5)

U ¢ r/1 r. o

7.3 Comparison

Given the accuracy of the sensors installed in the experimental equipment and the data reduction calculation-procedure
described in the previous paragraph the uncertainty related to the obtained data can be estimated as follows, and with
reference to *°.
Respectively, for the evaluation of the uncertainties of solution flowrate per unit length and 7~ external heat transfer

coefficient ¢, eq.s 7.6 and 7.7 are used.

dl = ——d, (7.6)

Standard uncertainties components are estimated with reference to Table 7.3, and uncertainties bars are represented in
figures 7.4 and 7.6.
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Table 7.3 Sensors uncertainty budget
Standard Probabilit
uncertainty Source of uncertainty Value + d,r(; ; 111 Y | Divisor | Standard uncertainty Sensitivity coefficient Standard uncertainty
component istribution
repetition of solution inlet temperature 0.1936 - 1 0.1936 2 P
Tsi - K K [-0.008195 - 0.002878 E
un (Tsin) uncertainty of thermometer 0.2728 Rectangular \3 0.1575 kW/(m™-KyK kW/(m’K)
repetition of solution outlet temperature 0.1638 - 1 0.1638 2 )
Ts, K K [-0.01205 . 0.003621 g
un (Tso) uncertainty of thermometer 0.2370 Rectangular \3 0.1368 KW/ KYK KW/ )
repetition of solution inlet density 1.034 3 - 1 1.034 3 3 3 B
un (ps,i -0.01558 - 0.1060 E
i1 (psin) uncertainty of densimeter 10.00 kg/m Rectangular \3 5.774 kg/m KW/(mi™K)/(kg/m') kW/(m'K)
repetition of solution outlet density 1.018 3 - 1 1.018 3 2 3 2
X ) C | -0.02394 - 0.1626 -
un (pso) uncertainty of densimeter 10.00 kg/m Rectangular \3 5.774 kg/m KW/(m™-K)/(kg/m') kW /(oK)
repetition of pressure 0.02317 - 1 0.02317 3 5
n kPa kPa | -7.199 - 0.1947 E
un(p) uncertainty of pressure gauge 0.006705 Rectangular \3 0.003871 KW/(mi"-KykPa kW/(m'K)
repetition ofcooling water inlet temperature 0.1412 - 1 0.1412 2 2
T, K K | -0.1004 . 0.02658 -
un (Tein) uncertainty of thermometer 0.2140 Rectangular \3 0.1236 kW/(m™KYK kW/(m'K)
repetition of cooling water outlet temperature 0.1582 - 1 0.1582 ) 5
un (Te, K K 04729 . 0.1378 E
(Teo) uncertainty of thermometer 0.2305 Rectangular \3 0.1331 kW/(m™-KyK kW/(m'K)
repetition of cooling water mass flow rate 0.01375 - 1 0.01375 2 2
me kg/s kg/s | 10.80 . 0.1563 -
un () uncertainty of mass flow meter 0001244 | &° [ Rectangular | V3 | 00007185 | © W/ K/ (ke/s) kW/(m'K)
Combined standard uncertainty : un . (xi)| 0.3460 kW/(mZ]()
Expanded uncertainty (Coverage factor =2.0): Un 0.69 kW/(mZ]()

Table 7.4 presents the operative conditions selected for this experiment. As can be observed the target application is an
absorber operating in a chiller plant with highly concentrated solution.

The range of solution mass flowrates is limited by the maximum pump capacity, the size of the holes in the distributer
and the cross-sectional area of the pipe connecting the heated vessel to the distributer.

Since the attention is focused on the transfer processed occurring outside the tube, on the cooling water side of the
equipment, fixed inlet cooling water temperature 7 ;, and cooling water flowrate are controlled and kept steadily constant

in order to assure equivalent heat transfer conditions while changing the solution flowrate outside the tube.

Table 7.4 Operative conditions selected for the experimental validation

®in p [kPa] Tv,sat [OC] Tc,in [OC] Uc [m-s"l]
63% 0.87 5 32 1.5

Simulation performed both with the numerical and analytical models in this same condition are compared with the
experimental data in figure 7.4. Noteworthy agreement can be observed for both analytical and numerical modelling
approaches. Moreover, in case a partial wetting model was not included, simulated heat transfer coefficients would have

followed an increasing trend for decreasing solution mass flowrates. This makes evidence of the necessity to consider
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partial wetting phenomena in the standard operative range of absorbers operating in commercial and industrial plants. The
main discrepancy between simulation and experiments can be related to that part of the process that occurs on the bottom
of the tube during droplet formation and free falling, which are neglected in the present modelling effort. The first
phenomenon increases the contact time of the solution with the tube, and, most of all, introduces recirculating convective
motions inside the growing droplet, which mixes the solution promoting in turn higher absorption rates. These phenomena
increase their importance at low mass flowrates and at low surface wetting '°®.

The change of slope highlights the breaking point of the uniform film into partially wetting rivulets. The range of
solution mass flowrates is limited by the maximum pump capacity, the size of the holes in the distributer and the cross-
sectional area of the pipe connecting the heated vessel to the distributer. The diverging behaviour of the simulations is
occurring locally, since also the analytical solution starts increasing at higher flowrates, and can be explained considering a
higher effect of the entrance region of the solution film colliding with the tube at its stagnation point on the numerical

solution in predicting.
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Fig. 7.4 Comparison between the heat transfer coefficient [W-K™' m™] obtained from simulations and experiments

Video were recorded through the side visual access with a (Photron FASTCAM SAS) (high-speed camera). This helps
identifying the film breaking point Re, and gives the way for a first estimation of the wetting ratio at lower Reynolds (see
Fig.s 7.5 a-f). The images are not completely clear because of droplets formed on the window.

As shown in the technical drawings in the appendix, the two windows face the bottom five (on the right side) and the top
five tubes (on the upper left side).

A first glance of the captured photos, gives a qualitative description of the wetting behaviour; the wetting ability of the
63% concentration aqueous Lithium-Bromide solution increases regularly as the flowrate is augmented. Also, observing
locally the wetted area of the tube it is possible to state that in general the first half of the cylindrical surface is better
wetted by the solution than in the second half of the tube.

Additionally, as the droplet frequency increases the rivulet extension increases, but the distance between them remains
almost constant (close to Taylor instability length), thus, the wetting ability is globally improved.

According to figure 7.5f, a solution flowrate of 12.4 kg/ms’ is able to wet completely the exchange surface of the
absorber.

It can be also stated that this result matches the prediction of the stability criterion of a uniform film presented previously
(Fig. 7.4 and Fig. 7.6).
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Fig. 7.5 Direct flow visualisation of the data plotted in Fig 7.4 for different solution specific mass flowrates (a) 1.03 [kg-min’

®

"1 (b) 3.09 [kg'min™] (c) 4.10 [kgrmin™] (d) 7.21 [kgmin™] () 10.2 [kg'min™'] (f) 12.4 [kg'min™]

This range of mass flowrates would be wide enough to capture the change of slope due to the threshold between uniform

film and rivulet configurations, in case surfactants additives are mixed with the aqueous lithium bromide solution.
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However, in order to predict heat and mass transfer coefficients, the enhancement related to Marangoni effect

(observable in Fig. 7.7) needs to be accounted for. Nonetheless, figure 7.6 highlights the change of slope of the curve and

how the breaking point can be predicted by the model presented in this thesis. The value of surface tension has been

adjusted with reference to literature '*” when 0.1% of ethanol is added as a surfactant.

@

=

o T

~(b)

Fig. 7.7 Flow visualisation with surfactants additives (a) ['=0.026 [kg * m™'s™] (b) [[=0.01 kg *+ m™'s™"]

Additionally simulations agree with previously measured experimental data, obtained on a different machine but

characterised by a similar concept and instrumented correspondingly to evaluate the absorber’s heat transfer coefficient.

Operative conditions obtained for different concentrations, pressure and temperature are displayed in Table 7.5, and plotted

as functions of the film Reynolds number.

Table 7.5 Operative conditions of previously performed experiments on a different apparatus

Pr Wi T [°C] T.[°C] P [kPa]
4.89 63% 179 162 149
5.02 56% 150 134 104
7.57 59% 160 140 118
8.89 61% 120 98 25

12.5 60% 80 50 10

15.3 60% 60 32 2

According to the previous assumptions and calculation method, the following diagrams have been obtained for a 10 tube

absorber. Different working conditions, regarding solution temperature (between 180-60C) and concentration, have been

considered and set consistently with those of the experimental data. Higher temperatures are associated to higher transfer

coefficients and better wetting ability. Numerical simulations which model partial wetting behaviour are able to follow

experimental results accurately in a wide range of conditions (Fig. 7.8).

If data are mapped in a dimensionless form, where the independent parameter is the ratio of Reynolds to the value of the

critical Reynolds at which breaking occurs, results collapse on a single curve (Fig. 7.9) and can be approximated by a

dimensionless empirical correlation (eq. 7.8) for the broken film region, obtained using Reynolds and Galileo

numbers.
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In figures 7.8 and 7.9 Prandtl number is used to identify different operative conditions. Despite the simplifying
assumptions introduced in the simulation, which have brought to neglect important phenomena like Marangoni effect,
coupling with mass transfer, turbulence or wavy surface, both qualitative and quantitative agreements with experiment are
shown. Accordingly, further modelling efforts to include the effect of other phenomena and parameters should be
compared pragmatically to the possibility of accuracy-improvement related to the inclusion of such details and to the
practicability of the eventual employment in global system simulations. In addition, this first approach can be improved by
further experimental comparisons. In particular the estimation of the critical breaking condition and visual observations of
partial wetting for an extended range of operative conditions can be critical for refining the model accuracy and extending
its applicability. Referring to figure 7.4, the most advantageous condition for a falling film heat exchanger corresponds to
the critical condition of a uniform film. The semi-empirical relation expressed by eq. 7.6 can be used for actual system
design and control, in the low Reynolds region.

-The wetting model, combined with the simplified Nusselt approach for the film heat transfer characterization, shows
both qualitative and quantitative agreement with experiments.

-The most advantageous condition for a falling film heat exchanger is the critical condition of a uniform film, hence,
to maximise transfer performance of this component, the solution mass flowrate should be controlled in order to assure
the proximity to this particular condition.

-The low Reynolds region for falling film heat exchangers, associated with the occurrence of partial tube wetting, can
be characterised by a single relation of a reduced number of properly defined dimensionless parameters, with an
acceptable accuracy.

-A semi-empirical relation of Nusselt number (eq. 7.6), resulting from the employment of the proposed model, has

been obtained and can be used for component design and control in the low Reynolds region.

7.4 Summary

In order to validate the modelling approach developed and presented up to this point of the study, the transfer
performance of a real falling film absorber is measured directly on the experimental apparatus designed specifically to
reproduce the operability of this component during its operability in actual plants. By instrumenting the machine with
suitable sensors for a reliable evaluation of the global heat transfer coefficient, and with a couple of windows for direct
visual access inside the absorber, flow visualisation can be compared to the data gathered through the acquisition system in
order to support the quantitative measurement with a qualitative description of the flow. Furthermore this is useful to
evaluate the consistency of the simplifying assumptions introduced in the modelling efforts presented in the previous
chapters.

Experiments validate the model in the partial wetting region and, given the observed qualitative and quantitative
agreements, the single tube model can be employed as an accurate module in component and system simulations for actual

application design and control.
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Chapter 8, Conclusions and future plan

As pointed out in the preface of this thesis, the main objective of this work arises from the awareness that, even though
the recent technical progress in the field of absorption heat pumps is undeniable, this has not been running parallel to the
theoretical background needed for an accurate prediction, optimisation and control of their performance, which instead, in
some circumstances, falls short when directly put into play. As a result, when accurate models are lacking, systems
designed and operated empirically might be not optimised for their purpose and working far from their best condition.
Furthermore, this remark is more and more significant when increasingly complex configurations are considered. As a
result, the research effort carried out and presented aims at contributing to reduce this discrepancy.

The author believes that by narrowing this gap and bringing theory and practice to a close cooperation is fundamental
for the realisation of efficient technical solutions for energy conversion systems.

This chapter is intended to summarise the results obtained in order to draw significant conclusions and future

prospects.

8.1 Conclusions and future plan

In conclusion, the modelling approach adopted enabled the author to address a specific issue, namely the effect of partial
wetting of the exchange surface on the transfer performance of falling film absorbers, while keeping in mind the overall
system performance. This work gives a way to a widely applicable and physically based approach which is believed to be
helpful for actual system design and optimisation. Additionally, the modelling approach developed is believed to provide
useful information also for the control of these devices.

Accordingly, by employing a heat and mass transfer model that includes the effect of wetting phenomena, and by using
the optimisation criteria hereby developed, the specific device as well as the whole system performance can be maximised
and carefully controlled in a wide range of conditions. Equivalently, for the same performance of the system the plant can
be reduced in its size, thus reducing its weight and its cost.

Referring to each chapter, the following main conclusive considerations can be stated:

By combining the fundamental thermodynamic principles and by analytically modelling the fundamental
transformations constituting absorption cycles, chapter 2 presents a general thermodynamic optimisation criterion for three
thermal absorption systems and define dimensionless parameters suitable for an overall system design and control. Also,
by including the second principle of thermodynamics process limitations and characteristics are highlighted in a way that
shows how to improve existing systems performance, thus enabling the engineer to perform plant diagnostics. In particular,
dimensionless temperature difference parameters give a method for controlling the system in its operability by acting on
driving fluid and cooling water inlet temperatures.

This method has been exemplified for a chiller and a heat transformer application cases, referring to experimental data
of systems described in previous literature and showing that these are not operating at the maximum of their performance.
However, by adjusting the inlet temperatures of the fundamental heat exchangers it is possible to enhance significantly
these systems performance for given design features.

From the parametric analysis performed, general design guidelines have been extracted and the potentiality of these
systems has been mapped for a wide range of features and operative conditions, highlighting the critical importance of
optimised components and, more precisely, of the absorber.

The local analysis and the numerical model presented in chapter 3 provide detailed information about the transfer
performances of the absorption process, which have been integrated to a global scale to optimise the component with
reference to the ultimate duty of the system. Hence, optimisation criteria have been defined separately for heat
transformers and absorption chillers, and, as a rule, suggest the importance to operate with low solution flowrates with a

thin uniform film, avoiding dry patches formation on the exchange surface.
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By combining entropy generation minimisation and targeting the global system performance, the optimisation criterion
characterises the quality of the energy conversion process, identifies its limitations and brings the absorber in a condition
useful to maximise the efficiency of the whole plant. Furthermore, especially when the scale of the analysis is close enough
to the scale of microscopic phenomena, entropy represents a critical variable for the understanding of the process itself and
the model could still be refined including local effects (entropy jump at the interface, local mixing and turbulence) that
could have a significant influence. Consequently, entropy could be a critical parameter with regards to the description of
absorption phenomena, and the potential of this local model shows promising results to be expanded and applied to
different cases with different purposes.

In order to include partial wetting effect in the absorber model, a criterion for film stability has been presented and its
wetting behaviour has been predicted by considering the energetic content of two flow configurations; uniform film and
rivulet configurations. This method has been applied to different surface geometries and compared with previous model,
experimental data from literature and flow visualisation images directly captured on an experimental test section.
Hysteresis phenomena of the film wettability and the solution contact angle have been described and can be used to control
accurately and efficiently the system operability.

At the same time, the modelling approach employed can be further improved by including the effects of viscosity and
the coupling influence of heat and mass transfer for predicting wetting behaviour and surface tension related phenomena.

To include these hydrodynamic effects in the transfer process the average film thickness and the extension of the film
interfaces can be adjusted to consider the partial wetting of a geometrically defined rivulet configuration. As a result the
numerical model presented in chapter 5 describes in details the inferences of partial wetting phenomena on heat and mass
transfer characteristics of a horizontal tube falling film absorber. Broadly speaking, for the same equilibrium condition
(same working pair), three main different regions can be mainly related to different hydrodynamics effect:

- Partial wetting region

- Uniform laminar film region, in which film thickness has the main influence on heat and mass transfer

- Uniform film mainly subject to velocity field effects

To extend the validity of the modelling effort presented and capture the physics of the problem, analytical solutions still
maintain their fundamental importance. Hence, as a closing modelling effort, chapter 6 articulates, slims down and
summarises the understanding developed in the previous chapters in a detailed, widely applicable and time-saving method
to predict heat and mass transfer characteristics of horizontal-tube falling film absorbers. In particular, as demonstrated so
far, a two-dimensional model is able to capture the physics of the phenomenon. The solution considers the horizontal tube
cylindrical geometry. Also, by means of the inclusion of a film stability criterion and a linear wetting model, partial wetting
phenomena are incorporated in the analysis, thus extending the target range of the resulting heat and mass transfer
coefficients expressions and, in parallel, increasing their accuracy. The choice of a linear trend with respect to Reynolds
number is supported by the theoretical solution given by the application of energy based approaches. A first comparison
with the numerical solution is presented and used as a reference to test the validity of the simplifying assumptions
introduced.

Finally, experiments and data collections have been performed as a closing point and validate the theoretical absorption
model in a wide range of operative conditions.

As a final remark, by repeating the calculation for the optimisation criterion presented in chapter 3 and by using the
absorption model that consider also partial wetting phenomena (presented in chapter 5), it is possible to re-establish and
refine the conclusions that can be extracted from this approach. In particular, figures 8.1 and 8.2 compare the results
obtained neglecting partial wetting and those obtained when this phenomenon is included. Figure 8.1 shows the results
obtained for a chiller application case, with reference to the specific parameter DA appositely defined in chapter 3,
confirming the advantage of operating at low solution flowrates to optimise the operability of the absorber with respect to

the final target of the energy conversion system it belongs to.
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Fig. 8.1 Dimensionless parameters DA as a function of film Reynolds number at chiller representative conditions, considering
partial wetting (black line) and neglecting partial wetting (red line); w;,=60%, T;,=46.6°C, T,,=32.0°C, p=1.0 kPa (7,=46.6C)

Correspondingly, figure 8.2 re-establishes the results valid for a heat transformer application case. These results make
evidence for higher maxima, showing that although both useful effect and irreversibility are lowered by the effect of partial
wetting, the latter is reduced to a higher rate. In contrast, chiller and heat transformers optimal Reynolds move towards
higher values for the first and towards lower values for the latter.
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Fig. 8.2 Dimensionless parameters DQ as a function of film Reynolds number at heat transformer representative conditions,
considering partial wetting (black line) and neglecting partial wetting (red line) 7,=85.0 C, w,,=60%, T,,=97.1C, p=12.5kPa

Given the promising results of the adopted method, further refinements (such as the inclusions of viscous dissipation or
the influence of heat and mass transfer) are planned to be carried out in parallel with direct flow visualisation and
experiments. Since the prediction of flow configurations is of critical importance in a number of other technical cases,
further research efforts aims at the estimation of the dry-out conditions in micro/mini channels, or transfer processes

realised by small liquid droplets where fluid characterised by high surface tension are employed.

8.2 Results summary

Vapour absorption constitutes one of the first refrigeration methods a renewed opportunity towards clean and efficient
energy conversion. On one side, the recent technical development of absorption systems pushes towards increasingly
complex plant configurations, but, on the other hand, seems to stand a step forward with respect to the theoretical
background needed for an accurate prediction, optimisation and control of their performance. This work arises from the

awareness of this discrepancy.
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Since the global system performance constitutes, in fact, the starting point as well as the final target to be addressed, this
thesis is structured with a convergent approach, originating from the development of a general model representing the
fundamental thermodynamic structure of these systems in their interactions with the outer environment. A large spectrum
thermodynamic analysis provides general guidelines for the optimisation of each component of the system with respect to
the ultimate duty of the whole plant. The combination of first and second principle of thermodynamics extend the
potentiality of the method, by providing a qualitative description which identifies performance limitations, suggests how to
improve system COP and can be used to perform existing plant diagnostic. This approach defines a general
thermodynamic criterion for the characterisation of three-thermal irreversible systems, exemplified for absorption chiller
and heat transformer application cases. The influence of the main parameters is highlighted in a way that shows how to
change them in order to improve the overall efficiency, pointing out the importance properly designed components and in
particular of the absorber.

Taking advantage of the understanding gained from this general analysis, a detailed numerical model of falling film
absorbers is presented and used as the basis for the development of an optimisation criterion of the component which
targets the ultimate duty of the system. Since local details are believed to play a major role on the global performance of
the process and might have leading impact on the plant operability, local results are summed up to a higher scale, and used
globally to optimise transfer performance of the absorber, its design and operational regime. Among the possible scenarios,
entropy generation minimisation can be used to characterise the quality of energy-conversion processes, and develop
consistent criteria for the design, optimisation and control of the whole system. Besides, entropy constitutes a critical
variable especially at the small characteristic scale of the processes involved in transport phenomena in general, and
absorption in particular. From this standpoint, a local numerical analysis of the absorption entropy generation is used as the
basis to define suitable dimensionless objective parameters to maximise heat and mass transfer of the absorber in a way
that would bring the system closer to its highest efficiency. As a rule, results suggest the importance to work at reduced
mass flowrates with a thin uniform film to increase the system performance and/or reduce its size.

At these operative conditions, specifically at low Reynolds numbers, the standard modelling assumption of a film with
uniform thickness and complete wetting of the transfer surface can’t be considered even approximately rigorous, and leads
to an unacceptable inaccuracy of simulations results (the obtained trend itself disagrees with measurements). Furthermore,
partial wetting is recognised to occur even at typical system operative conditions. Accordingly, the inadequacy of
previously available models of falling film absorbers can be ascribed to a major weakness associated to this particular
phenomenon. In general, these devices require conditions which avoid thin liquid films to break into a series of rivulets,
leaving the solid heat transfer surface partly uncovered and/or lowering the extension of the liquid-vapour interface, where
mass transfer occurs. Both a criterion of film stability to identify the minimum wetting rate able to ensure a complete
wetting and, after the film breakage, a method to estimate the wet part of the surface are demanded for an accurate
description of these processes. Unfortunately, there is not a general agreement on the precise mechanism of film break-
down and data on a variety of parameters such as surface inclination, mode of liquid distribution, temperature level and
thermo-physical properties, which may have an important effect on maintaining fully wetted surfaces, are incomplete and
affected by large deviations. Considering the main features and the characteristic scale of falling film absorption, the
influences of inertia (in the specific case of interest, directly caused by gravity) and surface tension result to be dominant
on the film hydrodynamic behaviour. In particular, their conflicting effects (gravity forcing towards flowing configurations
and iso-potential flat interfaces, whereas surface tension tends to create stationary spherical phase boundaries) establish
configuration-stability limitations. Therefore, the stability of a uniform film is reduced to the identification of an
energetically stable configuration characterised by a minimum of its mechanical energy (including kinetic and surface
tension energy) and the definition of a concurrent broken rivulet configuration can be used to describe the liquid partial
wetting behaviour. This forth chapter re-establishes an energy based criterion for the film stability for a generic inclination
of the solid surface, consistently with a composed cross-section shape of the rivulet, which introduces an additional
geometrical degree of freedom to the problem. Moreover, this work aims also at the local characterisation of the transition

from uniform film to the steady rivulet configuration by applying a Lagrangian approach to describe the local trajectory of
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the fluid particle at the edge of the rivulet. This approach is extended to include hysteresis behaviour of the fluid wettability
and the contact angle when increasing or decreasing mass flowrates are delivered. An application case on a vertical fin-
tube contactor is studied and compared with experiments for a first validation. Afterwards, a semi-empirical model suitable
for a horizontal tube bundle is developed to match the characteristics and surface geometry of real falling film absorbers.

In this way, the effect of these phenomena can be included in the absorption model to extend its validity and increase its
accuracy. The effects of different parameters is analysed numerically to clarify the model ability to describe different
phenomena in detail.

Numerical analysis and CFD have a great potential and could be very accurate if the problem is formulated properly.
However, the time required to reach an accurate solution and the fact that its validity is restricted to the specific case, the
operative and boundary conditions specifically selected should be well-thought-out. These specific solutions cannot be
directly generalised and don’t provide general guidelines. Under this point of view, to readily extend the validity of the
model and capture the physics of the problem, analytical solutions still maintain their fundamental importance. Hence, as a
closing modelling effort, the understanding developed in the previous chapters is canalised in a detailed, widely applicable
and time-saving method to predict heat and mass transfer characteristics of horizontal-tube falling film absorbers. The
analytical solution developed considers the tube cylindrical geometry, also, by means of the inclusion of a film stability
criterion and a linear wetting model, partial wetting phenomena are incorporated in the analysis, thus extending the target
range of the resulting heat and mass transfer coefficients expressions. A first comparison with the numerical solution is
used as a reference to test the validity of the simplifying assumptions introduced.

Finally, an experimental campaign is performed as a closing step to compare the theoretical model with the transfer
performance of real falling film absorbers and to directly visualise partial wetting phenomena. Lastly, the eighth chapter is
intended to summarise the results obtained in order to draw significant conclusions and future prospects.

This thesis contributes to improve the theoretical background for the performance prediction of vapour absorption
systems and falling film absorbers with the results listed below:

- Develop a general thermodynamic model for absorption systems and

- An optimisation criterion for falling film absorbers able to improve the overall system performance.

- Model and investigate falling film partial wetting phenomena.

- Includes these phenomena in a numerical and an analytical model of falling film absorber transfer performance.

- Extend the model validity is extended to low flowrates operability.

- Results have been experimentally validated.
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APPENDIX A, C++ script 1
#include<math. h>
#include <iostream>
#include <fstream>
using namespace std;
#include “CNewtonRaphsonMethod. h”
#include”CFluidParameter. h”
#include”PropertyLithiumBromide_ver05. h”
#include”PropertyWater_ver05. h”

PropertyLithiumBromide |ibr;
PropertyWater wat;

int main()

{
///////Nariables’ declaration///////////////////1////////11///1///1177717/771177117711117711//117//1]

int Z,G I, i,j,NMO,n,p,t o z;

7=10; /////Tube mesh

N=100; /////Angle mesh

M=50; /////Thickness mesh
0=3; /////Parameter Analysis
G=50; /////Nass flow rate
double

u[1001[100], v[100] [100], Ti [100][100], Xi [100] [100], Cw[100] [100], E£[100] [100], Ef [100] [100], Ec[100] [100]
,Ed[100] [100];

double
g, st, L, rho, myu, beta, hmin, hminp, Re, Rew, PI, f, gl, k, Reb, af, mf, dp, Tw, d, hv, ro, ri, cp, Tsat, m, P, Pw, hwi, hwo, U, G
w, Twl, aave, bave, Xave, Tave, uave, a, htew, htc, mtc, Tin, Xin, B, S, G, Mw, hw0, swO, Cwi ;

double
Gv[100], A[1001, b[100], X[1001, CA[100], h[100], dr [100], r [100], R[100], dtx[100], dty[100], dxx[100], dxy [100]
, dux[1001, duy[100], dvx[100], dvy[100], Twi [100];

double *h;

h = new double[200];

ofstream fout (“GridTube. csv”);

if(Ifout) {

cout K "Iy A NEA—T L TEEHATLIE K endl;

return 1;

}
else
cout "7y A nEA—7 1 LE L K endl;
///////flowrate loop/////////////////1//1//1//1/////////////////////////1//1//1///7/77//7//7//7//7///
for (1=1; 1<=G; |++) {

m=0. 05; ///[kg/s]
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fout<<m<<”, ”;

/////////Experiment conditions//////////////////////1/11111117777/71777711111777777717711111117717777

P=12.5; //[kPa]

t=10; //tube number

L=0. 878; //tube length[m]
PI=(6%asin(0.5)); // T

beta=PI/N; //Angle

Pw=101. 325; //cooling water pressure [kPa]

////////grid generation in the radial direction/////////////////////1/////////1//1///1//1//1///1]//]/

for (j=1; j<=M; j++) {
r(j1=1.0/2.0x (1. 0-cos ((j-1) / (double (M)-1)*PI)) ; //dimensionless position
}

for (j=1; j<=M-1; j++) {

dr[jl=r[j+1]1-r[jl; //dimensionless position difference

for (j=1; j<=M-2; j++) {
RLj1=dr[j+11/dr[j]; //ratio of sequential dimensionless position difference
}

///////inlet and initial conditions/////////////////////1///11///1////1/7/11/7111771117/11771117/1/]/

Tin=95.0; //Solution inlet temperature ["C]
Xin=0. 60; //Solution inlet concentration
Tave=Tin;

Xave=Xin;

Gw=0.5; ///Cooling water flow ratelkg/s]

/////////properties calculation/////////////////1////////7177//177711777177771777117711117717771177/1]

st=1ibr. sc_st_XT (Xave, Tave) ; //////N/m]

rho=1ibr. sc_rho_XT (Xave, Tave) ; ////kg/m3]

myu=|ibr. sc_visc_XT (Xave, Tave) ; ///[Pas]

g1=9.81; //[m/s2]

k=1ibr. sc_thc_XT (Xave, Tave) ; //// W/mK]

d=1ibr. sc_d_XT (Xave, Tave) ; //////m2/s]

cp=libr. sc_cp_XT (Xave, Tave)*1000.0; ////[Jd/kegK]

a=k/rho/cp;

Tsat=wat.p_t( P );

Mw=0.018015; /////Molar weight [kg/mol]

hw0=-241830; /////standard water molar enthalpy [J/mol]
sw0=188. 84; //////standard water molar entropy [J/molK]

Cwi=(rho) /Mwx (1. 0-Xin) ;
/////////Partial wetting model| Parameters 1//////////////////////////////////1////////1///////////]//
Re=4. 0*xm/L/myu;
fout<<Re<<endl;
dp=(rho*pow (st, 3. 0)) / (pow (myu, 4. 0) *g|) ; //dimensionless group for minimum stable thickness

////////variables initialization///////////////////1////11//117//1/7/11/7711771117711771117771177111/
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for (i=1;i<=N-1; i++) {
Gv[i]=0.001; //interface mass flux per unit surface initialization [kg/m2s]
for (j=1; j<=M; j++) {

Xi[i1[j1=Xin; //initialising concentration
Tilil[j1=Tin; //initialising temperature

}
}

////////Parametric Analysis loop///////////////1//////1117/1/117777771777777117777711777771117777711]

for (0=1;0<=0;0++) {

Twi[1]=85.0; //inlet cooling water temperature ["C]
Tw=Twi [1]; //Tube Wall temperature[ C]
fout<KTw<”, ”;

ro=9. 0/1000. Oxo; //outer tube diameter [m]
ri=8.0/1000.0; //inlet tube diameter [m]
fout<<rokL”, ”;

//111///Tube mesh loop///////////111111111////117111111111177771111111111177777171111111117777717111/
for (z=1:24=Z; z++) {

///1////Twall loop initialization////////////////111111/11//////111111111117771111111111111777777111/
Twl=0;

/////////Partial wetting model Parameters 2///////////////////////111111/11////1/1111111111///711111/

Reb=4. 0%8. 5027*pow (dp, 0. 0505) ; //Break-up Reynolds from Maron1982
hmin=pow (3. 0xReb/4. 0*pow (myu/rho, 2. 0) /9.81,1.0/3.0) ; //minimum thickness [m] from Maron1982

////7///Tw while loop////////////////////////7/7////7/7//////7/77///7/7//7///7/1////1/1///////1/1/////
whi le (abs (Tw-Twl) >=0. 001) {
Tw=Twl;
//11711/11/1//7///////Average tube values///////////////]/]/]//
aave=0;
bave=0;
gf=0;
mf=0;
//1/1111///Angle loop////////////////1////1///7//7///7/77/7///7/77///7/7//////7/7////7/7///////1/1//]]/
for (i=1;i<=N-1; i++) {

h[i]=pow (3. 0%m/L*myu/ (rhoxrhoxg|*sin (beta*i)), 1.0/3.0) ; //uniform film thickness
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////1////Netting model//////////////1////////1//////1////////1////////1//////1//////1/1//////1////]]/
////////////First half of tube surface////////////

if(i<N/2) {

hminp=pow (((rhoxrhoxrho) *g|*gl*sin (betaxi)*sin (betaxi))/(15. Oxmyukmyuxst), 0. 2) *hmin;
// dimensionless critical thickness

CA[i]= 1665. 4xpow (hminp, 6. 0) — 3446. 8xpow (hminp, 5.0) + 2399. 3*pow (hminp, 4.0) -

459. 73*pow (hminp, 3. 0) + 49. 538*pow (hminp, 2. 0) + 2. 9741%hminp + 0. 8616;
//Local contact Angle

CA[i]=CA[i]/180%PI;
//contact angle from critical condition and minimum stable thickness

if (h[i1>=hmin) {
//complete wetting/////////////

X[i1=1.0;
blil=h[il;

}

else

////////////Partial wetting//////////////

f=—1.0/4. 0*pow (cos (CA[i]), 3. 0)*sin(CA[i]) -13.0/8.0%cos (CA[i])*sin(CA[il)
-3.0/2. 0xCA[iI*pow (sin(CA[i]),2.0) +15.0/8.0xCA[i]l;//f(60)
g=(CA[i]*(5.0/16. 0+15. 0/4. Oxpow (cos (CA[i]),2.0) +5.0/2.0*pow (cos (CA[i]),4.0))
-sin(CA[i])*(113.0/48. Oxcos (CA[i])+97. 0/24. Oxpow (cos (CA[i]), 3.0)

+1.0/6. Oxpow (cos (CA[i]),5.0))) ; //¥Y (60))

XLil=pow ((h[i]),3.0)*sin(CAL[i]) /f*pow (2. 0/45. 0% (pow (rho, 3. 0) *pow ((9. 81*sin (betaxi)), 2. 0)/
(st*pow (myu, 2. 0))) *g/sin (CALi])*pow ((CA[i]/sin(CAL[i])-cos (CA[il)),-1),3.0/5.0);

//wetting ratio calculation for 10th tube

if(XLi-11==1){
///Linear transition zone between uniform and rivulets configurations///////

B=-15. 0/PI;
C=15.0/double (N) x (i-1)+1;
S=B*PIx*double (i) /double (N)+C;
}
else{
S=B*PIxdouble (i) /double (N)+C:
if(8<0) {
S=0;
}

}

elsef}

X[i1=S«(1-X[i])+X[i];
Alil=(log (X[i]+(1-X[i1)*pow (Re/Reb, 1.0))-log (X[i]1))/9.0;

//exponential coefficient describing wetting ratio increase for previous tubes
X[i1=(X[i1+(1-X[i]) *pow (Re/Reb, 1. 0) ) xexp (-A[i]*x (t-1)) ; //WR for tube t
blil=h[i]/pow(X[i], 1.0/3.0); //average rivulet thickness
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! }Y////////////First half of tube surface////////////////1//1111/11///
//1111111111111///111////second half of tube surface/////////////////111111///1111111111111111111/
elsef
CA[il= CA[i-11;
if (XIN/2-11==1) { ///Constant contact angle criteria break-up///////

hminp=0. 1593*|og (CA[i])+0. 6699;
hmin=pow ( ((rhoxrhoxrho) *g|*gl*sin (beta*i)*sin (betaxi))/(15. Oxmyusmyu*st), -0. 2) *hminp;

if (h[i1>=hmin) { //1////complete wetting////////////////1///////
X[il=1.0;
bLil=h[il;
}
else{ [1117777771777///vartial wetting//////////////11/11//11]]

f=-1.0/4. Oxpow (cos (CA[i]), 3. 0)*sin(CA[i]) —13.0/8. 0%cos (CA[i])*sin(CA[i])
-3.0/2. 0«CA[i]*pow (sin(CA[i]),2.0) +15.0/8.0%CA[i]; //f(60)
g=(CA[i]*(5.0/16. 0+15. 0/4. Oxpow (cos (CA[i]),2.0) +5.0/2.0*pow (cos (CA[i]), 4.0))
-sin(CA[i])*(113.0/48. 0xcos (CA[i]) +97.0/24. Oxpow (cos (CA[i]), 3.0)

+1.0/6. Oxpow (cos (CA[i]),5.0))) ; //Y (60))

X[il=pow ((h[i]), 3.0)*sin(CA[i]) /Fxpow (2. 0/45. 0% (pow (rho, 3. 0) *pow ( (9. 81*sin (betaxi)),2.0)/
(stxpow (myu, 2. 0)) ) *g/sin(CALi])*pow ((CA[i]/sin(CA[i])-cos (CAL[i])),-1),3.0/5.0);

if (X[i-11==1){

///Linear transition zone between uniform and rivulets configurations///////
B=-15. 0/PI;
C=15.0/double (N)* (i-1)+1;
S=B*PIx*double (i) /double (N)+C;

}
else{
S=B*PIxdouble (i) /double (N)+C;
if(8<0) {

S=0;
}
else(}

}
X[i1=S+x(1-X[i])+X[i];
Alil=(log (X[i]+(1-X[i])*pow (Re/Reb, 1.0))-log (X[i]1))/9.0;
//exponential coefficient describing wetting ratio increase for previous tubes
X[il=(X[i]+(1-X[i]) *pow (Re/Reb, 1. 0) ) xexp (-ALi]* (t-1)) ; //WR for tube t
b[il=h[i]/pow(X[il, 1.0/3.0); //average rivulet thickness

}
}

///////dynamic wetting ratio calculation (without minimum stable thickness comparison)///////////////

else
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f=—1.0/4. O*pow (cos (CA[i]), 3. 0)*sin(CA[i]) -13.0/8.0%cos (CA[i])*sin(CA[il)
=3.0/2. 0CA[i]*pow (sin(CA[i]),2.0) +15.0/8.0xCA[i];//f(60)
g=(CA[i]*(5.0/16. 0+15. 0/4. O*pow (cos (CA[i]), 2.0) +5.0/2. 0Oxpow (cos (CA[i]),4.0))
-sin(CA[i])*(113.0/48. Oxcos (CA[i]) +97.0/24. 0kpow (cos (CA[i]l), 3.0)

+1.0/6. Oxpow (cos (CA[i1),5.0)));//¥Y (60))

XLiJ=pow ((h[il),3.0)*sin(CALi]) /Fxpow (2. 0/45. 0 (pow (rho, 3. 0) xpow ((9. 81xsin (betaxi)), 2.0)/
(stxpow (myu, 2. 0)))*g/sin(CALi]) *pow ((CA[i]/sin(CALi])—cos (CA[i])),-1),3.0/5.0);

if (X[i-1]1==1) {
B=-15. 0/PI;
C=15.0/double (N) x (i-1)+1;
S=B*PIx*double (i) /double (N)+C;
}

else(
S=B*PI*double (i) /double (N)+C:
if(8<0) {
S=0;

}
else(}

}
X[i1=S+x(1-X[i])+X[i];
Alil=Clog (X[i]+(1-X[i])*pow (Re/Reb, 1.0))-log (X[i1))/9.0;
//exponential coefficient describing wetting ratio increase for previous tubes
X[il=(X[i]+(1-X[i]) *pow (Re/Reb, 1. 0) ) xexp (-A[i]*(t-1));//wR for tube t
blil=h[i]/pow(X[i], 1.0/3.0); //average rivulet thickness

}
}

/1111171177177177177777777777777777777777777777777777777777777777777777777777777777777777777777777777
////////numerical solution of energy and species transport equations/////////////////////////////////

//////////////////Boundary conditions//////////////]]/
ulil[1]1=0;
v[i][1]=0;
Tilil[1]=Tw; //wall temperature boundary condition
//11117717717/17/17/7//Nelocity field//////////////////////////////////////////////////////////////]/
for (j=2; j<=M; j++) {
ulil[jl=(rhoxgl*h[il*h[il*sin (PI*i/double (N)) /myu) *(r [j1-1.0/2. Oxr [j1*r[j1) ;
vIil1[jl=—(rhoxgl*h[ilxh[il*r [j1*r[j1)/ (2. Oxmyuxro)* (1. 0/PIx (—pow (myu*m/L+PI+PI*PI/
(9. 0xrhoxrhoxgl), 1.0/3.0)*1. 0/ (pow(sin (PI*double (i) /double (N)), 1. 0/3. 0) *tan (PI*double (i) /
double (N))))*sin (PIxdouble (i) /double (N))+h[i]l*(1.0-r[j]1/3. 0)*cos (PI*double (i) /double (N))) ;
}
if (i>=2){

/////////NewtonRaphson Method////////////////////////////1////1///11/77171771777117711/177117/1177/1]
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CNewtonRaphsonMethod mnm; // CNewtonRaphsonMethod” ¥ 2 DE &
mnm. setup (2000, 1+1e-12, 1e-6) ; /)y N7 v T B EiF = 2 — P OB 2T

p=0;

for (j=2; j<=M; j++) {

mnm. setValue( p , Til[il[j],.3.0);
p++;

mnm. setValue( p , Xil[il[jl,0.1);
p++;

}

mnm. setValue( p ,Gv[i],0.05 );
p++;

mnm. setAcc (0. 7) ; J/IEEAFLO AT %< TH A

mnm. initial (); [/E R A BIGT AENC LTI L T 72 & W
for (mnm. main_loop_init () ;mnm. main_loop_check () ;mnm. main_loop_reinit()) { // BELZRW
for (mnm. sub_loop_init () ;mnm. sub_loop_check () ;mnm. sub_loop_reinit()) {// BFE Lz
p=0;
//EDFRE
for (j=2; j<=M; j++) {
TiLil[j1 = mnm. getValue (p) ;
p++;
Xi[i1[j] = mnm. getValue(p);
p++;
}
Gv[i]l = mnm. getValue(p);
p++;

Xi[il[11=C(1. 0+R[1I*R[11+2. 0+R[1 1) *Xi [i1[2]-Xi [i1[31)/ R[1]1*(2. 0+R[1]1));
/// concentration boundary condition

///////Kosorption heat/////////////////11/////11177//11177777117777711777771177777111777711111771111]
hv = wat. sat_hv ( Tsat )*1000.0-ibr.sc_h_XT(Xi[i][M], Ti[i][M])*1000.0;/////[J/ke]
p=0;

for (j=2; j<=M-1; j++) {

mnm. setError ( p , (Ti[il[J]-Tili-110j1)/(1.0/double(N))*1000.0 , 1000. 0% ((PI*ro*a)/(uli][j]
*h[i]#h[i])* (2. O+R[j-11*Ti [i] [j+1]+2. O*xR[j-1]+R[j-11*Ti [i]1[j-1]1-2. 0*xR[j-1]*(1. 0+
RO-IDATiLi1051) /(dr [j1*dr [j1x (1. 0+R[j=11))) +(r [j1/h[i]* (~pow (myusm/LxPI*P1%P1/
(9. 0xrhoxrhoxgl), 1.0/3.0)*1. 0/ (pow (sin (PI*double (i) /double (N)), 1.0/3. 0) *tan (PI*
double (i) /double (N)))) —PIxroxv[i1[j1/ (h[il*ulil[iD)* ((Ti[il1[j+11-ROj-11*R[j-11*
Ti[il[j-11-(1.0-R[j-1I*+R[j-1D)*Ti[i1[j1) /(1. 0+R[j-11)*dr [j1))) )

p++;

////////Energy transport equation///////////////////////111]171/1//11/7711111177177717711111117717777

mnm. setError ( p , 1000. 0 (Xi [i][j]1-Xi[i-11[j]1)/(1.0/double(N)) , 1000. 0% ((PIxro*d)/(ulil[j]
*h[i]*#h[i])*((2. 0+R[j—11*Xi [i] [j+1]+2. O*R[j-1]*R[j-11*Xi [i][j-1]1-2. 0*xR[j-1]* (1. 0+
RO-1D*Xi L1051/ (dr [j1*dr [j1x (1. 0+R[j=11))) +(r [j1/h[i]* (~pow (myusm/LxPI*+P1%P1/
(9. 0%rhoxrhoxgl), 1.0/3.0)*1. 0/ (pow (sin (PI*double (i) /double (N)), 1.0/3. 0) *tan (PIx*
double (i) /double (N))))PIxroxv[i1[j1/(h[iI*uli1[j1))*((Xi[il[j+11-R[j-11*
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ROJ-11Xi [i1 [i-11- (1. 0-RO-1T+RO-1D+Xi [T [51) / (AL 0+R[j-11) *dr [j1))))

p++;

///1///Species transport eauation/////////////////////1//////117777//117777711777771177777111777/711]
/1111711111 Intexrface///////////11///1/717777771177777117777711777777117777//

if(==M-1) {

////////////Phases Equilibrium/////////////////////////////////////////]///]/
mnm. setError ( p , TiLilIM] , libr.sc_T XTsat(Xi[i][M],wat.p_t(P)) );

p++;

////////////Fick’ s diffusion law/////////////////////////////////////////////
mnm. setError ( p , Gv[i]l , —-rhoxd/ (Xi[i][M])*((1+2. 0%R[j—-11)*Xi[i][j+1]1+R[j-11*R[j-1]*
Xi[il[j-11-(1. 0+R[j-11#R[j-11+2. 0*R[j-11)*Xi [i1[j1) /(1. 0+R[j-11) *dr [j1) /h[i]) ;//h b

p++;

///////////Absorption heat Thermal Diffusion/////////////////////////////////
mnm. setError ( p , Gv[ilxhv , kk((1+2. 0xR[j-11)*Ti [i] [j+1]1+R[j-11*R[j-11*Ti[i]1[j-1]1-(1.0+

REj-1T+R[j-11+2. 0«R[j-1D*Ti [i1[j1) / ((1. O+R[j-11)*dr [j1) /n[i] ) ////h or b
p++;
}
}
// mnm. prt () ; // =T —FR
mnm. prt_sum() ; [/ T —DEFEFRR

}
}

//////Temperature and concentration bulk values//////////////////////////////////////////////////////
uave=0;
for (n=2;n<=M; n++) {

uave+=uli] [n]*dr [n-1];

Tave=0;
Xave=0;

for (n=2;n<=M; n++) {

Tave+=ul[i][n]*Ti[i][n]*dr [n-1]/uave; //average temperature for previous angle step
Xave+=u[i] [n]*Xi[i][n]*dr [n-1]/uave; //average concentration for previous angle step

}

fout<<Xave<<”,”;
fout<<Tave<<endl;

////////heat and mass transfer coefficients////////////////////////////////1//1//////1//1///1//1///]/
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hte= kx (=Ti[i1[3]-R[11* 2. 0+R[11)*Ti [i1[1]1+(1. 0+R[1I*R[1]1+2. 0xR[1]) *
Ti[il1[2]) /(1. 0+R[11)*dr [2]) /h[i]/abs (Tave-Tw) ; ///1/11/17/1/////h or b
fout<hte<<”, ”;

ifXLi1==1{

elsef

hte= ki (-Ti[i1[31-R[11* (2. O+RO1D)*Ti [i1[11+(1. O+R[1I*R[1]+2. 0+R[11) *Ti [i1[2])/
((1.0+R[11) *dr [2]1) /h[i]/abs (Tave-Tw) /117111777117/77/h or b
}

hte= X[ilxk* (-Ti[i][3]-R[11%(2. 0+R[11)*Ti [i1[11+(1. 0+R[1I*R[11+2. 0«R[11)*Ti [i1[2])/
((1.0+R[11)*dr[2]) /b[i]/abs (Tave-Tw) ; //11/17717/17/1//h or b

}
fout<<hte<<”, ”;

mte= —d/ (Xi [i] IM])* ((1+2. O«R[M-21) *Xi [i] [MI-+R[M-2]*R [M-2]*Xi [i] [M-2]- (1. 0+R [M-2]*
RIM-21+2. O+R [M-21)*Xi [i]1 [M-11) / ((1. O+R[M-21) * dr [M-11) /h[i1/abs (Xi [i1 [1]-Xi [i1[M]) :
/117117117117/7//h or b

fout<<mte*3600<<”, “;

ifXLi1=D{

else|

mte= —d/ (Xi [i]IM])* ((1+2. O«R[M-21) *Xi [i] [MI+R [M-2]*R[M-21%Xi [i] [M-2]1- (1. O+R [M-2]
RIM-21+2. O+R[M-21) *Xi [i1[M-11) / ((1. O+R[M-21)* dr [M-11) /h[i1/abs (Xi [i1 [11-Xi [i] [M]) :
/11117117771/7///h or b
]

mte= -X[il*d/ (Xi [i][M])*((1+2. O+xR[M-21)*Xi [i] [MI+R[M-21+R [M-2]*Xi [i] [M-2]-(1. O+
RIM-2]+R [M-2]+2. 0+R[M-21) +Xi [i] [M-11) / ((1. 0+R[M-2])*dr [M-11) /b[i]/abs (Xi [i] [1]-
Xi[il[M) [1117771711777///h or b

}

fout<<mtcx3600<<”, “;

/////////Tube average calculation////////////////////////1////1///117771777117771177/11177171/111//1]

else {

mf +=2. 0xGv[i]*PI*ro/ (double (N)-2.0) ;
if (i>=3){
aave +=htc/ (double (N)-3.0);
bave +=mtc/ (double (N)-3.0);
qf +=2. 0xPIx*ro*L/Z/ (double (N)-3. 0) xhtc* (Tave-Tw) ;

}

}

Y//77771711111111777777//Angle Loop///////11111111177/777711111117177777771111111117777777711/

fout<Lgf<K”, ”;
fout<<aave<<”,”;
fout<<bave*3600<<”, “;
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fout<<mf<<endl;

//11//1/cooling water////////////////11111117/7///17771111177777777777111117777777777711111771777777

hwi=wat. sc_h| (Pw, Twi [z])*1000. 0;
hwo=hwi+qf/Gw;
Twi [z+1]=wat. T_Ph (Pw, hwo/1000. 0) ;
Rew=2. 0xGw/ (wat. sc_myul (Pw, Twi [z]) *PI*ri) ;
htcw=0. 023*pow (wat. sc_Pr | (Pw, Twi [z+11), 0. 4) *pow (Rew, 0. 8) *wat. sc_lam| (Pw, Twi [z])/(ri*2.0) ;
U=1/(ri*2.0)/(1/htcw/ (ri*2.0)+1.0/2.0/400. 0xlog(ro/ri)):
Twl=(Twi [z]* (exp (U/af*2. 0%PIxrixL/Zx (Twi [z]-Twi [z+1]))) -
Twi[z+11) / ((exp (U/af*2. 0%PIxrixL/Zx (Twi [z]-Twi [z+11)))-1);

Y//71777777117777711777777/Tw while loop//////////////111177//111777111177771117177111117//1/
/1771177711777117711//////Results print out/////////////1///11///1/7/7177/1177117771177111777117/111/
for (i=1;i<=N-1;i++) {

fout<<Gv[i]<<endl;
fout<X[i]”, ",

ifXLiT=ND{
}

else {

fout<h[i]<<endl;

fout<b[i]<<endl;
}
}

for (j=1; j<=M; j++) {
for (i=1; i<=N-1; i++) {

fout<<Xi[i][jI<L”, ”;
}
fout<<0<endl;
}

for (j=1; j<=M; j++) {
for (i=1;i<=N-1; i++) {

fout<Ti[i][j1", ”;
}
fout<K0<Kend!;
}

for (j=1; j<&=M; j++) {
for (i=1;i<=N-1;i++) {

foutuli1[j1«”, ",

}
fout<<0<endl;
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for (j=1; j<=M; j++) {
for (i=1;i<=N-1;i++) {

Fout<<v i [jI<7, 75

}
| fout<<0<<end!;
//1///1////Results Printing out/////////////////1////1///11/7/71/7711777177771777117771117717711117/1]
Y//777777111117717777771///Tube mesh loop/////////////1/111111111777/7171111111177777711111111117777/
for (z=1;2<=2+1;2++) {

Fout<Twi [z]<<", 75

}

Y//177/177771777711//1/7/////Parametric Analysis loop///////////////1///1////1/1/111//111/11/1/111///
Y/ /7007771111771177777771111 /% \owrate oon////////////1/111111111777/7171111111177777711111111117777/

}
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APPENDIX B, C++ script 2

#include<math. h>

#include <iostream>

#include <fstream>

using namespace std;

#include “CNewtonRaphsonMethod. h”
#include”CFluidParameter. h”
#include”PropertyLithiumBromide_ver05. h”
#include”PropertyWater_ver05. h”

PropertyLithiumBromide |ibr;
PropertyWater wat;

int main()

{
int G, I,i,j,NNMO,n,p t o;

N=100; /////Angle mesh

M=50; /////Thickness mesh
0=13; /////Parameter Analysis
G=11; /////Mass flow rate
double

u[100][100], v[100]1[1001, Ti[100]1[1001, Xi[100]1[100], Cw[100][100], E£[100] [100], Ef[100][100], Ec[100][100]

, Ed[100] [100];
double

TEG, g, st, L, dtM, DT, rho, myu, beta, hmin, hminp, Re, PI, f, gl, k, Reb, of, mf, dp, Tw, d, hv, ro, cp, Tif, Tsat, m, P, _Tw, Gw
. Twi, ri, aave, bave, Xave, Tave, uave, a, htc, mtc, Tin, Xin, B, S, C, Mw, hwO, sw0, Cwi ;

double

Gv[100], A[100], b[100], X[100], CA[100], h[100], dr [100], r [100], R[100], dtx[100], dty[100], dxx[100], dxy[100]

, dux[1007, duy[100], dvx[100], dvy[100];
ofstream fout (“S.csv”);

if(1fout) {

cout K "TrANEA =T TEEHATLE K endl;

return 1;

}

else

coutk "7y A NnEA—T7 o LELE" K endl;

/1111771 /F\owrate loop//////////1//////1117777711777771177777117777771777777117777711777771117777711]

for (1=1; 1<=G; |++) {

m=0. 005x () ; ///1kg/s]
fout<<m<<”, “;

//Fout<<NKL”, 5
//Tout<<MK<”, ™

/////////Experiment conditions//////////////////1////1///1///11///117711/171117711771117771177/111//1]

P=1.0; // [kPa]
fout<<PKL”, ”;
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t=10; //tube number

L=0. 878; //tube length[m]
PI=(6xasin(0.5)) ; s
beta=PI/N; //Angle

////////grid generation in the radial direction////////////////////11/////1111///11117//111117//1/]]
for (j=1; j<=M; j++) {
r[j1=1.0/2.0x (1. 0-cos ((j-1) / (double (M) -1) *P1)) ;
}
for (j=1; j<=N-1; j++) {
dr[jl=r [j+1]-r[j1:

for (j=1; j<=M-2; j++) {
RLj1=dr [j+11/dr[j1;
]
///////first conditions////////////1////1//1////1///////1/1//1/11/7771777777717777777177777177777777177

for (0=1;0<=0;0++) {

Xin=0. 60; //Solution inlet concentration
Tif=libr.sc_T_XTsat (Xin,wat. p_t( P )); //FoutLTif”, "
Tin=Tif-2.0; //Solution inlet temperature ["C]
Tave=Tin;

Xave=Xin;

foutLTinkK",”;

/////////oroperties calculation////////////////////////7111/17777//777771111177777777771111111771777/

st=libr. sc_st_XT (Xave, Tave) ; //////N/ml

rho=1ibr. sc_rho_XT (Xave, Tave) ; //// kg/m3]

myu=1ibr. sc_visc_XT (Xave, Tave) ; ///[Pas]

gl=9.81; //[m/s2]

k=libr. sc_thc_XT (Xave, Tave) ; ////W/mK]

d=1ibr. sc_d_XT (Xave, Tave) ; //////m2/s]

cp=Ilibr. sc_cp_XT (Xave, Tave)*1000.0; ////[J/keK]

a=k/rho/cp;

Tsat=wat.p_t( P );

Mw=0.018015; /////Molar weight [kg/mol]

hw0=-241830: /////standard water molar enthalpy [J/mol]
sw0=188. 84; //////standard water molar entropy [J/molK]

Cwi=(rho) /Mwx (1. 0-Xin) ;
/////////variables initialization//////////////////////////////////////////////////////////////////]/

for (i=1;i<=N-1; i++) {
Gv[i]=0.001; //interface mass flux per unit surface initialization [kg/m2s]

for (j=1; j<=M; j++) {
Xi[i1[j1=Xin; //initialising concentration
Tililljl=Tin; //initialising temperature
}
}
////////Parametric Analysis loop/////////////////////////////1///////////////////1///////////////////
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Tw=32.0; //Tube Wall temperature[ C]
fout<KTw<”, ”;

ro=9.0/1000; //outer tube diameter [m]
fout<<rokk”, ”;

dtM=0;

DT=0;

////////Partial wetting model Parameters/////////////////////1///1////1///11///117/111//1/1/1/11//1/]/

Re=4. 0%m/L/myu;

fout<<Re<K”, ”;
dp=(rhoxpow (st, 3. 0)) / (pow (myu, 4. 0) *g1) ; //dimensionless parameter group minimum thickness
Reb=4. 0x8. 5027+pow (dp, 0. 0505) ; //Break-up Reynolds from Maron1982

hmin=pow (3. 0%Reb/4. Oxpow (myu/rho, 2.0)/9.81,1.0/3.0); //minimum thickness [m] from Maron1982

//11111/////Average tube values/////////////////1////1///11//71/7711777177771777717711117717171177/1]

aave=0;
bave=0;
qf=0;
mf=0;
TEG=0;

///1////hngle Toon///////1//7///117777771777777177777711777771177777717777771177777117777711177777117

for (i=1;i<=N-1; i++) {
h[i]=pow (3. 0%m/L*myu/ (rhoxrhoxg|*sin (betaxi)), 1.0/3.0);//uniform film thickness

///////Metting model////////////////1////////1//////1////////1////////1//////1//////1/1//////11////]]/
/////1//////First half of tube surface////////////
iT(i<N/2) {

hminp=pow ( ( (rhoxrhoxrho) *g|*gl*sin (betaxi)*sin(betaxi))/(15. Oxmyuxmyuxst), 0. 2) *hmin;
// dimensionless critical thickness
CALi]l= 1665. 4%pow (hminp, 6. 0) — 3446. 8*pow (hminp, 5. 0) + 2399. 3xpow (hminp, 4.0) -
459. 73%pow (hminp, 3.0) + 49. 538*pow (hminp, 2. 0) + 2.9741xhminp + 0.8616;//Local contact Angle
CA[i]=CA[i1/180%PI1;//contact angle from critical condition and minimum stable thickness

if(h[il>=hmin) { //complete wetting/////////////
XLil=1.0;
blil=h[il;
}
elsel////////////Partial wetting//////////////

f=—1.0/4. O*pow (cos (CA[i]), 3. 0)*sin(CA[i]) -13.0/8.0%cos (CA[i])*sin(CA[il)
-3.0/2. 0xCA[i]#pow (sin(CA[i]),2.0) +15.0/8.0xCA[i].//f(B0)

g=(CA[i]*(5.0/16. 0+15. 0/4. Oxpow (cos (CA[i]),2.0) +5.0/2. 0*pow (cos (CA[i]), 4.0))
—-sin(CA[i])*(113.0/48. 0xcos (CA[i]) +97.0/24. 0xpow (cos (CA[i]), 3.0)
+1.0/6. Oxpow (cos (CA[i]),5.0)));//V¥ (60))

XLiJ=pow ((h[il),3.0)*sin(CAL[i]) /Fxpow (2. 0/45. 0 (pow (rho, 3. 0) xpow ((9. 81xsin (betaxi)), 2.0)/
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(stxpow (myu, 2. 0)) ) *g/sin(CALi])*pow ((CA[il/sin(CA[i])-cos (CALil)),-1),3.0/5.0);//wR 10th tube

if (X[i-11==1) {///Linear transition zone between uniform and rivulets configurations///////
B=-15.0/PI;
C=15.0/double (N) % (i-1)+1;
S=B*PIxdouble (i) /double (N)+C;
}
else|
S=BxPIxdouble (i) /double (N)+C;
if(8<0) {
S=0;
]
elsef}

}

X[i1=S+x(1-X[i])+X[i];
Alil=Ulog (X[i]+(1-X[i])*pow (Re/Reb, 1.0))-log (X[i]))/9.0;

//exponential coefficient describing wetting ratio increase for previous tubes
XLil=(X[il+ (1-X[i]) *pow (Re/Reb, 1. 0) ) *exp (-ALiI* (t-1)); //weR for tube t
b[il=h[i]l/pow(X[i], 1.0/3.0); //average rivulet thickness

}
Y////////////First half of tube surface////////////

//////1///second half of tube surface////////////////////1////1///11///11//11777117711117711//111//1]

elsef
CA[i]= CAL[i-11;

if (XIN/2-11==1) {///Constant contact angle criteria break-up///////
hminp=0. 1593%|og (CA[i])+0. 6699;
hmin=pow ( ((rho*rho*rho) *g|*g|*sin (betaki)*sin(betaxi))/(15. Oxmyukmyuxst), -0. 2) *hminp;

if (hLil>=hmin) {///////complete wetting//////////////////////]/
X[il=1.0;
bLil=h[il;

}
else{/////////////////partial wetting//////////////////111]]]/

f=-1.0/4. Oxpow (cos (CA[i]), 3. 0)*sin (CA[i]) -13.0/8.0%cos (CA[i])*sin(CA[i])
-3.0/2. 0xCA[i]#pow (sin(CA[i]), 2.0) +15.0/8.0«CA[i].//f(60)

g=(CA[i]*(5.0/16. 0+15. 0/4. O*pow (cos (CA[i]), 2.0) +5.0/2. 0Oxpow (cos (CA[i]),4.0))
-sin(CA[i])*(113.0/48. 0xcos (CA[i]) +97.0/24. Oxpow (cos (CA[il), 3.0)
+1.0/6. Oxpow (cos (CA[i]),5.0)))://V¥Y (B0))

X[il=pow ((h[i]),3.0)*sin(CA[i]) /fxpow (2. 0/45. 0% (pow (rho, 3. 0) *xpow ( (9. 81*sin (betaxi)),2.0)/
(st*pow (myu, 2. 0)))*g/sin (CALi]) *pow ((CA[i]/sin(CA[i])-cos (CALi])),-1),3.0/5.0);

if (X[i-11==1) {///Linear transition zone between uniform and rivulets configurations///////
B=-15.0/PI;
C=15.0/double (N) % (i-1)+1;
S=B*PI*double (i) /double (N)+C;
}
elsef
S=BxPIxdouble (i) /double (N)+C;
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i(8<0) {
S=0;
}

}

elsef}

X[i1=S+x(1-X[i])+X[i];
ALil=Clog (X[i1+(1-X[i1) *pow (Re/Reb, 1.0)) -log (X[i1)) /9.0;
//exponential coefficient describing wetting ratio increase for previous tubes
X[il=(X[i]+(1-X[i]) *pow (Re/Reb, 1. 0) ) xexp (-ALi]* (t-1)) ; //wR for tube t
b[il=h[i]/pow(X[il, 1.0/3.0); //average rivulet thickness

}
}

///////dynamic wetting ratio calculation (without minimum stable thickness comparison)///////////////

f=—1.0/4. 0%pow (cos (CA[i]), 3.0)*sin(CA[i]) -13.0/8.0%cos (CA[i])*sin(CA[il)
-3.0/2. 0«CA[il*pow (sin(CA[i]),2.0) +15.0/8.0«CA[i]l;//f(60)

g=(CA[i]*(5.0/16. 0+15. 0/4. Oxpow (cos (CA[i]),2.0) +5.0/2. 0*pow (cos (CA[i]), 4.0))
-sin(CALi])*(113.0/48. 0xcos (CA[i]) +97.0/24. 0*pow (cos (CA[i]), 3.0)
+1.0/6. Oxpow (cos (CA[i]),5.0)));//V¥ (60))

XLil=pow ((h[i]), 3.0)*sin(CALi]) /f*xpow (2. 0/45. 0% (pow (rho, 3. 0) *xpow ((9. 81*sin (betaxi)), 2.0)/
(stxpow (myu, 2. 0)))*g/sin(CALi])*pow ((CA[i]/sin(CALi])—cos (CA[i])),-1),3.0/5.0);

if X[i-11==1) {
B=-15. 0/PI;
C=15.0/double (N) x (i-1)+1;
S=B*PIx*double (i) /double (N)+C;
}

elsef
S=B*PIx*double (i) /double (N)+C;
if(8<0) {
S=0;
}

elsef}

}

X[i1=Sx(1-X[i])+X[i];
Alil=Clog (X[i]+(1-X[i])*pow (Re/Reb, 1.0))-log (X[i1))/9.0;

//exponential coefficient describing wetting ratio increase for previous tubes
X[il=(X[i]+(1-X[i]) *pow (Re/Reb, 1. 0) ) xexp (-ALi]* (t-1)) ; //wWR for tube t
blil=h[i]l/pow(X[i], 1.0/3.0); //average rivulet thickness

}
}

LIT0001T777071777770717777771777777771777777177777717777777117777711777777177777717777771177777717777

////////numerical solution of energy and species transport equations/////////////////////////////////
///////////////////Boundary conditions/////////////////

ulil[1]=0;
v[il[1]=0;
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Tilil[1]1=Tw; //wall temperature boundary condition

/11117717771777177717//Nelocity field///////////////////1///

for (j=2; j<=M; j++) {
ulilljl=(rhoxgl*h[il*h[il*sin (PI*i/double (N)) /myu)*(r [j1-1.0/2. Oxr [j1*r [j1) ;
v[i][jl=—(rho*gl*h[il*h[i]*r [j1*r [j]1)/ (2. O*myu*ro)* (1. 0/PI* (—pow (myusm/L*xPI*PI*P1/ (9. O*rho
*rhoxgl), 1.0/3.0)*1. 0/ (pow (sin (PIxdouble (i) /double (N)), 1.0/3. 0)*tan (PI*xdouble (i) /double (N))))
*sin(PIxdouble (i) /double (N))+h[il*(1.0-r[j]1/3. 0)*cos (PI*double (i) /double (N))) ;

}

if (i>=2){

/////////NewtonRaphson Method////////////////////////////////////////////////////////////////////////
CNewtonRaphsonMethod mnm; // CNewtonRaphsonMethod” 7 A D E =
mnm. setup (2000, 1+1e-12, 1e-6) ; [/ T v MBBit=a— N VEOERLL FICT A
p=0;

for (j=2; j<=M; j++) {

mnm. setValue( p , Til[il[jl,3.0);
p++;

mnm. setValue ( p , Xi[il[jl,0.1);
p++;

}

mnm. setValue ( p ,Gv[i],0.05 );

p++;
mnm. setAce (0.5) J/MEREABIDOAT] A< T H A
mnm. initial (); J/EEEZBRET AR LTI LT Z &

for (mnm. main_loop_init () ;mnm.main_loop_check () ;mnm.main_loop_reinit()) { // BELZRW
for (mnm. sub_loop_init () ;mnm. sub_loop_check () ;mnm. sub_loop_reinit()) {// BFE Uiz
p=0;
/B D E
for (j=2; j<=M; j++) {
Tilillj]l = mnm. getValue (p) ;
p++;
Xi[il[j]l = mnm. getValue (p);
p++;

}
Gv[i]l = mnm. getValue(p);
p++;

Xi[i1[11=C(1. 0+R[1I*+R[11+2. 0xR[11)*Xi [i1[2]-Xi [i1[31)/RI[11*(2. 0+R[11));
/// concentration boundary condition

//1/1/1//1/1/////////hosorption heat////////////////1///////]1///////]/
hv = wat. sat_hv( Tsat )*1000.0-1ibr.sc_h_XT(Xi[i][M], Ti[i][M])*1000.0; /////1d/kg
p=0;

for (j=2; j<&=M-1; j++) {
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mnm. setError ( p , (Tilil[j1-Tili-110j1)/(1.0/double (N))*1000.0 , 1000.0x((PI*roxa)/(ulil[j]
*[i]%h[i])* (2. O+R[j-11*Ti [i][j+1]+2. O*xR[j-11+R[j-11*Ti [i]1[j-11-2. 0*xR[j-1]1*(1. 0+
RO-1D*TiLil101) /(dr [j1*dr [j1x(1. 0+R[j-11))) +(r [j1/h[i1* (-pow (myusm/L*PI*PI*PI/
(9. 0%rhoxrhoxgl), 1.0/3.0)*1. 0/ (pow (sin (PI*double (i) /double (N)), 1.0/3. 0) *tan (PI*
double (i) /double (N)))) —PIxroxv[i1[j1/hlil*ulil [j1))* ((Ti[il1[j+11-R[j-11*
RO-1I*Ti[iT[j-11-Q. 0R-1I+R-1D*Ti LT[ /(1. 0+R[j=-1D *dr [J1))) )

p+t;
/////////Energy transport equation///////////////////////1///11///111/111171117/111711117111/1111/11]

mnm. setError ( p , 1000. 0 (Xi [i][j]1-Xi[i-11[j]1)/(1.0/double(N)) , 1000. 0% ((PI*ro*d)/(ulil[j]
*h[i]*#h[i])*((2. 0+R[j-11*Xi [i] [j+1]+2. O0*xR[j-1]+R[j-11*Xi [i][j-1]1-2. 0*xR[j-1]* (1. 0+
RO-1D*#Xi[il 1) /(dr [j1*dr [j1x (1. 0+R[j=11))) +(r [J1/h[i1* (pow (myusm/L*P1*P1xP1/
(9. 0xrhoxrhoxgl), 1.0/3.0)*1. 0/ (pow (sin (PI*double (i) /double (N)), 1.0/3. 0) *tan (PI*
double (i) /double (N)))) —PIxroxv[il[j1/hlil*ulil [j1))*((Xi[i]1[j+11-R[j-11*
RO-11Xi [iT[i-11-(1. 0RIj-1I+R[j-1D)*Xi [i1[i1) /(1. 0+R[j-11) *dr [j1)))) ;

p++;

///////Species transport equation//////////////////////1111]1/1////117771111117117771771111111771777/
/17117771711 Intertace///////////11/7//77177777711777771177777717777771177777/
if (j==M-1) {

////////////Phases Equilibrium////////////////////////////////////////////]]/
mnm. setError ( p , Ti[il[M] , libr.sc_T_XTsat(Xi[il[M],wat.p_t( P)) );

p++;

/////1//////Fick’ s diffusion law/////////////////////////////////////////////
mnm. setError ( p , Gv[il , -rhoxd/ (Xi[i][M])*((1+2. 0«R[j—-11)*Xi [i][j+1]+R[j-1I1*R[j-1]*
XiLiT0j=11-(1. 0+R[j=11*R[j-11+2. O+xR[j-11)*Xi [i1 [j1) / ((1. 0+R[j=11)*dr [j1) /n[i1) ://h b

p++;

///////////Absorption heat Thermal Diffusion///////////////////////]/////]///
mnm. setError ( p , Gv[il*hv , kx((1+2. 0+xR[j-11)*Ti [i] [j+1]1+R[j-11*R[j-11*Ti [i]1[j-11-(1. 0+

RLj-11#R[j-11+2. 0+xR[j-11)*Ti [i1[j1)/((1. 0+R[j-11)*dr [j1) /h[i] ): 17h or b
pt+t;
}
}
// mnm.prt () ; /)5 — g
wom. prt_sunQ ; /17T —DEF R T

}
}

////////////////Temperature and concentration bulk values/////////////

uave=0;
for (n=2;n<=M; n++) {
uave+=uli] [n]*dr [n-1];

Tave=0;

Xave=0;

for (n=2;n<=M; n++) {

Tave+=ul[i][n1*Ti[i][n]l*dr [n-1]/uave;//average temperature for previous angle step
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Xave+=u[i] [n]*Xi[i] [n]*dr [n-1]/uave;//average concentration for previous angle step

}
//fout<Xave<<”,”;
//fout{<Tave<<end!;
///////heat and mass transfer coefficients/////////////////////////////////////////////////////////]/

hto= kk (=Ti [i1[3]1-R[11* (2. 0+R[11)*Ti [il[11+ (1. O+R[1I*R[1]1+2. 0+R[1]) *

Tilil102]) /(1. 0+R[1])*dr[2]) /h[i]/abs (Tave-Tw) ; ///1/17/17/1/////h or b
//foutl<hte<<”, ”;
ifXLil==1){
hto= kx (-Ti[i]1[3]-R[11* (2. 0+R[11)*Ti [i][11+(1. 0+R[1]*R[1]+2. 0xR[1])*Ti [i]1[2])/
((1.0+R[11) *dr [2]) /h[i]/abs (Tave-Tw) ; ///1/17/17/1/////h or b
}
elsef
hto= kx (-Ti[i]1[3]-R[11* (2. 0+R[11)*Ti [i][11+(1. 0+R[1]1*R[1]1+2. 0xR[1])*Ti [i]1[2])/
((1.0+R[11)*dr[2]1) /h[i]/abs (Tave-Tw) ; //11/17/17/17/////h or b
}
//foutl<hte<<”, ”;

mte= —d/ (Xi [i][M])*((1+2. O«R[M-21)*Xi [i] [M]+R[M-2]*R[M-2]*Xi [i] [M-2]-(1. 0+R[M-2]*
RIM-21+2. 0*R[M-21)*Xi [i]1[M-11) / ((1. O+R[M-21) *dr [M-11) /h[i]1/abs (Xi [i1 [11-Xi [i][M])

//17/17/17/1/////h or b
//Tout<mtc*3600<<”, ”;

if(XLil=1) {
mte= —d/ (Xi [i] [M])* ((1+2. O*xR[M-21) *Xi [i] [M]+R [M-2]*R[M-2]=Xi [i] [M-2]1- (1. O+R[M-2]*
RIM-2]1+2. O*R[M-21) *Xi [i1[M-11) / ((1. O+R[M-21) *dr [M-11) /n[il/abs (Xi [i1 [11-Xi [i]1 [M]) ;
//1117717717/7///h or b
}

elsef
mtc= —d/ (Xi [i] M) * ((1+2. O«R[M-21) *Xi [i] [MI+R [M-2]+R[M-21*Xi [i] [M-2]- (1. O+R[M-2]*
R[M-21+2. 0*R[M-21) *Xi [i][M=11) / ((1. O+R[M-21) *dr [M-1]1) /h[i]1/abs (Xi [i]1 [11-Xi [i][M])
//11/17117/1//1//h or b
}

//fout<mtex3600<<”, “;
/111171111117//11////Tube average calculation/////////////////////11/1///1111///1111177/71117//11111//
mf +=2. 0xGv [i]*PI*ro/(double (N)-2.0) ;//per tube length starting from i 2
if (i>=3){
aave +=htc/(double (N)-3.0) ;
bave +=mtc/ (double (N)-3.0) ;
af +=2. 0xPI*ro/ (double (N)-3. 0) *htc* (Tave-Tw) ; //per tube length starting from i 2
}
//ToutLTi[ilM]-Tave<<",”;
//DT +=(Ti[i][MI-Tave)/(double (N)-2.0) ;

//17//1////////Molar concentration///////////////////////1////1///11///1////17771177/1117711//111//1]
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for (j=1; j<=M; j++) {
Cwlil[il=(rho) /Mwx(1.0-Xi[i1[j]1)-Cwi;
}
///////Nelocity Temperature and concentration Gradients calculation//////////////////////////////////
///177//777/77///7////wall derivatives////////////////////
dtx[1]1=0;

dty[11=C-Ti[i][3]-R[11* (2. 0+R[11)*Ti [i1 [11+ (1. 0+R[1I*R[11+2. 0+R[11)*Ti [i1[2])/
((1.0+R[1D)*dr [2]) /h[i];

dux[1]1=0;
dvx[1]1=0;

duy[1]1=(-uli][3]-R[11% (2. 0+R[11)*u[i] [11+ (1. 0+R[1]1*R[1]1+2. 0xR[11)*u[i]1[2])/
((1.0+R[1D)*dr [2]) /h[i];

dvy[11=(-v[il1[3]-R[11*(2. 0+R[11)*v[i][1]+(1. O+R[1I*R[1]1+2. 0«R[11)*v[i][2])/
((1.0+R[11)*dr [2]) /h[i];

dxy[1]=0;
dxx[11=1.0/ (PIxro)* (Cw[i][11-Cw[i-11[11)/(1.0/double (N)) ;
///177/1////7////////nner nodes///////////////////////////////]//]//]/

for (j=2; j<=M-17 j++) {
dtx[j1=1.0/(Pl*ro)*(Ti [i1[jI-Ti[i-11[j1)/(1.0/double(N)) ;

dty[j1=1. 0/h[i1* (Ti [i] [j+1]-R{j-11*R[j-11*Ti [i1[j-11- (1. O-R[j-1I+R[j-11) *Ti [i1[i1) /
(L 0+RIJ-1D) *dr [J1) ;

dxx[j1=1.0/ (PI*ro)* (CwL[il[j1-Cw[i-11[j1)/(1.0/double(N)) ;
dxy[j1=1.0/n[i1*Cwli]l [j+11-R[j-11+R[j-11*Cw[i] [j-11-(1.0-R[j-11*R[j-11)*Cw[i1[j1)/
((1.0+R[j-11)*dr [j1) ;
dux[j1=1.0/(Pl*ro)*(ulil[j1-uli-11[j1)/(1.0/double (N)) :
duy[j1=1.0/h[i1x il [j+11-RIj-11*R[j-11*u[i1[j-11-(1. O-R[j-1I*+R[j-1D)*u[i1[j1)/
((1.0+R[j-11)*dr [j1) ;
dvx[j1=1.0/ (Pl*ro)*(v[i1[j1-v[i-11[j1)/(1.0/double (N)) :
dvy[j1=1.0/h[i1*(v[i] [j+11-ROj-11*R[j-1T*v i1 [j-11-(1. O-R[j-11*R[j-11)*v[iI[j1)/
((1.O+R[j-11)*dr [j1);
}
/11/1111/111111//////\nterface////////////////1////////1//////1/1/////]/
dtx[MI=1.0/ (PIxro)* (Ti [i][MI-Ti[i-11[M])/(1.0/double(N));

dty[MI=1.0/h[i1*((1+2. O+R[M-21)*Ti [i] [MI+R[M-2]*R[M-21*Ti [i] [M-2]- (1. O+R[M-2]+R[M-2]+2. 0
RIM-21)*Ti [i1IM=11) / ((1. 0+R[M-21) *dr [M-11) ;
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dxx[M]1=1. 0/ (PIxro)*(Cw[i] [M]-Cw[i-1]1[MI)/(1.0/double (N)) :

dxy[MI=1.0/h[il*((1+2. 0*xR[M-21) *Cw[i] [M]+R[M-2]*R[M-2]*Cw[i] [M-2]1- (1. O+R[M-2]*R[M-2]+2. 0%
RIM-21) #Cw[i1[M-11) / ((1. O+R[M-2]) *dr [M-11) ;

dux[M]=1.0/ (PIxro)* (u[i] [MI-uli-11[M])/(1.0/double (N)) ;

duy [M]=1.0/h[iT* ((1+2. OxR[M-21) *u[i] [MI+R[M-2]*R [M-2]*u[i] [M-2]- (1. O+R [M-2]+R[M-2]+2. O
RIM-21)*uli]1[M-11) / ((1. O+R[M-21) *dr [M-11) ;

dvx[M]=1.0/ (PI*ro)* (v[il [M]-v[i-1]1[M])/(1.0/double(N)) ;

dvy [MI=1.0/h[iT* ((1+2. OxR[M-21) *v [i] [M]+R[M-2]*R [M-2]*v [i] [M-2]- (1. O+R [M-2]+R[M-2]+2. O
RIM-21)*v[i1[M-11) /(1. O+R[M-21) *dr [M-11) ;

/1/17717717717777777777777777777777777777777777777777777777777777777777777777777777777777777777777777
//Toutdty [M]*h[i]<<endl;
//dtM +=dty [MI*h[i]/ (double (N)-2.0) ;

//Fout<dty IMI*h[i]<<", ",
//fout<Ldty[1]*h[i]<<end!;

/////////Entropy generation groups///////////////////////////11//171777777777777777777777777777777777
for (j=1; j<=M; j++) {

Et[i10i1=Clibr. sc_the XT(Xi [i1[j1, Ti[il1[iD))/
(MiLiT0iJ*Ti [T 0D * (dtx [j1*dtx [j1+dty [j1*dty[j]) ;

EfFLil0i1=ibr.sc_visc XTXi[il1[J], TiLil10i1)) /Ti[il1[j]*
(2. 0% (dux [ j]*dux [j1+dvy [j1*dvy[j1)+ (duy [j1+dvx [j1)* (duy [ jI1+dvx[j1));

Ec[i1[j]=(wat. sat_cpv (Ti[il[j])*1000%Mwx (Ti[i][j1-298. 15)+hwO+Ti[i][j]*

(wat. sat_cpv (Ti[i][J1)*1000«Mwxlog (Ti[i][j1/298.15)+sw0))*(v[il[jl*dty[jl+ulil[jl*dtx[j])*

©wlilljD)/TiLilI*Tifilnn;

Ed[i]1[j1=— (wat. sat_cpv (Ti[i][j])*1000*Mw* (Ti[i][j]1-298.15)+hwO+Ti[i][j]*

(wat. sat_cpv (Ti[i][j])*1000Mwxlog (Ti[i][j]1/298.15)+sw0))* (dxy[jI*dty[j]+dxx[jI*dtx[j])*

(libr.sc_d XTXi LIl 01, Ti i1 0iD) /MLl Lil*Ti LIl 040D

}

/1111177777177177177777777777777777777777777777777777777777777777777777777777777777777777777777777777

}

else {

///1//////////1nlet position parameters//////////////////////1//////11///]/
for (j=1; J<M; j+4) {
Ow[i1j1=(rho) /Mw (1. 0-Xi [i1[j1)~Cwi
Et[i1[1=0;

Ef[i1[j]=0;
Ec[il[j]1=0;
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Ed[i1[)1=0;

}
///////\ ocal Results Printing out//////////////////////1111//711177777771111117717777771111111711777/

//TEG=0;

// for (j=2; j<=M; j++) {

// TEG +=(Et[i1[jD) *dr[j-1];
// ]

// fout<<TEGKK”, ”;

// TEG=0;

// for (j=2; j<=M; j++) {

// TEG +=(Ef[i1[j1) *dr[j-11;
// ]

/! fout<<TEGKL”, ”;

// TEG=0;

// for (j=2; j<=M; j++) {

// TEG +=(Ec[il[j1)*dr[j-11;
// }

// fout<<TEGKK”, ”;

// TEG=0;

// for (j=2; j<=M; j++) {

// TEG +=(Ed[i1[j]) *dr [j-11;
// ]

// fout<<TEGK”, ”;

//TEG=0;

// for (j=2; j<=M; j++) {

// TEG +=(Et[i][JI+EF[i]1[j]+Ec[il[jI+Edi][j1)*dr [j-1]1;
// }

/! fout<<TEG<<end|;

Y//777777111177777777771/Angle Noop///////1111117777777777711111777777777777111117717777177117

fout<gf<k”, ”;
fout<<aave<K”, ”;
fout<<bave*3600<<”, ”;
fout<mf<<”, “;
fout<mfxhv<<”, ”;
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//foutLdtM<<”, ”;
//fout<<DT<<end ! ;

///1//////Results printing out/////////////////1//71771177777117777771777777117777711777771117777711]
//fout<<0<<endl ;

// for (j=1; j<&=M; j++) {
// for (i=1;i<aN-1;i++) {

// fout<<Et[i][j1/1000<<", ";
//}
// fout<<0<Kend!;
//}
//for (j=1; j<=M; j++) {
//Tor (i=1; i<=N-1; i++) {
//fout<<Ef[i]1[j]1/1000<<", 7,
// ]
//fout<<0<<endl;
/! }
// for (j=1; j<=M; j++) {
//For (i=1;i<=N-1; i++) {
// fout<<Ec[i][j]/1000<K", ";
// }
//fout<<0<<endl;
// ]
// for (j=1; j<=M; j++) {
//For (i=1;i<=N-1; i++) {
// fout<<Ed[i][j]/1000<K", ",
// }
//Fout<<0<<endl ;
// ]
// for (j=1; j<=M; j++) {

//For (i=1;i<=N=-1; i++) {
// fout<<(Et[i1[JI+EF[i1[j1+Ec[iT[j1+Ed[i1[j1)/1000<<”, ",

// ]
//fout<<0<<endl;
// ]

for (i=2; i<=N-2;i++) {
for (j=2; j<=M; j++) {
TEG +=2. 0+PI*rox (Et[i]1[j1) /double (N)*h[il*dr [j-1];
}

}
fout<<TEGKKL”, ”;

TEG=0;
for (i=2;i<=N=2;i++) {
for (j=2: j<=M; j++) {

TEG +=2. 0+PI*rox (Ef[i]1[j1) /double (N)*h[il*dr [j-1];
}
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Fout<<TEGKK”, ”;
TEG=0;

for (i=2; i<=N-2;i++) {
for (j=2; j<=M; j++) {
TEG +=2. 0%PI*rox(Ec[i][j]) /double (N)*h[il*dr [j-1]1;
}

}
fout<<TEGKK”, ”;

TEG=0;

for (i=2; i <=N-2; i++) {
for (j=2; j<=M: j++) {
TEG +=2. 0+PI+ro* (Ed[i][j]) /double (N) *h[i]*dr [j-11;
}

}
fout<<TEGKK”, ”;

TEG=0;

for (i=2;i<=N-2;i++) {
for (j=2; j<=M: j++) {
TEG +=(Et[i][j]+EF[i]1[j]+Ec[i]1[jI+Ed[i][j]1)/double (N)*dr[j-1];
}

}
fout<<TEGKKL”, ”;

TEG=0;

for (i=2; i<=N-2; i++) {
for (j=2; J<=M: j++) {
TEG +=2. 0+PI*rok (EL[i]1[JI+EF[i1[j1+Ec[il1[j1+Ed[i1[j])/double (N)*h[il*dr[j-11;
}

}
fout<<TEG<Kendl;

//for (i=1;i<=N-1;i++) {
//Fout<<Gv[i]<<endl;
//fout<KX[i1<<”, "

//if XLiT==1) {

// fout<<h[il<<endl;

//}
//else |
// fout<<b[il<<endl;
//}
//}

//for (j=1; j<M; j++) {
//for (i=1;i<=N-1;i++) {
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//Fout<<Xi [i1[j1<«K",”
//}
//Fout<<0<<endl ;
//}

//Tor (j=1; j<=M; j++) {
//For (i=1;i<=N-1; i++) {
//foutLTi[i][j1<”,”
//}
//fout<<0<<endl ;
//}

//for (j=1; j<=M; j++) {
//for (i=1;i<=N-1;i++) {
//Fout<<uli][j1<<”,”;
//}
//fout<<0<<endl ;
//}

//for (j=1; j<=M; j++) {
//for (i=1;i<=N-1; i++) {
//Tout<&v [i][j1<L”,;

//}
//fout<K0<<end ! ;
//}
//////////Average Results Printing out///////////////////////////////////////////1//7//7/////////////

Y///1/7777111//////Parametric Analysis loop//////////////////111////11117//111117/1111177/111177111]]

Y//777777111177717/%\owrate loop/////////111//1717777777111111771777777711111177177777771111117177777

fout<<0<kendl;

}
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APPENDIX C, Technical drawings of the experimental apparatus

LR
2w ¥ oy
150102
BRFYTHVYREH
LK g 4
et
i)
el £—ER
s
el g
R
O T‘Q
! — %ol
o — —H7AEE
o z 3 ]
L - -
e L
5|99 599 _'W %90 _.W
ﬁ ] \ £

VAN ARS

) su7dy | 910 )

X =P 2 SREREOV—E N
1
]

Pt

|
|
o |
|
|
h
|
f

A

Y

224



FYNHE WNSETE FYEHE

ERE THHT suwoalz] o 5]
00W-dY TH uuem
sw  H¥ ml

s, i
9).

aiv

G g
0513V

9z,
G,
£ 0T1pE)
X8

b iereRnEE

/

&2,

9
1]

9) @1

5
e |

0l

e

© &

—

S nsnannaaii b

s
wrbits

0S13¥-ZdNEF

225



[Eemwe ynsTaE mﬁmgm;
(ETE TR Bz o/ [
(9/2) 001-17dN THET wusw

TR wEI CExs

WY qrgy Wich mm

(9)Bd | Q Xew (EEEN
©@edi |0 xeu [T

CHEE ¢
FhEd MM 7
SRR - T
¥ L PG I B E o .n_.:ﬁm

\.(..ap.?.«.i..i.@l@
<xivng )
anccy @)

1~ [HEOOC000000:

'

<

a—vesenyn QD)

EE

0°09¢

,Q
i @ ) u\w -
3 ﬂ& 8
| &
- i : 09
o
E— - ! —© o009 =
B w
0 o | 5 =]
o0 M |- —1
& | T
iz @N !
o o) | s | 0 lbilmie s
= B N 2
qE=2 Tl ST .\ : /.
P b mbg
s D o @
cle cle
weE
958
ZL6
T V0i8 ZREC__AFAM a1
o%x ¥ ALF RENF| FOESNS 5 §4-8 100 (LZ19) 2/1 M —&H¥CYE| Pl
POESNS) TEE-Y 0 27198 Voz JALrn] Bl
2 BIS ZAEZ) 1IN J5F VOESNS WEVIZ RAZL
2 Ols ZZZ2) 1IN POES NS | (PR T621-v57) (EWL_TL VAN &
3 (98 Z4<CE£) T0P-01W AT, FOESNS 01-(%)S LIS |1 HHP YEOA0)
3 (CZ@iF£8) 0N 45£ 12 |
7t (YL 01N £ [ (8731001 3V-Fzanv|T £+ E
zt (W) _105-01A SR8 Y| sz (OLTERZELT 1
W [T TATTZ) (PEa¥mO8Ia 9
T () =N AFAY| 8et | ! (A7=7) (PeRxmOg IR )M ¥| &
T (VBN A0 Yz | w1 (AT7Z) (po8xmoieaz ) S| av |
T (S E¥| die | Z QOIIv-FadNY |l (AT 7)) (Paaxm0LEN0 1) HF| WF
O/M0137-Pednv|l (&S| vz
W HE V[z ERE I AZL— %] ¢
z Yl Y 2L FFE| 0tpsns) O
0013V-F2dNV(2 YCoI hmtE| 8L 21 PF¥E| 0epsSOS| (9/E)0013V-FedNV
ERER A 3T ] W HA SEEE |

226



EXHHE YYUETH SY@ld

(N —1£) TS B 2] /1 [F)

(9/2)0013V-72dVV TEBHY Lowm

e 90 8L

it ¥ sy

FREEBTM AL H REMN>H

2 hE@@J_ﬁﬂdﬁEeﬂ ‘dAL

(e) Im
-
P
)
5 o
> 0 I
il <. =
s O
o0
P
& 0? i
(D=
e
06
09¢
Bl -
10 HE 0EPSNS * kA

K iE

mn___.: 0
o2 R - FL

cl

HEEH e VOER (F) —1LHE @

CCHEHE ¢

|
[LE

¢l

¢l

a4
912=16 X d¥e

i

(el g (e)

A
HEXPE]

06

RYARN <2

() A —1LHF

09¢

B 7S
0E¥SNS * Hk K

1Y

227



EX0EL HULETHE SYHUS

(=1£e—=£ THeE c/1[F

O/n)001-vzdWV THHT Lwwm

HH

EIRTE

H¥ Wi

(MRS
\_M_quAV\K%Hﬁ_ﬂtﬁ

=)
[F2}

%3
%

o
0g

£9

0LE
082= L X dO¥

ge—lotr—te -
I

T
o—0—o0 —o

o o0—e—6 -6 -6 oo

1e

A
Lt
-
/o—e—e—

B -

UG L - HrE
(5) &

98

W TE

01 $-91

oy

or 7

0 % g
o ot ] o oL
gl ol 1 =+ [P of |
| B (980 | s
‘ HH;V L8 780 Rk
| LBl B 087 &
S ! Iz8 ﬁ@w
. e 0 -+ \M
=k \Mu@ 2 g |67
w/ T
CE] | |
/Eoy 98 98
T B * Weddim

U0 GL Tk 191 HE 0EYSNS * fak kk 6
(& =% @) N—1ge—T4

228



EEMHE HUETHE FYHNE

(10T %) TR e | E| o/1 ¥

(9/9) 001V-72dWV TEEHE =wmum

k] MY oy

0EPSNS T91-081%088 HEx|9
0E¥SNS 191-081%088 Hi¥[S

0EPSNS 101-06FX088 7

T
T
4
W[ TEE RE | EE|

(9/6)0013v-FedNV T BYETE

58
586 099 9l
151190
““‘f‘\“‘\s\ = L%
| 3
f W= |
S— - 0EPSNS © ki
099 X M09:E (HEEEVGD) P [TEIGL U
58
L
99
| 5
. . " " (=]
0 w‘ e IT = o—
,_ ! L ¥EdTE
[TAT} 78001 7T %ﬁw m_ﬂ%
o BE) 0810310
COWEITIG ¥ MEOHY L 44 b ATREN Eecd ey WREY
TTot
w- .
o X
(=}
OI¥Ghd oL EE L
[T 2t a0 T = ’
= =
- Mfmmw‘ |
73 3
0zl og | % L8 B
0£bSNS -tk
(N 0 Y E Iy \ 5€9

COGRHPEEIVE)  8/69 M ALk O] (V) 402/ 19

(av) (vp) @M

229



il YWETE EYHEE

B

(- s— umes wasenn | 5| €/1 |7

(L/9) 001V-t2dW AT cmmm

a3 S (ET 02 13Y-vedN

EREE

Y4 mnme 19-081 ¢ B Km‘bn_ﬁwm.m.
(0249%) 08/ -Y05 1 MRV
B 09 \@

ML A &40)

(Ot N _ﬁé -
@ 4%\ r|||||||_r “““ Ll

T
b o |
y 191 = -
7 { L _ i | . - [ i
@‘\\%‘_ I 7 _ 1 N _. =t =
||\ '
- e B o [E— p—N — = em— o
19-5019 51 7 7 d(% o # AmeA £l 1) g l/ﬂﬂ@
dAL .v —
7 7 / ﬁ/|m$@; ¢ |\ To-0s X001
: 15-089 % GEL ¥k
[ | N e ;
Ww 09
AL
o 099 § 19561 X 001 % gy
WSk G
HEMS[v7 TN ALl 7
vOESNS|v TN THMCEFIET
FOESNS|Y [ZHUIRIEEAE ! H
0Z13v-VedNV SRME =l 08P Yool &|ll
70 1AL CHHIALr|01
BEOH| S|l W0 [—4—3[6 _
EEO%| voesns|t 29 (Agr—g—a)HEAE[R
I700013V-p2dNV_ & DEPSAS|T @ |Z
I700013V-FedW & 0EVSNS|T ]
0EVSNS|T 0295 06.-V051 ]
0EPSNS[2 16-099%0¢ Xisk|[v
DEPSNS[T 39-099%001 HFk[e o
0EPSNS|T 19-009%G81 HiE|2 T
[HEISH i m.w =4 rm\ =
3] FEFF| WRED EXRS

(9/9)0013V-v2dN L HEERE

230




EXfHE YWLETE LYXHlS

oonE - s~ aEEn % o1 [T

(L/0) 001 -1V THHEE snwm

g HY oy

QUi DR

231




M

YWETHE EFyHiys

(x4 phmd) Baesmm|E] o/ 1 [

0213V-12dN  YE (M08 9P spumm

owaar,

lifch  geam

w0l

TH

0,08 | Xew : FEE{ 5}
Bdi¥ 0 "|Xew : Cf F(EH )

€9 ./

ze ey
16 ¢
051 @

FEMELY i

91

ElS - WEITE  0SvSNS kK
- VE (089) YL 444

HaMS 9l 9N THCERI] L

70ESNS 91 91N JAF[ 9

POESNS 91 09X0LN JEVEY § |
10S9¥A | J-AI7JFEZ [} WIX08X06P ALY | b |9E
YC.UEE v RIX06P YLLIFA| € |9x

0EPSNS 0213v-FzdN| ¥ —ME(8 PV f| ¢

0EPSNS 0z213v-rzdN| ¥ WSS PYCLIF G| |

3] 5321 | T EE]|

(5B TR 0213V-Y2dW YL o)l a089

€98/

08 ¢

¢t By

9l

([ BE)
HREok
CIN-V

ElS - ¥EdJTE  ochsSns ¢ fki
FE (089P) YL L(4)h

232



ENMEE HUETEH SYBld

@.H.
THOAGHE 208 L G FHER
0SLIV-P2dNY &< S wzum ZLHRCRLREOn
wn T wy T
02 13v-bedN 005
¢ SREE

#HEE08
Yoo 6

—

¢
0 7 Lyc-vacl @ 2/ 10 e4f 1dC~ ﬁ 9
ll_m\wé - e/1o

|
PR

. [87e08

dAlL _

56
2oy Y1 TR e

[
VAT @m\%fﬂan_h-:

8¢
o

233

/60| VOESNS Z VYOI LAldC—N/]9

Z/19d] VOESNS ] VSINALALdC—N|§

FOESNS ] MAT 8/89d|y

T 0£PSNS| 0G1av-vedNY|2 19X961 ¢ XELI([E

BIETEE| 0EPSNS| 0clav-vedNV|e 08P YLV A[e

WG ~2&| VO0ESNS| 051AV-VedNV|e S02UDS LhE X VGel =0B|1
2 (5321 LR WK EE) EEES

0G10V-7edNY 4 A& B




E¥HHE YWLETH ZYHNE

yosovy vegdrems |5 &/1[E

ERTE

et

¥ gy

WEERY MY 44 L4 -
€18 RESFAY

TEIEMA 0N
O zumgg |0 "FRE VM G HELE

IR

S——0—0-

!

002
081
¥al
&

#

|

1

£¢

{mMer_ul@\

B9L'xGhd 219

¥al

08l

00¢

70€SNS

e

£

|
I
sl s —ol— — — 4
vl
7
d J@I\%reje\m
n -
@Lx%m
091
081
007
e (EE=IN
g |z
ALY HE

B9l xGbd -2l

00¢

W YeoH VamsE0

234



EEMRY UNETE AYEHE | 09/VPdW SF e
s##yns 2 o1 [E wm  RY wy
HJ 2
_ 002 @w
oﬂ@
] e
2 %ﬂﬁt\tﬁ
—t—————th o
,m I
1 ~

055 =
T 5 -
¥z v\ [
| g
Y 7
"/
(¥ v42)
Yzl “¥o @_mww&v
[ HGLAETE] P0ESNS|| 002X05Y —30 &¥zk|G
NEECE| VOESNS| L 0¢8-19X08 WEk|¥
@[ v0ESNS|e 028-39%05%05 BEZLTI|E
VI PEE| v0ESNS|v 0GP-19%X05%08 EEZET1| ¢
[ voesns(y 006-¥9X05X0G BRZETI|1
) Tl YR} ZW 5
0913V-VedNV L HFS

235



FEMHE YWWETH SHYHNSE
THEAL < o mepslz| /1 [¥
SIS 057NV gnmm

W60 2L, Vok0 21

lifeh  zey TH Wy

L2 BT L — 47 3 FTRI6L Bl 2EE

‘¢ LWE D SWO 1 FHE

UFEER (01 "L °9) EWS CIMIMUY ~
CEREHEFRINICY TRY /s OEGEE HE

WL eSS e W | ) VLY 2N g
T
#ESN
WESN
N
ki
VIES
[ e g oqviabaaik| OIS v
0097Z;_TN-DCRGHE [ G1S T
008¢2G_UNFOCAE| Sns T

Yy 7

(EIF0zcIVVodN
SV HE| G R

2 MTEBIRIENH - L
] sedzs &=
ot

43

T

Y

236



EVNHY YPETE SYHYS
s nme <y 3 L |E
BUABLWEY 0NN spum

5UG0bL,

wH H¥ Wiy

/@

CENSICOICD)

FOISNS.
FOESAS.
FOESNS

SE TOESNS
] FOESTS

£ VOESTS.
] FOLSnS.
L
¥

o o i O

EEEEEEEEEEEE

CEEEEERERE

1111

—
|
oo
B
- .
LW <Al
I ]
I
L
|Z\ | E
|
|

Finky
)

1

aklzg

Bz (V) @
01Z3V-VedNE B

I35

237




References

1) F. Carré, Grand appareil de Ferdinand Carré pour fabriquer de la glace Illustration tirée du livre "L'eau" de Gaston
Tissandier, 4e édition, (1878), Librairie Hachette Chargé par Gérard Janot.

2) J. Gladstone , John Gorrie, The Visionary. ASHRAE Journal, December (1998), 29-35.

3) E. Granryd, B. Palm, Refrigerating engineering, Stockholm Royal Institute of Technology, (2005), chap. 4-3.

4) Einstein et al., U.S. patent No. 1,781,541, Nov. 11 (1930), Refrigeration, filed Dec. (1927).

5) JM. Gordon, K.C. Ng, Cool Thermodynamics, Cambridge International Science Publishing, (2000), UK.

6) J. D. Killion, S. Garimella, A Review of Experimental Investigations of Absorption of Water Vapor in Liquid
Films Falling Over Horizontal Tubes, HVAC&R Research, 9(2), (2003),111-136.

7) S. Goktun, Er I.Deha, Performance analysis of an irreversible cascaded heat-transformer. Applied Energy, 72(2),
(2002), 529-539.

8) J. Deng, R. Z. Wang, G. Y. Han, A review of thermally activated cooling technologies for combined cooling,
heating and power systems. Progress in Energy and Combustion Science, 37(2), (2011), 172-203.

9) X. Wang, L. Shi, J. Yin, M. S. Zhu, A two-stage heat transformer with H2O/LiBr for the first stage and 2,2,2-
trifluoroethanol (TFE)/N-methy1-2-pyrrolidone (NMP) for the second stage. Applied Energy, 71(3), (2002), 235—
249.

10) F. Ziegler, Recent developments and future prospects of sorption heat pump systems. International Journal of
Thermal Sciences, 38(3), (1999), 191-208.

11) N. Chekir, A. Bellagi, Performance improvement of a butane/octane absorption chiller, Energy, 36, (10), (2011),
6278-6284.

12) F. Ziegler, R. Kahn, F. Summerer, G. Alefeld, Multi-effect absorption chillers, International Journal of
Refrigeration, 16, (5), (1993), 301-311.

13) T. Berlitz, P. Satzger, F. Summerer, F. Ziegler, G. Alefeld, A contribution to the evaluation of the economic
perspectives of absorption chillers: Contribution a 1'évaluation des perspectives économiques des refroidisseurs a
adsorption, International Journal of Refrigeration, 22, (1), (1999), 67-76.

14) N. Chaiyat, T. Kiatsiriroat, Analysis of combined cooling heating and power generation from organic Rankine
cycle and absorption system, Energy, 91, (2015), 363-370.

15) F. Ziegler, G. Alefeld, Coefficient of performance of multistage absorption cycles, International Journal of
Refrigeration, 10, (5), (1987), 285-295.

16) M. E. Alvarez, X. Esteve, M. Bourouis, Performance analysis of a triple-effect absorption cooling cycle
using aqueous (lithium, potassium, sodium) nitrate solution as a working pair, Applied Thermal
Engineering, 79, (2015), 27-36.

17) W. Wu, B. Wang, W. Shi, X. Li, Absorption heating technologies: A review and perspective, Applied
Energy, 130, (2014), 51-71.

18) X.Q. Zhai, M. Qu, Yue. Li, R.Z. Wang, A review for research and new design options of solar absorption cooling
systems, Renewable and Sustainable Energy Reviews, 15, (9), (2011), 4416-4423.

19) Y. Kaita, Simulation results of triple-effect absorption cycles, International Journal of Refrigeration, 25,
(7), (2002), 999-1007.

20) B. H. Gebreslassie, M. Medrano, D. Boe, Exergy analysis of multi-effect water—LiBr absorption systems: From
half to triple effect, Renewable Energy, 35,(8), (2010), 1773-1782.

21) J. Wang, D. Zheng, Performance of one and a half-effect absorption cooling cycle of H20O/LiBr system, Energy
Conversion and Management, 50, (12), (2009), 3087-3095.

22) N.A. Darwish, S.H. Al-Hashimi, A.S. Al-Mansoori, Performance analysis and evaluation of a
commercial absorption—refrigeration water—ammonia (ARWA) system, International Journal of Refrigeration, 31,
(7), (2008), 1214-1223.

238



23) R.M. Tozer, R.W. James, Fundamental thermodynamics of ideal absorption cycles, International Journal of
Refrigeration, 20, (2), (1997), 120-135.

24) R. Brunet, J. A. Reyes-Labarta, G. Guillén-Gosalbez, L. Jiménez, D. Boer, Combined simulation—optimization
methodology for the design of environmental conscious absorption systems, Computers & Chemical
Engineering, 46, (2012), 205-216.

25) V. E. Nakoryakov, N. I. Grigoryeva, M. V. Bartashevich, Heat and mass transfer in the entrance region of the
falling film: Absorption, desorption, condensation and evaporation. International Journal of Heat and Mass
Transfer, 54(21-22), (2011), 4485-4490.

26) Y. Lazcano-Véliz, J. Siqueiros, D. Juarez-Romero, L. I. Morales, J. Torres-Merino, Analysis of effective wetting
area of a horizontal generator for an absorption heat transformer. Applied Thermal Engineering, 62(2), (2014),
845-849.

27) M. Mittermaier, F. Ziegler, Theoretical evaluation of absorption and desorption processes under typical conditions
for chillers and heat transformers, International Journal of Refrigeration, In Press, Accepted Manuscript, Available
online 22 July (2015).

28) H.T. Chua, H.K. Toh, K.C. Ng, Thermodynamic modeling of an ammonia—water absorption chiller, International
Journal of Refrigeration, 25, (7), (2002), 896-906.

29) J.M. Gordon, K. C. Ng, A general thermodynamic model for absorption chillers: Theory and experiment, Heat
Recovery Systems and CHP, 15, (1), (1995), 73-83.

30) M. Feidt, Thermodynamique et optimisation Energetique des Systémes et Procedés, Tec et Doc. Editeurs, Paris,
France, (1987), 383-388.

31) Bejan, The Generation of Physical Structure in Power and Refrigeration Systems, Keynote, Duke University,
Durham, NC 27708-0300, USA, (2001).

32) M. Feidt, Thermodynamics applied to reverse cycle machines, a review, International Journal of Refrigeration, 33,
(2010), 1327-1342.

33) M. Feidt, Evolution of thermodynamic modelling for three and four heat reservoirs reverse cycle machines: A
review and new trends, International Journal of Refrigeration 36, (2013), 8-23.

34) Z. Yan, J. Chen, An optimal endoreversible three heat sources refrigerator, Journal of Applied Physics 65 (1),
(1989), 1-4.

35) J. Chen, Z. Yan, Unified description of endoreversible cycles, Physiscal Review A 39 (8), (1989), 4140-4147.

36) H.T. Chua, J.M. Gordon, K.C. Ng, Q. Han, Entropy production analysis and experimental confirmation of
absorption systems, International Journal of Refrigeration 20, (1993), 179-190.

37) K.C. Ng, K. Tu, H.T. Chua, J.M. Gordon, T. Kashiwagi, Thermodynamics analysis of absorption chillers: internal
dissipation and Process Average Temperature, Applied Thermal Engineering 18 (8), (1998), 671-682.

38) G. Grazzini, A. Rocchetti, Thermodynamic optimization of irreversible refrigerators, Energy Conversion and
Management 84, (2014), 583-588.

39) G. Grazzini, F. Gori, Entropy parameters for heat exchangers design. Int. J. Heat Mass Transfer 31, (1988), 2547-
2554.

40) S.F. Lee, S.A. Sherif, Thermodynamic analysis of a lithium bromide/water absorption system for cooling and
heating applications, International Journal of Energy Research 25, (2001), 1019-1031.

41) R. Tozer, A. Syed, G Maidment, Extended temperature-entropy (T-s) diagrams for aqueous lithium bromide
absorption refrigeration cycles, International Journal of Refrigeration 28, (2005), 689-697.

42) R. Palacho-Bereche, R. Gonzales, S.A. Nebra, Exergy calculation of lithium bromide-water solution and its
application in the exergetic evaluation of absorption refrigeration systems LiBr-H2O, International Journal of
Energy Research online library, (2010).

43) D.S. Kim, C.A. Infante-Ferreira, A Gibbs energy equation for LiBr aqueous solutions, International Journal of
Refrigeration 29, (2006), 36-46.

239



44) W.Kays, A. 1. London, Compact Heat Exchangers, MacGraw-Hill, New York, (1964).

45) P. Donnellan, K. Cronin, E. Byrne, Recycling waste heat energy using vapour absorption heat transformers: A
review, Renewable and Sustainable Energy Reviews, 42, (2015), 1290-1304.

46) M. Scott, A. Jernqvist, G. Aly, Experimental and theoretical study of an open multi-compartment absorption heat
transformer for different steam temperatures. Part III: application to process industry, Applied Thermal
Engineering, 19 (4), (1999), 431-448.

47) X. Ma, J. Chen, S. Li, Q. Sha, Aiming Liang, Wei Li, Jiayan Zhang, Guojun Zheng, Zhihao Feng Application of
absorption heat transformer to recover waste heat from a synthetic rubber plant, Applied Thermal Engineering, 23
(7), (2003), 797-806.

48) Huicochea, J. Siqueiros, R.J. Romero, Portable water purification system integrated to a heat transformer,
Desalination, 165, (2004), 385-391.

49) W. Rivera, A. Huicochea, H. Martinez, J. Siqueiros, D. Juarez, E. Cadenas, Exergy analysis of an experimental
heat transformer for water purification, Energy, 36 (1), (2011), 320-327.

50) Bejan, The thermodynamic design of heat and mass transfer processes and devices, International Journal of Heat
and Fluid Flow, 8, 4, (1987), 258-276.

51) P. A. N. Wouagfack, R. Tchinda, Finite-time thermodynamics optimization of absorption refrigeration systems: A
review, Renewable and Sustainable Energy Reviews, 21, (2013), 524-536.

52) M. Kilic, O. Kaynakli, Second law-based thermodynamic analysis of water-lithium bromide absorption
refrigeration system, Energy, 32 (8), (2007), 1505-1512.

53) S.C. Kaushik, A. Arora, Energy and exergy analysis of single effect and series flow double effect water—lithium
bromide absorption refrigeration systems, International Journal of Refrigeration, 32 (6), (2009), 1247-1258.

54) P. Donnellan, E. Byrne, K. Cronin, Internal energy and exergy recovery in high temperature application
absorption heat transformers, Applied Thermal Engineering, 56 (1-2), (2013), 1-10.

55) Kaynakli, The first and second law analysis of a lithium bromide/water coil absorber, Energy, 33 (5), (2008), 804-
816.

56) Yigit, A numerical study of heat and mass transfer in falling film absorber, International Communications in Heat
and Mass Transfer, 26 (2), (1999), 269-278.

57) J. W. Andberg, G. C. Vliet, A simplified model for absorption of vapors into liquid films flowing over cooled
horizontal tubes, ASHRAE Trans, 93, (1987), 2454-66.

58) V.D. Papaefthimiou, I.P. Koronaki, D.C. Karampinos, E.D. Rogdakis, A novel approach for modelling LiBr—H20
falling film absorption on cooled horizontal bundle of tubes, International Journal of Refrigeration, 35 (4), (2012),
1115-1122.

59) K. Banasiak, J. Koziot, Mathematical modelling of a LiBr-H2O absorption chiller including two-dimensional
distributions of temperature and concentration fields for heat and mass exchangers, International Journal of
Thermal Sciences, 48 (9), (2009), 1755-1764.

60) F. Babadi, B. Farhanieh, Characteristics of heat and mass transfer in vapor absorption of falling film flow on a
horizontal tube, International Communications in Heat and Mass Transfer, 32 (9), (2005), 1253-1265.

61) Bejan, The Concept of Irreversibility in Heat Exchanger Design: Counterflow Heat Exchangers for Gas-to-Gas
Applications, J. Heat Transfer, 99, (1977), 374-380.

62) D.P. Sekuli¢, C.V. Herman, One approach to irreversibility minimization in compact crossflow heat exchanger
design, International Communications in Heat and Mass Transfer, 13, 1, (1986), 23-32.

63) H. Pahlavanzadeh, P. Nooriasl, Entropy Generation in Liquid Desiccant Dehumidification System, Energy
Procedia, 14, (2012), 1855-1860.

64) D.La, Y. Li, Y. Dai, T. Ge, R. Wang, Effect of irreversible processes on the thermodynamic performance of open-
cycle desiccant cooling cycles, Energy Conversion and Management, 67, (2013), 44-56.

240



65) Myat, K. Thu, N. Kim Choon, The experimental investigation on the performance of a low temperature waste
heat-driven multi-bed desiccant dehumidifier (MBDD) and minimization of entropy generation, Applied Thermal
Engineering, 39, (2012), 70-77.

66) N. Giannetti, A. Rocchetti, K. Saito, S. Yamaguchi, Entropy parameters for desiccant wheel design, 75, (2015),
826-838.

67) Myat et al., Entropy generation minimization: A practical approach for performance evaluation of temperature
cascaded co-generation plants, Energy, Vol. 46, No. 1, pp. 493-521, 2012.

68) J.Y. San, W.M. Worek, Z. Lavan, Entropy generation in combined heat and mass transfer, International Journal
of Heat and Mass Transfer, 30, 7, (1987), 1359-1369.

69) C.G. Carrington, Z.F. Sun, Second law analysis of combined heat and mass transfer in internal and external flows,
International Journal of Heat and Fluid Flow, 13, 1, (1992), 65-70.

70) G. Prakash Narayan, J. H. Lienhard V, S. M. Zubair, Entropy generation minimization of combined heat
and mass transfer devices, International Journal of Thermal Sciences, 49, 10, (2010), 2057-2066.

71) M. Kanoglu, M. Ozdin¢ Carpinlioglu, M. Yildirim, Energy and exergy analyses of an experimental open-cycle
desiccant cooling system, Applied Thermal Engineering, 24, (2004), 919-932.

72) K. H. Mistry, J. H. Lienhard V, S. M. Zubair, Effect of entropy generation on the performance of humidification-
dehumidification desalination cycles, International Journal of Thermal Sciences, 49, (2010), 1837-1847.

73) Chermiti, N. Hidouri, A.B. Brahim, Entropy generation in gas absorption into a falling liquid film, Mechanics
Research Communications, 38, 8, (2011), 586-593.

74) N. Hidouri, I. Chermiti, A.B. Brahim, Second Law Analysis of a Gas-Liquid Absorption Film, Journal of
Thermodynamics,(2013), ID 909162,10pp.

75) H. Hou, Q. Bi, H. Ma, G. Wu, Distribution characteristics of falling film thickness around a horizontal tube,
Desalination, 285, (2012), 393-398.

76) D. Juric, G. Tryggvason, Computations of boiling flows, International Journal of Multiphase Flow, 24 (3), (1998),
387-410.

77) S. K. Choudhury, D. Hisajima, T. Ohuchi, A. Nishiguchi, T.Fukushima, S. Sakaguchi, Absorption of vapors into
liquid films flowing over cooled horizontal tubes, ASHRAE Trans, 99, (1993),81-9.

78) L. Harikrishnan, Shaligram Tiwari, M.P. Maiya, Numerical study of heat and mass transfer characteristics on a
falling film horizontal tubular absorber for R-134a-DMAC, International Journal of Thermal Sciences, 50
(2), (2011), 149-159.

79) W.G. Vincenti and C.H. Kruger, Jr., Introduction to Physical Gas Dynamics, Wiley, New Yor, (1965).

80) PROPERTIES OF LITHIUM BROMIDE-WATER SOLUTIONS AT HIGH TEMPERATURES AND
CONDENSATIONS - PART 1. Thermal Conductivity", ASHRAE Trans, 96, (1990).

81) D. S. Ayou, J. C. Bruno, R. Saravanan, A. Coronas, An overview of combined absorption power and cooling
cycles, Renewable and Sustainable Energy Reviews, 21, (2013), 728-748.

82) H.Z. Hassan, A.A. Mohamad, A review on solar cold production through absorption technology, Renewable and
Sustainable Energy Reviews, 16 (7), (2012), 5331-5348.

83) K. Parham, M. Khamooshi, D. B. Kenfack Tematio, M. Yari, U. Atikol, Absorption heat transformers — A
comprehensive review, Renewable and Sustainable Energy Reviews, 34, (2014), 430-452.

84) X.Q. Zhai, R.Z. Wang, A review for absorbtion and adsorbtion solar cooling systems in China, Renewable and
Sustainable Energy Reviews, 13(6-7), (2009), 1523-1531.

85) R. Gomri, Second law comparison of single effect and double effect vapour absorption refrigeration systems,
Energy Conversion and Management, 50 (5), (2009), 1279-1287.

86) S. Gong, K. G. Boulama, Parametric study of an absorption refrigeration machine using advanced exergy analysis,
Energy, 76, (2014), 453-467.

241



87) D. Zebbar, S. Kherris, S. Zebbar, K. Mostefa, Thermodynamic optimization of an absorption heat transformer,
International Journal of Refrigeration, 35 (5), (2012), 1393-1401.

88) G. Gutiérrez-Urueta, A. Huicochea, P. Rodriguez-Aumente, W. Rivera, Energy and Exergy Analysis of Water-
LiBr Absorption Systems with Adiabatic Absorbers for Heating and Cooling, Energy Procedia, 57, (2014), 2676-
2685.

89) P. Donnellan, E. Byrne, J. Oliveira, K. Cronin, Firstand second law multidimensional analysis of a triple
absorption heat transformer (TAHT), Applied Energy, 113, (2014), 141-151.

90) Y. He, G. Chen, Experimental study on an absorption refrigeration system at low temperatures, International
Journal of Thermal Sciences, 46, (3), (2007), 294-299.

91) Tano san

92) D. M. Maron, G. Ingel, N. Brauner, Wettability and break-up of thin films on inclined surfaces with continuous
and intermittent feed, Desalination, 42, (1982), 87-96.

93) N. Brauner, D. M. Maron, Z. Harel, Wettability, Rewettability and breakdown of thin films of acqueous solutions,
Desalination, 52, (1985), 295-307.

94) M. Trela, A semi-theoretical model of stability of vertical falling liquid films, Chemical Engineering Science, 49
(7), (1993), 1007-1013.

95) S.Yih, Stability of liquid flow down an inclined plane, Phyics of Fluids, 6, (1963), 321-334.

96) E. Hartley and W. Murgatroyd, Criteria for the break-up of thin liquid layers flowing isothermally over solid
surfaces, International Journal of Heat and Mass Transfer, 7, (1964), 1003-1015.

97) B. Ponter, G. A. Davies, T. K. Ross, P. G. Thornley, The influence of mass transfer on liquid film breakdown,
International Journal of Heat and Mass Transfer, 10, (1967), 349-359.

98) T. Hobler, J. Czajka, Minimal surface wetting (in Polish), Chemia Stosow. 2B, (1964), 145.

99) J. Mikielewicz, J. R. Moszynski, Minimum thickness of a liquid film fowing vertically down a solid surface,
International Journal of Heat and Mass Transfer, 19, (1976),771-776.

100)R.E. Johnson Jr., R.H.J. Dettre, Contact Angle Hysteresis. III. Study of an Idealized Heterogeneous Surface, The
Journal of Physical Chemistry, 68, (1964), 1744-1749.

101)L.W. Schwartz, S. Garoft, Contact Angle Hysteresis on Heterogeneous Surfaces, Langmuir, 1, (1985), 219-230.

102)J.W. Krumpfer, T.J. McCarthy, Contact angle hysteresis: a different view and a trivial recipe for low hysteresis
hydrophobic surfaces, Faraday discussions, 146, (2010), 103-111.

103)L. Gao, T.J. McCarthy, Contact Angle Hysteresis Explained, Langmuir, 22, (2006), 6234-6237.

104)J. D. Killion, S. Garimella, A Critical Reviev of models of coupled heat and mass transfer in falling-film
absorption,InternationalJournal of Refrigeration, 24, (2001), 755-797.

105)J. D. Killion, S. Garimella, A Reviev of Experimental Investigationsof Absorption of Water Vapor in Liquid Films
Falling overHorizontal Tubes, HVAC&RESEARCH, 2 (9), (2003), 111-136.

106)S. Jeong, S. Garimella, Falling-film and droplet mode heat and mass transfer in a horizontal tube LiBr/water
absorber, International Journal of Heat and Mass Transfer, 45 (7), (2002), 1445-1458.

107)H.T. Honda, T.W. Chung, Effect of Surface Tension on Mass Transfer Devices, Mass Transfer in Multiphase
Systems and its Applications, Prof. Mohamed El-Amin (Ed.), (2011), 273-299.

108)V. M. Soto Francés, J. M. Pinazo Ojer, Experimental study about heat and mass transfer during absorption of
water by an aqueous lithium bromide solution, International Proceedings of the ASME-ZSITS International
Thermal Science Seminar, Bled (Slovenia), 11-14 June, (2000), 535-542.

109)V. M. Soto Francés, J. M. Pinazo Ojer, Validation of a model for the absorption process of H2O(vap) by a
LiBr(aq) in a horizontal tube bundle using a multi-factorial analysis, International Journal of Heat and Mass
Transfer, 46, (2003), 3299-3312.

110)R.H. Wassenaar, Measured and predicted effect of flowrate and tube spacing on horizontal tube absorber

performance, International Journal of Refrigeration, 19 (5), (1996), 347-355.

242



111)Doniec, Laminar flow of a liquid rivulet down a vertical solid surface, Canadian J. of Chemical Eng., 69, (1991),
198-202.

112)Doniec, Flow of a laminar liquid film down a vertical surface, Chemical Eng. Science, 43 (4), (1988), 847-854.

113)Doniec, Phys. Chem. Hydrodynamics, 5, (1984), 143-152.

114)S. Yamaguchi, J. Jeong, K. Saito, H. Miyauchi, M. Harada, Hybrid liquid desiccant air-conditioning system:
Experiments and simulations, Applied Thermal Engineering, 31 (17-18), (2011), 3741-3747.

115)J.H. Snoeijer, B. Andreotti, A microscopic view on contact angle selection, Physics of Fluids, 20, (2008), 057101.

116)M.A. Rodriguez-Valverde, F.J. Montes Ruiz-Cabello, P.M. Gea-Jodar, H. Kamusewitz, M.A. Cabrerizo-Vilchez,
A new model to estimate the Young contact angle from contact angle hysteresis measurements, Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 365 (1-3), (2010), 21-27.

117)X. D. Wang, X. F. Peng, B. X. Wang., Contact angle hysteresis and hysteresis tension on rough solid surface,
Chinese Journal of Chemical Engineering, 12(5), (2004), 615-621.

118)Faghiri, Y. Zhang, Transport Phenomena in Multiphase Systems, Academic Press, Burlington, MA 01803,USA,
(2006).

119)A.W. Adamson, A.P. Gast, Physical Chemistry of surfaces, 6th ed., John Wiley and Sons, (1997).

120)B.J. Kim, 1.S. Kang, Absorption of water vapor into wavy-laminar falling film of aqueous lithium-bromide,
KSME Journal, 9, (1), (1995), 115-122.

121)G. Kocamustafaogullari, I.Y. Chen, Falling film hea transfer analysis on a bank of horizontal tube evaporator,
AIChE Journal, 34 (9), (1988), 1539-1549.

122)H. Daiguji, E. Hihara, T. Saito, Mechanism of absorption enhancement by surfactant. International Journal of
Heat and Mass Transfer, 40(8),(1997), 1743-1752.

123)L. Hoffmann, I Greiter, A Wagner, V Weiss, G Alefeld, Experimental investigation of heat transfer in a horizontal
tube falling film absorber with aqueous solutions of LiBr with and without surfactants, International Journal of
Refrigeration, 19 (5), (1996), 331-341.

124)Kyung, K.E. Herold, Y.T. Kang, Experimental verification of H2O/LiBr absorber bundle performance with
smooth horizontal tubes, International Journal of Refrigeration, 30 (4), (2007), 582-590.

125)M. Mittermaier, P. Schulze, F. Ziegler, A numerical model for combined heat and mass transfer in a laminar liquid
falling film with simplified hydrodynamics, International Journal of Heat and Mass Transfer, 70, (2014), 990-
1002.

126)N.1. Grigor'eva, V.E. Nakoryakov, Exact solution of a combined Heat- and Mass- transfer problem during film
absorption, Inzhernerno-Fizicheskii Zhurnal, 33 (5), (1977), 893-898.

127)G. Grossman, Simultaneous heat and mass transfer in film absorption under laminar flow, International Journal of
Heat and Mass Transfer, 26 (3), (1983), 357-371.

128)T. Meyer, F. Ziegler, Analytical solution for combined heat and mass transfer in laminar falling film absorption
using first type boundary conditions at the interface, International Journal of Heat and Mass Transfer, 73, (2014),
141-151.

129)G. Grossmann, Simultaneous heat and mass transfer in absorption/desorption of gases in laminar liquid films,
Proc. A.I.Ch.E. Winter and Annual Meeting, Orlando, Florida, (1982).

130)ISO/IEC guide 98-3(JCGM 100:2008), Evaluation of measurement data — Guide to the expression of uncertainty
in measurement, 1st edition, September, 2008.

131)Kashiwagi, T., 1988, Basic mechanism of absorption heat and mass transfer enhancement by the Marangoni effect,
Newsletter, IEA Heat Pump Center, 6, 2-6.

243



244



BERERE Mt (L5 PHLHEE RS

(List of research achievements for application of doctorate (Dr. of Engineering), Waseda University)

X 4 Niccolo Giannetti F
(Asof2 H,2016)

=l A I - BATHRGEA I - BATHEH EAE (REEEt)
(By Type) | (theme, journal name, date & year of publication, name of authors inc. yourself)

i 3 Thermodynamic analysis of regenerated air-cycle refrigeration in high and low pressure
1 configuration, International Journal of Refrigeration, vol. 40 (2014), 97-110, N. Giannetti, A.

Milazzo.
2 Entropy parameters for desiccant wheel design, Applied Thermal Engineering, vol. 75 (2015),

9 Gz O 0 ©

©

FER

826-838, N. Giannetti, A. Rocchetti, K. Saito, S. Yamaguchi.

Irreversibility analysis of falling film absorption over a cooled horizontal tube, International
Journal of Heat and Mass Transfer, vol. 88 (2015), 755-765, N. Giannetti, A. Rocchetti, K. Saito,
S. Yamaguchi.

Entropy parameters for falling film absorber optimization, Applied Thermal Engineering, vol. 93
(2016), 750-762, N. Giannetti, A. Rocchetti, A. Lubis, K. Saito, S. Yamaguchi.

Thermodynamic optimization of three-thermal irreversible systems, International Journal of Heat
and Technology, vol. 34, (2016) Special Issue 1, S83-S90, N. Giannetti, A. Rocchetti, K. Saito.

Analytical study of falling film absorption on a partially wetted horizontal tube, 26™ International
Symposium on Transport Phenomena, September 27" - October 1% (2015) Leoben (Austria), N.
Giannetti, K. Saito, S. Yamaguchi, A. Rocchetti.

Local entropy generation analysis of water vapour absorption in a LiBr-H,O solution film, over a
horizontal cooled tube, 24™ TIR International Congress of Refrigeration, August 16" — 22™
(2015) Yokohama (Japan), N. Giannetti, A. Rocchetti, K. Saito, S. Yamaguchi.

Cascade refrigeration system with inverse Bryton cycle on the cold side, 24™ IIR International
Congress of Refrigeration, August 16™ — 22" (2015) Yokohama (Japan), N. Giannetti, A. Milazzo,
A. Rocchetti.

Thermodynamic optimization of three-thermal irreversible systems, CLC2015 Constructal Law &
Second Law Conference, May 18™ - 19" (2015) Parma (Italy), N. Giannetti, A. Rocchetti, K.
Saito.

WA & D KB N IR R 31T 5 B0 & W BB EREL O fEHT L (Analytical expression of
heat and mass transfer coefficients on a partially wetted horizontal tube of falling film absorber),
2015 4R B AR ZE 2 FE AR RE, October 20™ -23" (2015), ¥ Xy T 4 =1 75
BB, LU #— 7T LvT myr T 1.

Anew model for partial wetting of inclined surfaces, & 49 [AIZ25(FHFN « ¢ HOE G S
FSCE CRIUBIERSE, B0, April 15" — 17" (2015), Py > Ry T 4 =20, FEEE ¥, 10
M.

245




©

Qw
rud
#

TRAVIE & B 8 L 7 KSR TR 5 AU AS 2 O B B 75 B R M (Heat and mass transfer
characteristics of falling film on a partially-wetted horizontal tube), 2014 4= H AN/ 32423 5
& AERKEWEE K, F24), September 10th — 13th (2014), V¥ F v T 4 =2, Hg
B, 1A AR, 7R .

Semi-theoretical wettability model for falling film heat exchangers, #f 48 [B1Z25GHFN « #5HGH
AR CE GRATEERE, HU0), April 16th — 18th (2014), ¥ v K v T 4 ==
o, 7 R

V¥ y RT7TUh v MERY AT LA EGH/ INEVRIEEANER T 30T 2 i N R BEEERR 8
D A4 (Visualization of Falling Film on Outer Surface of Fin-Tube Heat Exchanger), [#
B 10 A58 90 &5 1056 = (2015), /MK #iK, vy 74 ==2nm, [IA 3
—, BB, il v, EM P

246




