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ABSTRACT

Absorption refrigeration systems are generally characterized by low Coefficient
of Performance (COP). Absorption enhancement is an effective way of improving the
COP of refrigeration systems. Literature is sparse on the use of magnetic field for the
enhancement of absorption refrigeration systems despite its cheapness and environmental
friendliness as compared with other enhancement methods. Although the method has
recently been employed on ammonia solution, its influence on lithium bromide (LiBr)
and lithium chloride (LiCl) solutions is yet to be fully studied. In this study a numerical
model for the magnetic field enhancement of the absorption cooling-system using LiBr
and LiCl solutions was developed and evaluated.

The flow within the film thickness to the absorber wall was considered as a two-
dimensional steady laminar flow. A Finite Difference model was developed based on
conservation of mass, momentum, energy equations and mass transport relationship. The
model was validated using data from the literature on ammonia solution. Standard
parameters including absorber wall length (1 m), film thickness (10 m), magnetic field
vacuum permeability (1.257 x 10° kgmA™s?), magnetic mass susceptibilities and
magnetic induction intensities were used for LiBr and LiCl solutions’ modeling. Changes
in their concentrations, both in the direction of falling film and across its thickness, were
investigated. Data were analysed using descriptive statistics and Student’s t-test (p=0.05).

The concentration distribution for ammonia solution within the film thickness was
not significantly different from results in the literature. For the magnetic induction range
of 0.0 and 3.0 Tesla, the concentration distribution of LiBr solution in the direction of
falling film was between 54.9% and 60.0%, while that of LiCl solution ranged between
39.9% - 45.0%. Meanwhile, across the film thickness and for the same range of magnetic
induction of 0.0 and 3.0 Tesla, the concentration distribution for LiBr solution was
between 0.0 and 0.19 and those of LiCl solution were between 0.0 and 0.13. The
concentration of LiBr solution increased from 0.0 to 4.7 and 0.0 to 21.7 when magnetic
induction was increased from 0.0 to 1.4 and 0.0 to 3.0 Tesla, respectively. Similarly for
LiCl solution, increased values of 0.0 to 3.3 and 0.0 to 15.5 were obtained when magnetic
induction was increased from 0.0 to 1.4 and 0.0 to 3.0 Tesla, respectively. In both cases,

it implies higher cooling effect. Relative to 0.0 Tesla, the COP of LiBr and LiCl solutions



absorption refrigeration systems was increased by 0.1% when magnetic induction was 1.4
Tesla, while increment of 0.3% and 0.2% respectively were obtained when magnetic
induction was 3.0 Tesla. The percentage increments in COP of LiBr solution were not
significantly different from that of the LiCl solution.

Magnetic field enhanced the absorption performance in the lithium bromide and

lithium chloride solutions; hence can be used in typical absorption refrigeration systems.
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CHAPTER ONE
INTRODUCTION
1.1 General Background

In recent years, the terms energy conservation and environmental safety have become a
thing of global concern due to the increasing energy prices, energy security and environmental
impact of energy prospecting, processing and utilization. In time past, not much emphasis was
placed on the issue as it is now. The worldwide attention to Climate Change phenomenon and its
impacts which have been conclusively linked to fossil energy use has prompted the emergence of
the new technologies in many areas of global economy, such as in cooling system development
sector. Cooling system basically may be divided into two categories; Vapour compression
system and sorption system. Sorption system is further sub-divided into absorption and
adsorption systems. Vapour compression system involves the use of a compressor for the
compression process; An absorption system is simply the replacement of the traditional
compression with a thermo chemical fluid lifting process. In other words it is the mixture of a
gas in a liquid, the two fluids present a strong affinity to form a solution, while adsorption is a
process that occurs when a gas or liquid solute accumulates on the surface of a solid or, more
rarely, a liquid (adsorbent), forming a molecular or atomic film (the adsorbate).

In the manufacturing of cooling machine/system, for the increasing interest in the
efficient use of energy at minimum environmental cost has necessitated the increased demand for
absorption refrigeration systems driven by waste heat or solar thermal energy instead of
conventional systems driven by fossil-energy derived or conventional. The current imbalance of
energy demand and supply coupled with the environmental degradation in many developing
countries such as Nigeria has further increased the urgent need for highly efficient and
sustainable energy technologies.

In the absorption process, heat and mass transfer usually take place within a thin-liquid
falling-film. Heat and mass transfer in thin-liquid falling film absorption process has received the
attention of many researchers over the years especially in the last two decades. This is as a result
of its wider application in many modern devices such as absorption air-conditioners, absorption
chillers, absorption heat pumps etc Yang and Wood (1992). Absorption enhancement is another
aspect in this area that has also attracted the attention of researchers. Absorption enhancement is

an effective way to improve the performance of absorption refrigeration systems. Generally,



there are three kinds of methods in absorption enhancement (Kim et al.,2006).The first kind falls
under the category of mechanical methods, which improve the performance by modifying the
shape, surface and structure of the heat transfer tubes (Chen et al.,2006). The second kind
comprise chemical methods which involve the addition of surfactant in the absorbent while the
third kind is the addition of nano-particles in the absorbing solution e.g Cu, CuO and Al,O;
nano-particles added into ammonia-water solution (Kim et al., 2007a and 2007b), Fe and Carbon
nano-tubes (CNT) in lithium bromide-water solution (Yong Tae Kang et al.,2007). Research on
nano-fluids / nano-particles in absorbent are categorized into five groups(1) stability analysis and
experiments; (2)property measurement such as thermal conductivity and viscosity;(3)convective
and boiling heat transfer;(4)mass transfer in binary nanofluids; and (5)theoretical analysis and
model development.

However, the effect of magnetic field on absorption refrigeration system is seldom
mentioned in the literature apart from its established influence on the absorption process in
ammonia vapour into ammonia-water solution absorption refrigeration system (Niu et al., 2006).
The magnetic field may therefore also have certain influence on the absorption process in other
absorption refrigeration systems such as water vapour into lithium bromide-water solution and
water vapour into lithium chloride-water solution absorption system.

In previous studies without any form of enhancement, Andberg (1982), Grossman (1983)

and Andberg and Vliet (1983) have employed the modeling technique. Modeling is categorized
into two namely (i) Numerical and (i) Experimental.
Numerical methods have been used over many decades and continue to be developed to
effectively tackle many engineering problems. Some of these numerical methods include Finite
Element method, finite difference method, boundary element method, Monte Carlo technique
and Vortex Method. These methods may be categorized into two: probabilistic approach and
deterministic approach. Probabilistic methods generally make constant recourse to random
numbers, and Monte Carlo and Vortex element techniques fall into this category while Finite
Element, Finite difference and boundary element techniques are deterministic in nature.

In absorption process modeling either unenhanced or enhanced, experimental modeling
has been extensively employed, while the numerical modeling of the problem has been rather
difficult due to the presence of waves in the falling liquid film. However, the smooth film

absorption assumption has allowed successful modeling of the problem even though without any



form of enhancement. One of the earliest of such models was developed by G. Grossman (1983),
later followed by other researchers such as Andberg and Vliet (1983) and Yang and Wood, B.D
(1992).

In the area of numerical modeling of enhanced absorption system, Xiao Feng Niu et al.
(2006) established the mathematical model for magnetic field enhanced absorption process for
ammonia-water solution on a falling-film. The changes in physical properties of ammonia-water
solution in absorption, the variation of falling film and the convection in the direction of
thickness of liquid film were considered in the modeling; Distribution of some parameters in
falling—film absorption, such as velocity, temperature and concentration; in the application of
magnetic field was obtained. Numerical results obtained show that magnetic field can improve
the performance of ammonia-water falling-film absorption, and the absorption strengthening
effect increases with the enhancement of magnetic induction intensity. The strengthening effect
is limited within the magnetic field intensity of 0-3 T, but there are trends of increasing
strengthening effect in stronger magnetic fields. In both unenhanced and enhanced absorption
system studies, several working fluids have been investigated, some of which are Lithium
bromide-water (LiBr-H,0), Lithium-Chloride Water (LiCl-H,O) and Ammonia-water (NHs-
H,0) all of which are popularly used in single-stage and advanced absorption air-
conditioning/heat pump technology.

Xiao Feng Niu et al. (2009) experimentally studied the effect of external magnetic field
on falling film absorption for ammonia-water system. The study established the following
findings: (i) An external magnetic field acting in the same direction as falling film has an
enhancing effect on absorption of ammonia-water process, and the absorption enhancement is
more greater in stronger magnetic field. When external magnetic field with the same direction as
the falling film is exerted, several absorption variables, including the concentration of the
ammonia-water solution after absorption, the outlet temperature of the cooling water, the
absorption heat and absorption mass in the external magnetic field, are higher than those without
external magnetic field exerted. Moreover, the four absorption variables increase with the
increase in magnetic induction intensity, (ii) Not all magnetic fields can enhance the ammonia-
water absorption process. When an external magnetic field acting against the direction of falling
film is exerted, the absorption variables in magnetic field are all smaller than those in

conventional absorption without magnetic field exerted. The magnetic field opposing the



direction of the falling film weakens the absorption of ammonia-water (iii) The absorption can be
more intense if the external magnetic field is combined with optimal operating conditions.
Experimental results show that the changes in the outlet cooling water temperature, absorption
heat and absorption mass with and without external magnetic field exerted, are larger when the
inlet solution concentration is lower. Larger cooling water flow rate, lower cooling water
temperature and smaller solution flow rate are beneficial to absorption in magnetic field as they
do in conventional absorption.

The finite difference method has been applied much more than the finite element method
in the analysis of absorption/adsorption systems. The finite element method sometimes described
as a versatile and powerful numerical method is a piecewise approximation method. It
approximates a problem described by a system of differential equations by a number of algebraic
equations relating a finite number of variables (unknowns). These algebraic equations are then
solved on the digital computer (for large systems) using an appropriate solution technique. The
fundamental concept of the method is that any continuous field quantity (e.g. temperature and
concentration) in a continuum can be approximated by a discrete model composed of a set of
piecewise continuous parameter functions defined over a finite number of sub-domains. These
sub-domains which are referred to as finite elements are connected at discrete points called
nodes. The parameter functions must satisfy specific compatibility and completeness
requirements.

In engineering problems, either probabilistic or deterministic methods could be used
depending on the degree of accuracy required of the solution in comparison with experimentally
data or analytic solution. Absorption process enhancement under magnetic field apart for its
established effect on ammonia-water absorption process (Xiao Feng Niu et al.( 2006), (2009)) as
earlier mentioned, magnetic field effect is seldom used and to the best of the knowledge of the
researcher, it has not been used in either lithium bromide-water or lithium chloride-water
absorption system. This present work therefore investigates the effect of a magnetic field
enhanced absorption process on a smooth thin-liquid falling-film in a cooling system using
lithium bromide-water (LiBr-H,O) and (LiCl- H,O) refrigerants/absorbents combinations. A
model of the problem is first developed from the resulting differential equations and solved using

the finite difference method. Such an investigation would reveal sections of the absorber that



need to be redesigned and its material re-specified, e.g for optimal efficiency of refrigerant
absorption by the absorbent.

Statement of the Problem

In the manufacturing of modern absorption devices such as absorption air-conditioners,
chillers and heat pumps, the most popularly used refrigerant/absorbent combination or working
fluids are Lithium-Water Bromide (LiBr-H,0), Lithium Chloride-Water (LiCI-H,0), Ammonia-
water (NH3—H,0), Pentafluoroethane (HFC-125) and Trifluoroethane (HFC-143a). Due to the
zero ozone depletion potential (ODP) and zero global warming potential (GWP) of NH3-H,O
and H,O-LiBr) Fagbenle et al. (1994), these two refrigerant/absorbent combination are relatively
environmentally friendly. Ammonia-water solution is however incompatible with copper, the
popular tubing material for transporting refrigerants, for this reason, it is less popularly used than
the other working fluids.

The other working fluids such as Halogenated Chlorofluorocarbons (HCFCs), and
Azeotropic mixtures (R-500 and R-502) that were popularly used in the past have been declared
non-environmentally friendly following the Montreal Protocol and subsequent London and
Copenhagen meetings of 1990 and 1992, Fagbenle et al. (1994). This is because of their high
Ozone Depletion Potential (ODP) and high Global Warming Potential (GWP) coupled with their
roles in the green house effect (either directly through the fluids used or indirectly through the
energy consumption in systems using fossil-energy) and as such they are no more in use.

Numerical modeling of the absorption process on a thin-liquid falling-film generally has
been difficult due to complication arising from the presence of waves. The Odunfa (2008),
approached this issue by considering waves as a second order effect, thereby, appropriating the
flow as a smooth falling-film. The degree to which ignoring the second-order effect affects the
results by using a thin-liquid falling-film approximation to the absorption process was
investigated in his work using lithium bromide-water and lithium chloride-water as working
fluids. The results obtained then compared well with the existing experimental results. This
research work thus aims at further investigating and establishing the influence of the magnetic
field on the absorption process in a smooth thin-liquid falling-film for a cooling system using
(LiBr-H,0) and (LiCI-H,0) refrigerants/absorbents.



Justification

Energy conservation and environmental concerns are increasingly attracting global
attentions, due to the increasing energy prices and environmental impact of energy prospecting,
processing and utilization. As such conventional refrigeration systems are gradually giving way
to newer technologies such as absorption cooling systems. Since the major concern in absorption
refrigeration systems hinges largely on the energy conservation, environmental issues and
efficient cooling system which the present work is to be addressed, hence the justification for this

work.

Aims and Objectives

The present work aims and objectives are (i) to develop and evaluate a numerical model
for the magnetic field enhancement of the absorption cooling systems using lithium bromide
(LiBr) and lithium chloride (LiCl) water solution. (ii) to establish absorption system’s
performance improvement with increment in magnetic induction intensity enhancement on the
two investigated fluids and (iii) to establish the enhancement of the Coefficient of Performance
(COP) of both fluids with magnetic field.

Expected practical application of this work includes the design of efficient absorption
plant components such as absorbers, evaporators, condensers and generators. Also in this study,
key factors such as refrigerant/absorbent combination’s parameters and film velocity which
influence the improvement level in the absorption performance under magnetic field

enhancement would be established.



CHAPTER TWO

LITERATURE REVIEW

2.1: Introduction

The production of cold temperature has application in many fields of human endeavour,
e.g. for preservation of perishable products, in the food processing industry, in the air
conditioning sector and for the preservation of pharmaceutical products. Based on the cooling
temperature requirement, the applications of the absorption systems/machines can be broadly
classified into three categories; air-conditioning (8-15°C) for space cooling, refrigeration (0-8°C)
for food and vaccine storage and freezing (< 0°C) for ice making purposes.

2.1.1: Cooling Technology

Cooling technology is classified into two broad systems; vapour compression and absorption
cooling systems. Based on the cooling temperature requirement, either of the two classifications

can be further broken down into the three categories mentioned above.

2.1.2: Advantages and Disadvantages of Vapour Compression and Absorption
Refrigeration

i. The amount of power required: The compressor of the vapor compression cycle requires
large amount of power for its operation and it increases as the size of the refrigeration system
increases. In case of the vapor absorption refrigeration system, the pump power required to
circulate the absorber-absorbent fluids is relatively very small.

ii. Running cost: The vapor compression refrigeration system can run only on electric power,
and they require large amount of power. In case of the absorption refrigeration system only small
pump is required whose electric power consumption is generally quite low. Thus the running
cost of the absorption refrigeration system is much smaller than for the vapor compression
system.

iii. Foundations required and noise: The compressor of the vapour compression system is
operated at very high speeds and with consequent vibrations and noise. It also requires very
strong foundation to withstand the vibrations. In the absorption refrigeration system, there are no
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major moving parts hence they do not vibrate and make no noise. The absorption refrigeration
system operates silently with no vibration

iv. Maintenance: The compressor is a key component of the compression cycle having a number
of moving parts. Thus the compression system generally requires a lot maintenance attention. In
the absorption refrigeration system the only moving part is the small pump that fails rarely
making the system to be robust and requiring little or no maintenance.

v. Type of refrigerant used and its cost: The refrigerant used by the absorption refrigeration
system is environmentally friendly; easily and cheaply available. In the case of the vapour
compression refrigeration system, halocarbons that are been used as the refrigerants are not
environmentally friendly and also very expensive.

vi. Leakage of the refrigerant: In the absorption refrigeration system leakage of the refrigerant
seldom occurs while the refrigerant itself is relatively inexpensive. Thus refrigerant recharging
costs is minimal. In vapour compression systems, leakages of the refrigerant occurs quite often
requiring regular refrigerant recharge of the system usually at a relatively high cost.

vii. Greenhouse effect: Most of the halocarbon refrigerants used in the compression
refrigeration system has a high GWP. Following the Montreal Protocol, their use has to stop
completely by the year 2020. In the absorption refrigeration system, refrigerants have very low
or zero GWP and they are not in any exclusion list.

2.1.3: Vapour compression System

Fig. 2a is a typical vapour compression system (Chiller) York model. The following major
components can be identified in the figure: compressor, condenser coil, evaporator and fans.
Other minor components such as filter drier, oil line and other accessories are also shown in the

figure.



Fig.2a. Vapour Compression Chiller-three stage Compressor

2.1.4: Vapour compression cycle

Fig 2b shows the typical schematic diagram of a single stage compression system containing a
compressor, a condenser, an evaporator and an expansion valve. The two- stage compression
system shown in fig 2c contains a flash chamber, and two compressors instead of one as in the

single-stage system.
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Fig.2b. Basic Vapour Compression cycle- Single Stage
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Fig.2c. Basic Vapour Compression cycle - Two-stage
Compressor and a flash chamber

10



2.1.5: Absorption System

Fig. 2d is a typical two-stage absorption system (Chiller). It contains two generators (G1& G2),
two condensers (C1& C2), an absorber, and an evaporator. Other components such as pump, an
expansion valves and solution heat exchanger (SHE) are also in the figure. The line diagram of
the two-stage absorption refrigeration cycle appears in fig 2f.

=

~ P
s

Fig. 2d.Typical two-stage Absorption Chiller

2.1.6: Principle of operation of Absorption system
The working fluid in an absorption refrigeration system is a binary solution consisting of

refrigerant and absorbent. In the fig. 2e below, two evacuated vessels are connected to each
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other. The left vessel contains liquid refrigerant while the right vessel contains a binary solution
of absorbent/refrigerant. The solution in the right vessel will absorb refrigerant vapour from the
left vessel causing pressure to reduce. While the refrigerant vapour is being absorbed, the
temperature of the remaining refrigerant will reduce as a result of its vaporization. This causes a
refrigeration effect to occur inside the left vessel. At the same time, solution inside the right
vessel becomes more dilute because of the higher content of refrigeration absorbed. This is
called the “absorption process”. Normally, the absorption process is an exothermic process,
therefore it must reject heat out to the surrounding in order to maintain its absorption capability.
Whenever the solution cannot continue with the absorption process because of saturation of the
refrigerant, the refrigerant must be separated out from the diluted solution. Heat is normally the
key for this separation process. It is applied to the right vessel in order to dry the refrigerant from
the solution as shown in fig. 2e(b) below. The refrigerant vapour will be condensed by
transferring heat to the surroundings. With these processes, the refrigeration effect can be
produced by using heat energy. However, the cooling effect cannot be produced continuously as
the process cannot be done simultaneously. Therefore, an absorption refrigeration cycle is a
combination of these two processes as shown in fig. 2f. As the separation process occurs at a
higher pressure than the absorption process, a circulation pump is required to circulate the
solution. Coefficient of performance of an absorption refrigeration system is obtained from;

cooling capacity obtained at evaporator
heat input for the generator + work input for the pump

The work input for the pump is negligible relative to the heat input at the generator; therefore,

the pump work is often neglected in the evaluation of the COP.
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Fig. 2e: An intermittent Absorption Cycle

(a) Absorption process occurs in right vessel causing cooling effect in the other,
(b) Refrigerant separation process occurs

refrigerant separation process
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Fig. 2f: A continuous absorption refrigeration cycle composes of two processes mentioned in the
earlier figure.
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2.1.7: Working fluids/Refrigerants

A review of literature carried out on the refrigerants used in air-conditioning and
refrigerating systems reveals that fully halogenated chlorofluoro carbon (CFCs) and halon
compounds, carbon tetra chloride (CCLy4), 1,1, I-trichloride ethane (Methyl Chloroform
CH3CCls) and methyl bromide (CH3Br) are the commonly used refrigerants in the industrial and
commercial compression cooling systems. Following the scientific findings on the above
mentioned refrigerants that they have high ozone depletion potential (ODP) and global warming
potential (GWP), the 1987 Montreal Protocol was made in 1990 and amended in Copenhagen in
1992 to phase out or ban these refrigerants from usage by the year 2015. Ever since this protocol,
the search for replacement chemicals has been exclusively in the developed countries, because
the bulk of the production and consumption of these restricted chemicals is in these countries.
Furthermore the technical expertise, research infrastructure and the direct and allied economic
investment are all in these countries.

Researchers in this field of study worldwide have intensified efforts towards finding
alternative refrigerants to the CFC’s which will not only be environmentally friendly, but which
will also be energy efficient. A survey of absorption fluids provided by Marcriss et al.(1988)
suggests that, there are some 40 refrigerant compounds and 200 absorbent compounds available.
However, the most common working fluids are water lithium bromide (H,O-LiBr), water
lithium Chloride (H,O-LiCl) and Ammonia—water (NH3z—H,0) solutions. Heat and mass transfer
analysis of cooling systems has been continuously undertaken by researchers such as Yang and
Wood (1992), Muhsin et al.(2004), Fernandez et al.(2005), Xu et al.(2006) and Gu et al.(2007) in
order to improve on plant and component design and efficiencies. Water lithium bromide (H,O—
LiBr) and water lithium chloride (H,O-LiCl) solutions remain the most popularly used
refrigerant-absorbent pairs in absorption cooling systems and as such the present work employs
these two working fluids, albeit with magnetic field enhancement.

2.1.8: Various designs of absorption refrigeration cycles

Pongsid Srikhirin et al. (2001) in his review of absorption refrigeration technologies
established the following designs of absorption refrigeration cycles: the single-effect absorption
system (Fig.2g), the absorption heat transformer (Fig.2h), the double-effect water/LiBr

absorption cycle (Fig.2i), the double-effect absorption cycle operates with two pressure levels
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(Fig.2j), a triple-effect absorption cycle operates at four pressure levels (Fig.2k), the dotted loop
shows secondary fluid used for transferring heat from high the temperature section in the
absorber to low temperature section in the generator (Fig.2l), The cycle with absorber heat
recovery (Fig. 2m), A half — effect absorption cycle (Fig. 2n), Combined vapour
absorption/compression heat pump (Fig. 20), Double effect absorption —compression cycle,
(Fig. 2p), A combined cycle proposed by Caccoila et al (Fig.2q, A resorption cycle proposed by
Altenkirch (Fig. 2r), Solar driven dual cycle absorption (Fig. 2s), A modified double effect
combined ejector — absorption refrigeration cycle (Fig. 2t), A combined ejector/absorption
system using DMETEG/R22 and DMETEG/R21 as working fluids (Fig. 2u), A combined
ejector/absorption proposed by Aphornratana and Eames (Fig. 2v), A combined cycle proposed
by Eames and Wu (Fig. 2w), osmotic-membrane absorption cycle (Fig.2x), and diffusion
absorption refrigeration system DAR) (Fig.2y).

generator > condenser
A

= HX

absorber -< evaporator

Fig.2g: A Single—effect LiBr/water absorption refrigeration system with a solution heat
exchanger (HX) that helps decrease heat input at the generator
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Fig.2h: Absorption heat transformer absorbs waste heat at the generator. Liquid refrigerator is
pumped to the evaporator to absorb waste heat. High temperature useful heat from the absorber

is heat of absorption.
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Fig.2i: A double — effect water/LiBr absorption cycle. Heat released from the condensation of
refrigerant vapour is used as heat input in generator 1l. This cycle is operated with 3 pressure
levels i.e high, moderate and low pressure.
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Heat of
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evaporator absorber | absorber Il

Fig. 2j: A double — effect absorption cycle operates with two pressure levels. Heat of absorption
from Absorber Il is supplied to the Desorber | for the refrigerant separation process.

> condenser

Fig. 2k: A triple — effect absorption cycle operates at four pressure levels. Heat of condensation
from the higher — pressure stage is used for refrigerant separation in the lower pressure stage.
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Fig. 21: The dotted loop shows secondary fluid used for transferring heat from high temperature
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Fig. 2n: A half — effect absorption cycle is a combination of two single — effect cycles but
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working at different pressure levels. Letting heat source temperature be lower than the minimum
temperature is necessary for a single — effect cycle working at the same pressure level.
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Fig. 20: Combined vapour absorption/compression heat pump.
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Fig. 2p: Double effect absorption —compression cycle is configured as a heat pump. Heat of
absorption in the first stage will be supplied to the second stage for refrigerant separation.
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Fig.2g: A combined cycle proposed by Caccoila et al.(86), employing two combinations of
working fluids ie. NH./H,O/KHO. The rectifier is absent and also the highest pressure is

decreased.
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Fig. 2r: A resorption cycle proposed by Altenkirch uses two solution circuits.
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Fig. 2s: Solar driven dual cycle absorption employs to different working fluids i.e NH./water and
water/LiBr. Heat of absorption and condensation from NHs/water cycle are supplied to the
generator of water/LiBr cycle.
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Fig. 2t: A modified double effect combined ejector — absorption refrigeration cycle where there
is no condenser included.
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Fig. 2u: A combined ejector/absorption system using DMETEG/R22 and DMETEG/R21 as
working fluids. The strong solution in the returning leg from generator serves as primary fluid
and refrigerant vapour from evaporator as second fluid.
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Fig. 2v: A combined ejector/absorption proposed by Aphornratana and Eames, was invented.
High pressure refrigerant vapour from the generator enters the ejector as motive fluid to carry the
refrigerant vapour from the evaporator.
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Fig. 2w: A combined cycle proposed by Eames and Wu (93). The highest solution circuit
temperature ia maintained at about 18C. So the corrosion problem is alleviated.
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Fig. 2x: An osmotic membrane absorption cycle employs heat for refrigerant separation and
producing pressure within the system.
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Fig. 2y: The diagram shows a bubble pump in the generator module. Heat input to the generator
is used for both circulation of working fluid and evaporation of refrigeration.

2.1.9: Practical Absorption Cycle

Fig. 2zi is a basic absorption cycle that uses a lithium bromide and water solution as an absorbent
and water as refrigerant. The single-stage fundamental absorption refrigeration system (ARS)
contains a generator, an absorber, a condenser, an evaporator, a solution pump, expansion valves
or restrictors, and a solution heat exchanger (SHE). The flow path is shown in the figure with

arrows.
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Fig. 2zii. Lithium bromide-water two-stage absorption Refrigeration cycle
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2.3:  Numerical Modeling

Experimental modeling of heat and mass transfer on thin-liquid falling film in
unenhanced and enhanced absorption has been extensively studied, while there are relatively few
studies on numerical modeling of the problem. In experimental unenhanced absorption process
modeling, Ali et al. (2002) investigated the technical feasibility of driving a lithium chloride-
water solution absorption-cooling unit by a low-temperature heat source (such as solar energy
using a simple flat-plate collector) for air-conditioning applications. The operating characteristics
of the unit were extensively investigated and the C.O.P of the unit was found to be 19% as
against the design value of 21%. Safarik et al. (2004) also carried out an experimental modeling
on a solar power absorption chiller with low capacity using lithium bromide-water solution as the
working fluid. The field test carried out at three sites in the summer of 2003 after the prototype
test in this experimental modeling showed that the absorption chiller performed reliably and
flexibly over a wide range of external conditions. Abdelmessih et al. (2005) experimentally
investigated the use of non-traditional absorbent/refrigerant pairs such as ethylene glycol-water
on a designed and built absorption refrigeration cycle. The investigation was successful in
replacing traditional hazardous absorbent/refrigerant pairs with ethylene glycol-water pair. The
working fluids chosen are safe, unlike the commercial absorbent/refrigerant pairs. Yaxiu et al.
(2007) also examined experimentally a compact solar pump-free lithium bromide absorption
refrigeration system equipped with a second generator, a falling-film absorber, a falling-film
evaporator and an efficient luminate thermosiphon elevation tube. The experiment confirmed a
48.5% increase in the COP.

Since the numerical modeling of both unenhanced and enhanced absorption process is
complicated by the presence of the waves in the falling liquid-film, the smooth falling film
unenhanced absorption approximation has been more popularly investigated, the earliest of such
being the work of Grossman and Andberg (1983). This was even considered complicated in
formulation due to the restriction of the model to the case with the inlet absorbent temperature
being equal to that of the wall. In the same year Andberg and Vliet (1983) also investigated the
smooth falling-film absorption under laminar flow using a different model from his research
model, this was also considered quite sophisticated and somewhat too complicated in

formulation.
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Yang and Wood (1992) investigated a numerical model of the absorption process on a
smooth liquid falling-film in lithium bromide water and a lithium chloride water solution system.
Yang et al. (1992) developed a numerical absorption model of a simple smooth-film of LiCI-H,O
and LiBr-H,0O systems with Reynolds number of 2.7, 27 and 100 using finite difference solution
approach. The solutions obtained were similar to the results of the earlier work of Grossman et
al. (1983) and generally agreed with available experimental data. Argiriou et al. (2004)
conducted a numerical investigation on a prototype low capacity solar assisted lithium bromide
absorption heat pump coupled with a sub-floor system using the commercial simulator known as
TRNSYS. The results indicated that the estimated energy savings against a conventional cooling
system using a compression type heat pump was in the range of 20-27%. Xu et al. (2006)
simulated an absorption process in an advanced energy storage system. The latest of the
modeling in this area was on a two-stage absorption chiller driven at two-temperature levels
using thermodynamic modeling technique by Gustavo et al. (2007). The study established that
the machine can operate in summer as a double-stage chiller driven by heat at 170 °C from
natural gas, as a single-stage chiller driven by heat at 90 °C from solar energy, or simultaneously
in combined mode at both temperatures. It also established the capability of operating in winter

in “double-lift” mode for heating with a driving heat at 170 °C from natural gas.

Ghaddar et al. (1996) modeled solar lithium bromide absorption system performance in
Beirut using a simulated computer program. The results shows that for each ton of refrigeration it
is required to have a minimum collector area of 23.3m? with an optimal water storage tank
capacity ranging from 1000 to 1500 litres for the system to operate solely on solar energy for
about seven hours a day. The energy use in cooling was also found to be of function of solar
collector area and storage tank capacity. Based on the economic assessment performed on the
current cost of conventional cooling system, it was also found that the solar cooling system is

marginally competitive only when combined with domestic water heating.

Bruno et al (2004) modeled Ammonia-water-sodium hydroxide mixtures absorption
refrigeration plant using a commercial process simulator “Aspen Plus 2003”. It was found that

the system performance is notably increased (lower driving temperature and higher COP).

Fernandez et al. (2005) also modeled an absorption processes taking place in Ammonia-water

absorption system using finite difference approach. The simultaneous heat and mass transfer set
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of nonlinear differential equations were solved using the above mentioned approach. The results
established the expected typical range of values of X,p <z <oo.or — 00 <z <Xxppand Xp < Z < Xy
for mass transfer against temperature variations in different components of the plant such as
absorber and evaporator where X, z, b, L, i and v are defined as ammonia molar concentration,
ammonia to net molar flux transferred ratio, bulk conditions, liquid, liquid-vapour interface and

vapour respectively.

Icksoo et al. (2006) developed a water-lithium bromide absorption process model over a
horizontal tube using finite difference approach. The model predicts that significant absorption
takes place in the drop formation regime with a considerable variation of temperature and mass
fraction. Xu et al. (2006) simulated aqueous lithium bromide (LiBr-H,O) advanced energy
storage system using finite difference method. The result predicts the dynamic characteristics
and performance of the system, including the temperature and concentration of the working
fluid, the mass and energy in the storage tanks, the compressor intake mass or volume flow rate,
discharge pressure, compression ratio, power and consumption work, the heat loads of heat
exchanger devices in the system and so on. The result also indicated that the integrated
coefficient of performance (COP;y) of the system was 3.09 and 3.26 respectively as against the
expected value of 3.0 under the two storage strategies, while the isentropic efficiency of water
vapour compressor was set as 0.6. These results were found to be very helpful in understanding

and evaluating the system as well as for system design, operation and control.

Gustavo et al. (2007) studied a two-stage LiBr-water absorption chiller driven at two
temperature levels using thermodynamic modeling technique. The study established that the
machine can operate in summer as a double-stage chiller driven by heat at 170 °C from natural
gas, as a single-stage chiller driven by heat at 90 °C from solar energy, or simultaneously in
combined mode at both temperatures. It also established the capability of operating in winter in
“double-1ift> mode for heating with a driving heat at 170 °C from natural gas. Balghouthi et al.
(2007) conducted both experimental and numerical modeling on solar water-lithium bromide
absorption air conditioning in Tunisian climatic conditions (36° Latitude and 10° longitude,
400cal/cm®day average solar irradiation, and 3700h/year and 350 total insolation period and
sunny days per year respectively) using the TRNSYS and ‘EES’ Engineering Equation Solver
programs in the study. The model established that absorption solar air-conditioning system was

suitable under Tunisian conditions. Despite the initial high cost and almost zero maintenance
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cost, this system could help to minimize fossil fuel-based energy use, reduce electricity demand

on the national grid especially at peak demand periods in summer and eliminate the use of CFCs.

In experimental enhanced absorption process study, Wen-long Cheng et al. (2003)
investigated experimentally the effect of additive on falling film absorption of water vapour in
aqueous LiBr. The experimental results showed that small amounts of additive can enhance the
heat transfer of absorption process significantly, and the enhancement degree is influenced by
additive concentration and Reynolds number. Based on a dimensionless analysis of the Navier-
Stokes equations applied to the falling film absorption process, a new dimensionless parameter,
surface renewal number Rn was introduced, and a semi-empirical equation of enhancement
factor of additive was obtained, which shows that the enhancement effect of additive on Nusset
number of absorption process is determined by the absorption Marangoni number Ma, the
surface Marangoni number Maa, the surface renewal number Rn, the adsorption number 1, and
the Reynolds number Re. It was proved that the semi-empirical equation can agree with the
experimental results well by introduction of the parameters related to surface tension into the
equation. The study concluded as follows: i.There is an optimum additive concentration in which
the enhancement effect of additive is strongest, ii.The Marangoni number Ma, the surface
Marangoni number Maa, and the surface renewal number Rn enlarge the enhancement of the heat
transfer during absorption, iii. The adsorption number 1 reduces the heat transfer of absorption,
and iv. The enhancement factor decreases as the Reynolds number increases. Yong Tae Kang et
al. (2006) in their experimental study also obtained the following results: (i). The vapour
absorption rate increases with increasing solution mass flow rate and the concentration of Fe
nanoparticles and CNT. The effect of coolant mass flow rate on the vapour absorption rate is not
significant under the experimental conditions, (ii). The heat transfer rate increases with
increasing the solution mass flow rate while it is not much affected by the concentration of
nanoparticles, (iii). The mass transfer enhancement is much more significant than the heat
transfer enhancement in the binary nanofluids with Fe nanoparticles and CNT, and (iv). The
mass transfer enhancement from the CNT (average 2.16 for 0.01 wt % and average 2.48 for 0.1
wt %) becomes higher than that from the Fe nanoparticles (average 1.71 for 0.01 wt % and
average 1.90 for 0.1 wt %). Therefore, the CNT is a better candidate than Fe nanoparticles for

performance enhancement in H20/LiBr absorption system.
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In numerical enhanced absorption refrigeration study, Staicovici et al. (2005) modeled
water-lithium bromide absorption/generation processes in a Marangoni Convection (applied
practical method by the thermal absorption technology in the past decades to significantly
improve the absorption process) Cell using the Two-Point theory (TPT) of mass and heat
transfer. The model established the capability of (TPT) approach in the Marangoni convection
assisted water-lithium bromide absorption process following the successful modeling of the
ammonia-water absorption process. It also confirms Marangoni convection basic mechanism
explanation in the case of the water-lithium bromide medium. Xohar et al. (2005) investigated
the influence of diffusion in the ammonia-water diffusion absorption refrigeration (DAR) cycle
configuration on the system performance using a computer simulator known as ‘EES’
Engineering Equation Solver. The result reveals that DAR cycle without condensate sub-cooling
shows higher COP of 14-20% compared with the DAR cycle with the condensate sub-cooling,

but it occurs at higher evaporator temperature of about 15°C.

Niu et al. (2006) performed a numerical analysis of falling film ammonia-water
absorption in a magnetic field using a computer program known as TDMA due to the tri-
diagonal matrix formation of the equations after discretization. It was found that when the
magnetic induction intensity at the solution’s inlet was 3Tesla (T), the increment in concentration
of ammonia-water solution at outlet was 1.3% and the absorbability increased by 5.9%. The COP
of the absorption refrigeration system increased by 4.7% and the decrement in circulation ratio
was 8.3%. This establishes a positive effect on the ammonia-water falling film absorption to

some degree.

From the above review, it is evident that the finite difference approach has received much
attention in the existing literature thereby establishing its popularity and reliability. In addition
the review also established some works done in enhanced absorption refrigeration study most
especially using additives or nano-fluids / nano-particles in both ammonia-water and water-
lithium bromide (H,O-LiBr) solution. However to the best of knowledge of the researcher, only
magnetic field enhanced ammonia-water falling film absorption has been worked upon while
none on this type of enhancement has been done on either water-lithium bromide (H,O-LiBr) or
water-lithium chloride (H,O-LiCl) pairs. This present work therefore uses the finite difference
method in an application of the falling film magnetic field enhanced absorption model to the 2-D

flow over a vertical flat surface. The two working fluids to be investigated under this magnetic
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field enhancement are lithium chloride-water (LiCI-H,0) and lithium bromide-water (LiBr-H,0)

pairs.
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3.1

Vi.

Vii.

viii.

CHAPTER THREE
METHODOLOGY

Assumptions

In developing the governing equations for this flow modeling the absorption process in a
smooth thin-liquid film, the following assumptions are made.

The flow is a fully developed steady laminar flow as shown in fig. 3.1a hence velocity (v)
in Y-direction is zero

The fluid properties are constant and not varying with temperature and concentration.
The mass rate of vapour absorbed is very small compared to the solution flow rate such
that the film thickness and flow velocities can be treated as constant.

Heat transfer in the vapor phase is negligible.
Vapor pressure equilibrium exists between the vapour and liquid at the interface.

The Peclet numbers are large enough such that the diffusion in the flow direction can be
neglected.

Diffusion thermal effects are negligible.

The magnetic induction intensity descends linearly along the flow of falling-film.

The shear stress at the liquid—vapor interface is negligible

The model coordinate system is as shown in Fig. 3.1a Yang and Wood (1992) where U is the

velocity in the film in X-direction.

3.2: Governing equations

Niu et al. (2006) in his study of magnetic field enhancement effect on absorption process
of ammonia-water solution, the first of its kind, utilized model governing equations (1a)
through (1e). The study was done on non-smooth thin-liquid falling film. The equations
are as follows; the heat transfer energy equation (1a), continuity equation (1b),

momentum equation (1c) and quality or mass transfer equation (1e).
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Where Imag (Li, G.D (1999)) in the above equation is the magnetic force which the

falling-film solution experienced per unit volume. It is in the direction of downward

vertically.

= (1e) where y is the magnetic mass susceptibility of

either Lithium bromide and or Lithium chloride water solution, B is the magnetic

induction intensity, | is the length of falling-film flows, and x4, is the vacuum’s
permeability.

Odunfa (2008) utilized the following heat transfer, mass transfer, continuity equation and
the velocity field equation in smooth thin-liquid falling film (Bird et al (1960) and Yang
and Wood (1992)). The study was done on a smooth thin-liquid falling film. The
equations are as follows; the energy conservation equation (2a), continuity equation (2b),
conservation of linear momentum equation Bird et al (1960) (2c) and quality or mass

transfer equation (2d).
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A closer inspection of the utilized set of equations in the two cases mentioned above i.e non
smooth falling-film Niu et al. (2006) and smooth thin-liquid falling-film Odunfa (2008) reveals
that the equations in both cases are similar, only with the exception of equation (1c) of the first
case and equation (2c) in the latter one. The first case non-smooth falling-film but enhanced
magnetically, while the second case is smooth falling-film, but not enhanced magnetically. The
present work is on a smooth thin-liquid falling-film which is to be enhanced magnetically.
Towards achieving this, a magnetic field enhanced velocity field model equation in smooth thin
liquid falling-film, using mass transport relationship was developed as shown in appendix A.
This developed enhanced velocity model equation (xxi) in the appendix A was used to replace
equation (2c), thus the model set of magnetic enhanced velocity, heat and mass transfer
equations on a smooth thin-liquid falling-film corresponding to the coordinate system shown in

fig. 3.1a will now be:

2
ug—l—aaayl- =0 (3a)
a%:o (3b)
@+3V—°+pg+—pZBZ=O (3c)
oy* h? |

2
V0, ”
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The final developed model magnetic enhanced velocity field, heat and mass transfer equations on

a smooth thin-liquid falling-film in a cooling system are:

o%u Vv pyB?
_+3_0+ +Z =0 4a
oy? h? ” |2, 42)
2
ﬂ—ocaTz =0 (4b)
OX oy
2
u%— ma_fzo (4c)
OX oy

where y is the magnetic mass susceptibility, B is the magnetic induction intensity, | is the

length of falling-film flows, ., is the vacuum permeability, T is temperature, & is concentration
(absorbent), o is thermal diffusivity, Dr, is species diffusivity, V, is the average velocity within

the film thickness and h, is the film thickness

Fig. 3.1a: 2-d representation of a thin-liquid falling-film
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Boundary Conditions

At x=0; U= U , T="Tin and 5 = éequil B (58.)

At y=0; (non permeable wall);

u=0,T=T,, % _g - (5b)
oT 0

Aty=h0, _KazpogHa §=§equil(T! PV) (5C)

At the vapour-liquid interface, y =h,; (%uj =0,P, =(T,,&,) = const.
y=0

Where H, = Heat of absorption, T, = Wall temperature P, = Vapour pressure and

&equit (T+ P,) = equilibrium concentration at the interface temperature and ambient vapour

pressure.
3.3: Finite Difference formulation of the governing equations
The general finite difference formulation or approximation of the first derivative of a function

Fx, y) With respect to x is given as

dx AX
4 (F(x+Ax+Ax,y)—F(x+Ax,y) F(x+Ax,y)—F(x,y)
= —
= i (d_F) D AX AX _ (Gb)
dx dx dx AX

Similarly the first derivative of a function F(x, y) with respect to y is also given as

d_F y F(Xl y+ Ay) B F(Ay) _ (7a) and
dy Ay
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F(x, y+Ay +Ay) - F(x,y+4y) F(x,y+A4y)-F(xY)
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= ()= . . - (7b)

dy dy “dy Ay

i, j+l

Ya
il ij i+l
ij-1
> X

Fig. 3.1b: Finite difference diagram

Using a central finite difference approximation in fig. 3.1b then equation (6b) become

sz _ F(x+4x%,y) = 2F(x, y) + F(x - Ax, y)

(82)
ax AX2
F -1-_2': +F .
— 1+14] 1) -1
- 2 (8b)
AX
Similarly equation (7b) become
d’F  F(X,Ay+Ay) —2F(x,y) + F(x,y — Ay) (%)
dy” Ay*
F _,1—2F +F -
— I+ 1] -
= 2 (9b)
Ay
Relating the above derived equation to the heat transfer equation (1)
2 F  -F F  -2F +F
U g_aé -2 — U i+1,j i a i, j+1 Iéj i,j-1 (10)
OX oy AX Ay
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2
Uﬂ_aQ:U[FMj—Fi,-Jh-a[F -2F +F }=0 (10b)
ax ay d : i,j+l i,j i,j-1
For F =T
ij ij
oT  oT
U&_QW: U(Ti+1,j _Ti,j _a(Ti,j+l_2Tl,J JrTi,i—l)zo 10c
Therefore U(T,,, ~T, h—alT; ;. —2T,, +T,,,)=0 - 10d

Similarly for the same laminar flow, relating the derived equations (8a — 9b) to the mass transfer

equation (3d)

o0& D 826 - u Fi+1,j B Fi,j D Fi,j+l _2Fi,j + Fi,j—l

"~  “m 2 m 2 (lla)
OX oy AX Ay
againif AX = Ay = h
% b % yE  _F)-DI(F . —2F +F _
u 8X m ayz U(FH—l,j Fl,j) Dm(Fl,j+1 2FI,] +Fl,j—l) (11b)
Fi,j :fi,j
w®_p P8 e & )-D (6 —26 +& L) =0 -
U 8X Dm ayg u(§|+l,1 gl,]) Dm(§|,1+l 2;,] +§|,J—1) 0 (11C)
E u(§i+1,j _gi,j)_ Dm(fi,h—l _2§i,j +§i,j—l) =0 - (11d)

Equations (12a and 12b) depict the basic general finite difference equations for heat and mass

transfer.
U(Ti+l,j _Ti,j)_a(Ti,jJrl _2Ti,j + i,j—l) =0 - (12a)
U(E.1; =& )-Dalé i —26+&,.) =0 - (12n)
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3.4: Formulation of the magnetic field enhanced finite difference model of the
governing equations

The thin liquid falling-film thickness is far too small compared to the entire length of the
absorber wall. The film thickness is similar to the boundary layer thickness in heat transfer
analysis, therefore the above general finite difference formulation of the governing equations
cannot be applied for the internal thin film regime. Therefore the required model finite difference
formulation of the governing equations will be as follows:

For the model, Ax is not equal Ay , therefore

2 2 F . -2F +F 2
OU Yoy pg o P (T ZE Ty g Yo | g P g (13a)
oy* hg |4, Ay h |2,
For F,=u;
ou ’ 3v,Ay?
2 3h_g+w+loll’(ﬂ :(ui,j+l_2u +ulj 1)+ h y +,09Ay +Ay2 pIZIB =0
0 Ho 0 Hy
2 2
Therefore, (u;;,, —2u; ; +U; ;) + °A2y +pgAy2+Ay2—'OIZﬁ =0 (13b)
o Hy

2:
uﬁ_aaT— u[Ay ] [ - —-F _]— [Ax]a[F - —-2F +F ]:0
OX ay i+1,] ij i,j+1 ij ij-1
(13c)
For F =T
i ij
OT 82T
8X N 2(Ti+1,j -Ti; )_a(Ti,j+1 —2T,; +Ti,j—1)AX =0 (13d)
Therefore u [Ay]Z(TM‘j _Ti,j)_a(Ti,j+1 - 2T, | +Ti,j—1)AX =0 - (14a)
0 0°
Ua_ég_ m _g [Ay] [ i+1,j Fi,j ]_ Dm [AX][Fi,j+1 _2Fi,j + Fi,j—l] (14b)
X oy’
Fi,j zégi,j

39



0% T NP —& )-D(E L —28 & Iax =
"uax Dm ayz U[Ay] (§I+l,j fl,J) Dm(§|,1+l 2§|,j+§|,1—l)AX 0 (158.)

Therefore... U[AY]2(§i+1,j _‘fi,j)_ Dm(fi,m -2 +§i,j_1)AX =0 - (15b)

Equations (12b) and (13b); the finite difference model equations satisfied at each node in the

interior face of the domain R for heat and mass transfer.

(Up g —2U; +U; ) + Ay + pgAy’ + Ay? A7 P =0 - (16a)
0 | 24,
U[Ay]2 (Ti+1,j _Ti,j )_O‘(Ti,m - 2Ti,j +Ti,j—l)AX =0 - (16b)
U[Ay]z(fm,j =& )_ D, (5i,j+1 -2 ; +§i,j—1)AX =0 N (16c)

3.5: Boundary conditions

At the boundary, usually the parameters such as temperature and concentration are
known (Dirichlet conditions) or the boundary is considered to be perfectly insulated (Newmann
or Adiabatic conditions). Insulated boundaries are handled by developing boundary
element/nodal equations. In this model, Newmann or Adiabatic boundary condition was used
along the absorber wall. Figure 3.2 shows a half element in the model lying on an insulated left
boundary of the smooth film thickness portion of the absorber. The net heat flowing into this
element must be equal to zero when considering steady-state condition in the film. In the
boundary shown in Fig 3.2, the quantity of heat flowing into the three faces of the half element in

time dt is given by the following equations:
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Fig. 3.2 Temperature boundary conditions analysis

From fig. 3.2, the heat balance equation for the half element is

dg; + dg +dgs = 0 (17)

The complete boundary difference equations (xxiii to xxvi) in this study appearing in Appendix

A was applied, thus

(Left) Ty + 2T, u+ Tiaj 4T, =0 (18a)
(Right) T, +2T, ,+T,,;-4T, = 0 (18b)
(Uppen) T, ,, +2Ti-1j+T,,,-4T,; = 0 (18¢c)
(Lower) T, +2T,,; +T,,,-4T,;,= 0 (18d)

Thus, in obtaining a solution for the steady state heat flow in the smooth film absorption

medium, Eq. (17) must hold at every interior grid point and Eqgs. (18a) through (18d) must be
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satisfied at any appropriate known or insulated boundaries. Gaussian elimination methods or
Gauss-Seidel iteration method could be employed to solve the equations accurately for the
number of grid-points required.

For the steady state mass flow in the smooth film-absorption medium shown in figure 3.3,
similar approach was employed to develop boundaries equations for the unknown or insulated

boundaries as shown in the figure.

X

= [04
i+:{ dH‘gH_l‘ dm;
dml (1I’T‘E

A X

Ay

Fig. 3.3 Concentration boundary conditions analysis

The net mass flowing into this element must be equal to zero when considering steady-state
condition in the liquid-film. The quantity of mass flowing into the three faces of the half-element

in time dt are given by the following equations.

From fig. 3.3 the mass balance equation for the half-element is

dm; + dm, + dmg = 0 (29)
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The complete boundary difference equations (xxviii to xxxi) in this study appearing in Appendix

A was applied, thus

(Left) &, +2& ., +&,, -4, =0 (20a)
(Right) &, +2& ,,+&,,—4&,=0 (20b)
(Upper) G j1 +281; +6 1 —45,; =0 (20¢)
(Lower) & jy +28i; 6 =46, =0 (20d)

Thus, in obtaining a solution for the steady state mass flow in the smooth film absorption
medium, Equation (19) must hold at every interior grid point and Egs. (20a) through (20d) must
be satisfied at any appropriate known or insulated boundaries.

Equations (17) and (19) are for the interior grid points in the smooth film absorption medium
while equations (18a) through (18d) and equations (20a) through (20d) are for the boundary
conditions in heat and mass transfer respectively. The development of these boundary equations
took due cognisance of the inlet conditions to the absorber, absorber wall and the given condition
in the thin-liquid falling-film/gas or vapour interface. The two immediate adjacent nodes to each
of the corner nodes of the medium are taken into consideration in the program to determine the

unknowns at the corner nodes.

3.6: Solution Method

As earlier mentioned, there are many solution techniques available that are being used for
solving the global finite difference matrix equations 12b and 13b coupled with the boundary
equations 15 and 20 generated. Two of the most widely used methods are Gauss-Seidel iteration
and Gaussian elimination method as modified by Paynes and lIron and reported by Okon,

(1990).The modified Gaussian elimination method employed is given in Appendix D.
3.7: Computer Programming

The finite difference method is used to solve the governing equations (1) & (2) as given in the

form of finite difference equations (16a) & (16b). The solution technique used is Gaussian
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elimination scheme as modified by Paynes and Iron and reported by Okon, (1990) on the digital

computer. The computer program and the subroutines are written in FORTRAN 90 language.
Main Program

The program shown in Appendix A solves equations (16a) & (16b) using modified Gaussian
elimination scheme. The flow chart is shown in Fig. 3.4a. This main program utilizes two (2)
different subroutines. These subroutines are written to execute various steps involved in applying
the finite difference scheme. The problem data are introduced into the program in the “data
block”, where the input parameters can be easily modified to suit any case study. The main
program, after generating the global matrix, calls subroutine “solutionl”, before calling

subroutine “solution2”. After calling a subroutine solution the results were finally “displayed.

Subroutines
These are sub-programs written to execute various steps involved in applying the finite
difference method using Gaussian elimination scheme. They are called by the main program.

Below are the subroutines employed to execute various steps in the main program;
Solutionl & Solution 2

These are the core sub-routines, they also perform similar functions. These subroutines perform
their functions after the implementation of the boundary conditions in the global domain.
Solutionl generates the temperature profile of the domain, while solution2 takes care of

concentration profile within the domain.
DATA

There is a well-known cliché in the computer world-GIGO an acronym to mean “Garbage in
Garbage out” i.e. the quality of the output is no better than the quality of the input. In order to
obtain high quality output of temperature and concentration profiles in the domain, the input data
utilized was obtained from the literature as was used for the available experimental and
numerical modelings. The data utilized from the literature are as shown in Table 3.1(General
data), Table 3.2 (LiBr — H,0) and Table 3.3 (LiCl — H,0O) respectively.
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Fig. 3.4a: Main Program Flow Chart
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Call Subroutine J’

Velocity

Fig. 3.4b: Subroutine Solution Flow Chart
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Fig. 3.4c: Model Subroutine Velocity Flow Chart
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DATA

Table 3.1: General; Niu Xiaofeng et al. [2006]

B magnetic induction intensity at the inlet of solution =0, 1.4 and 3.0 Tesla
 magnetic mass susceptibility LiBr-H,O &LiCI-H,0 solutions = 0.0000343, 0000243

Uin Initial velocity

= 0.362 ms™

u film dynamic viscosity

Lo vVacuum Permeability

Vo Mean velocity

p Liquid density

K Thermal conductivity
Tw Wall Temperature

Tin Inlet Temperature

Cin Initial absorbent Conc.
Ceq Equilibrium absorb. Con
g Gravity

h, Mean film thickness

H. Heat of absorption

Pv. Absorbent VVapour Pressure
Res Film Reynolds number

| Film mass flowrate

. [2006]

4 x 10kgms™
1.257 x 10°kgmAs?
3.15 x 10“ms™
127kgm’
176Wm*K*
35°C

35°C

20%

20%

9.8ms™

1.00 x 10°m
3466kJ/kg
7.02mm.Hg
100
0.01kgms™
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Table 3.3: LiBr-H,O Data Yang et al. [1992]

u film dynamic viscosity
Lo vVacuum Permeability
Vo Mmean velocity

o Thermal diffusivity

p Liquid density

K Thermal conductivity
D Species diffusivity
Tw Wall Temperature

T
C
Ceq Equilibrium absorb. Con

n Inlet Temperature

n Initial absorbent Conc.

g Gravity

h, Mean film thickness

H. Heat of absorption

Pv. Absorbent VVapour Pressure
Res Film Reynolds number

| Film mass flowrate

4 x 10kgm™s™
1.257 x 10°kgmA2s?
3.15x 10™ms™

k/pep = 0.155m?s™

127kgm’
176wWmK?

1x 100 m?%s?

35°C
44.44°C
60%

60%

9.8ms™

1.00 x 10°m
3466kJ/kg
7.02mm.Hg
100
0.01kgms™
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Table 3.4: LiCl-H,0 Data Yang et al. [1992]

u film dynamic viscosity

Vo Mmean velocity

o Thermal diffusivity

p Liquid density

K Thermal conductivity

D Species diffusivity

Tw Wall Temperature

Tin Inlet Temperature

Cin Initial absorbent Conc.
Ceq Equilibrium absorb. Con
g Gravity

h, Mean film thickness

H. Heat of absorption

Pv. Absorbent VVapour Pressure
Res Film Reynolds number

I Film mass flow-rate

4 x 10kgm™s™
3.15 x 10°ms™
k/pep = 0.155m?s™
1000kgm™
176Wm*K™*
2.0 x 107 m?%s™
30°C

35°C

45%

35.8%

9.8ms™

1.74 x 10°m
3466kJ/kg
9.2mm.Hg

100
0.01kgms™
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CHAPTER FOUR
COMPUTATIONAL RESULTS AND DISCUSSION

4.1  General remarks on result presentation

The continuity, momentum, energy and species mass transport equations indicated in the
previous section were coded in a computer algorithm using FORTRAN programming coding
language. The code was run on a personal computer with sufficient memory facilities to carry out
the simulation exercise. The model run was initially executed using ammonia-water so as to
validate the developed model code before using the main two working fluid pairs namely lithium
bromide-water and lithium chloride-water. The parameters utilized in the literature by Andberg
(1982), Yang et al (1992) and Niu Xiaofen (2006) and (2009) as shown in Tables 3.1, 3.2, 3.3
and 3.4 in two cases have been used. The domain area was divided into 13 x 5 mesh evenly
spaced in both the direction of falling (x) and in the direction of film thickness (y) in this thesis.
The tabulated and plotted graphical figures of the model results are presented side by side with
that of the literature where available as shown in the following tables and figures. The results
cover the velocity, heat and mass analysis in both the direction of falling film and that of the film

thickness direction.

4.2 Numerical Results in the direction of falling film (X) for Ammonia-water, X = Absorber
length
The nodal parameters distribution obtained in the direction of falling within the film thickness in

the bulk for Ammonia-water (NH3-H,0) solution compares well with the existing literature. For
instance Tables 4.1, 4.1.2, 4.1.4 and 4.1.7 and Figs 4.1 to 4.1.5 represent the distribution of
average velocity, Temperature and concentration of the falling-film within the bulk in X-axis or
direction of the falling film at various magnetic induction intensities in NH3-H,O solution. Both
the table and figures established that the velocity at stronger magnetic field is larger than that of
the weaker one. This established parameter distribution within the bulk when compared with the
existing literature results in ammonia-water solution had the percentage velocity deviation at 0.0,
1.4 and 3.0 Tesla ranges between -1.01 to 0.15, -1.26 to 0.00 and -1.40 to 0.00 respectively.
Tables 4.1.1 and 4.1.2 represent the velocity deviation analysis, upon comparison with the
literature results, it has standard velocity deviations (o) of 1.49 X 102 at 0.0Tesla, 1.78 X 107 at
1.4Tesla and 1.90 X 107 at 3.0Tesla. The T-Test analysis results established that the velocity,
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Temperature and concentration distributions for ammonia-water was not significantly difference
(p=0.05) from published results in literature as shown in the Tables 4.1.3, 4.1.6, 4.1.9 and
Figures4.1,4.1.1,4.1.2,4.1.3,4.1.4 and 4.1.5.

4.3: Tabular and Graphical representation of the literature and present work’s result
Table 4.1: NH3-H,0 Velocity Distribution in the film Comparison

Absorber Bulk
length X
(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia | Result | Result Devia- | Result Result Devia-
@ 00| @0.0 -tion @14 @14 tion @ 3.0 @3.0 tion
Tesla Tesla Tesla | Tesla Tesla Tesla
* * *
0or10° 0.3620 | 0.3620 | 0.00 | 0.3620 | 0.3620 | 0.00 0.3620 | 0.3620 0.00
10°° 0.3660 |0.3660 | 0.00 | 0.3665 | 0.3663 |-0.06 0.3680 | 0.3667 -0.35
10° 0.3700 |[0.3700 | 0.00 |0.3710|0.3704 |-0.16 0.3720 |0.3713 -0.19
10™4° 0.3750 |0.3740 |-0.27 |0.3751|0.3744 |-0.19 0.3790 | 0.3756 -0.92
10* 0.3790 |0.3776 |-0.37 |0.3810 | 0.3784 |-0.68 0.3840 | 0.3798 -1.09
103° 0.3840 |0.3813 |-0.70 | 0.3860 | 0.3822 |-0.99 0.3890 | 0.3837 -1.36
103 0.3880 |0.3850 |-0.77 | 0.3900 | 0.3859 |-1.05 0.3920 | 0.3875 -1.15
102° 0.3920 |[0.3885 |-0.89 |0.3940|0.3895 |-1.14 0.3950 |0.3911 -0.99
102 0.3960 [ 0.3920 |-1.01 |0.3980 | 0.3930 |-1.26 0.4000 |0.3944 -1.40
101° 0.3970 | 0.3953 |-0.43 | 0.4000 | 0.3964 |-0.90 0.4020 | 0.3976 -1.10
10t 0.3980 [0.3986 | 0.15 |0.4020 | 0.3997 |-0.57 0.4035 | 0.4006 -0.72
10°9° 0.4020 |0.4019 | 0.03 | 0.4040 | 0.4029 |-0.27 0.4050 | 0.4034 |-0.40
10° 0.4050 | 0.4050 | 0.00 | 0.4060 | 0.4060 | 0.00 0.4060 | 0.4060 0.00

* Niu Xiaofeng et al. [2006]
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Table 4.1.1:NH3-H,O Velocity Deviation Analysis

Absorber Bulk
length X
(m) Lit. Presen | Devia- Lit. Present. | Devia- Lit. Present | Devia-
Result | t tion Result | Result tion Result Result tion
@ 0.0 | Result @14 (@14 @ 3.0 @3.0
Tesla | @ 0.0 Tesla | Tesla Tesla Tesla
* Tesla * *
0or10° 0.3620 | 0.3620 | 0.0000 0.3620 | 0.3620 0.0000 0.3620 0.3620 0.0000
10°° 0.3660 | 0.3660 | 0.0000 0.3665 | 0.3663 0.0002 0.3680 0.3667 0.0013
10° 0.3700 | 0.3700 | 0.0000 0.3710 | 0.3704 0.0006 0.3720 0.3713 0.0007
10™4° 0.3750 | 0.3740 | 0.0010 0.3751 | 0.3744 0.0007 0.3790 0.3756 0.0034
10* 0.3790 | 0.3776 | 0.0014 0.3810 | 0.3784 0.0026 0.3840 0.3798 0.0042
103° 0.3840 | 0.3813 | 0.0027 0.3860 | 0.3822 0.0038 0.3890 0.3837 0.0053
103 0.3880 | 0.3850 | 0.0030 0.3900 | 0.3859 0.0041 0.3920 0.3875 0.0045
102° 0.3920 | 0.3885 | 0.0035 0.3940 | 0.3895 0.0045 0.3950 0.3911 0.0039
102 0.3960 | 0.3920 | 0.0040 0.3980 | 0.3930 0.0050 0.4000 0.3944 0.0056
101° 0.3970 | 0.3953 | 0.0017 0.4000 | 0.3964 0.0036 0.4020 0.3976 0.0044
10t 0.3980 | 0.3986 | -0.0006 | 0.4020 | 0.3997 0.0023 0.4035 0.4006 0.0029
10°° 0.4020 | 0.4019 | 0.0001 0.4040 | 0.4029 0.0011 0.4050 0.4034 0.0016
10° 0.4050 | 0.4050 | 0.0000 0.4060 | 0.4060 0.0000 0.4060 0.4060 0.0000

*  Niu Xiaofeng et al. [2006]
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Table 4.1.2:NH3-H,0 Velocity Deviation Analysis

Result @ 0.0 Tesla Result @ 1.4 Tesla Result @ 3.0 Tesla
Absorber Mean Dev. Mean Mean
length X Square Dev. Dev.
(m) Square Square
Devia- | Mean X 10® Devia- | Mean | X 10° | Devia- | Mean | X 10°
tion. tion. tion.
=)
0or10™ | 0.0000 |4 0013 1.69 0.0000 | 50022 | 4.84 | 90000 | 50029 | 841
-5.5
10 0.0000 | 0013 1.69 0.0002 | 50022 | 4.00 | 99913 | 50029 | 256
10° 0.0000 | 0.0013 1.69 0.0006 | 0.0022 | 2.56 | 0.0007 [ 0.0029 | 4.84
4.5
10 0.0010 | 90013 0.09 0.0007 | 90022 | 225 |90034 | 50029 | 0.25
10* 0.0014 | 0.0013 0.01 0.0026 | 0.0022 | 0.16 | 0.0042 | 0.0029 | 1.69
-3.9
10 0.0027 1 9 0013 1.96 0.0038 | noo22 | 256 | 99093 | 00029 | 576
10° 0.0030 | 0.0013 2.89 0.0041 | 0.0022 | 3.61 | 0.0045 | 0.0029 | 2.56
2.5
10 0.0035 | 90013 4.84 0.0045 | 90022 | 529 | 90039 | 50029 | 1.00
10 0.0040 | 0.0013 7.29 0.0050 | 0.0022 | 7.84 | 0.0056 | 0.0020 | 7.29
-1.5
10 0.0017 100013 0.16 0.0036 | 5022 | 1.96 | 90044 | 00029 | 2.25
10™ -0.0006 | 0.0013 3.61 0.0023 | 0.0022 | 0.01 | 0.0029 | 0.0029 | 0.00
-0.5
10 0.0001 | 0013 1.44 0.0011 | 9022 | 121 | 99016 | 90029 | 1.69
10° 0.0000 | 0.0013 1.69 0.0000 | 0.0022 | 4.84 | 0.0000 | 00020 | 8.41
> 29.05 41.13 46.71
@ 0.0 Tesla, Std. deviation (o) =+/2.9.05x10°° /13 = 1.49 X 10°
@1.4 Tesla, Std. deviation (o) =+/41.13x10° /13 =1.78 X 10°3
@3.0 Tesla Std. deviation (o) =/46.71x10° /13 =1.90 X 10°
Table 4.1.3:NH3-H,0 Velocity T- Test analysis
Independent Samples Test
Levene's Test for
Equality of Variances t-test for Equality of Means
95% Confidence
Interv al of the
Mean Std. Error Dif ference
Sig. t df Sig. gz—tailed) Dif f erence Dif f erence Lower U pper
Velocity @ 0.0 Tesla Esq:s:n\;zriames 023 881 234 24 817 001292 005526 | -010114 | .012698
Eg:’:!;sg}f:fes 234 23.992 817 .001292 005526 | -.010114 | .012698
Velocity @ 1.4 Tesla Egss:n\giances 084 775 382 24 706 .002192 005745 | -.009665 | .014050
ﬁgt'zls\s’sgzzces 382 23.942 706 002192 005745 | -.009667 | .014051
Velocity @ 3.0 Tesla 52;'3;1\;2”5‘“65 018 893 507 24 617 .002908 005740 | -.008939 | .014754
53:’2'5‘5’3;1?65 507 23.961 617 .002908 005740 | -.008940 | .014755
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Fig.4.1: NH3-H,O Velocity Distribution in the film at 0.0, 1.4 and 3.0Tesla
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Fig.4.1.1: NH3-H,O Velocity Distribution in the film at 0.0, 1.4 and 3.0Tesla
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Table 4.1.4:NH3-H,O Temperature Distribution in the film Comparison

BULK

Absorber | Lit. Present | Devia | Lit. Present Lit. Present | Devia-

length X | Result | Result | tion. Result | Result | Devia- | Result | Result | tion.

(m) @00 |@0.0 @14 |@1.4 |tion. @30 |@30

Tesla | Tesla Tesla | Tesla Tesla | Tesla

0or10° | 35.00 35.00 0.00 35.00 35.00 0.00 35.00 35.00 0.00
10°° 32.00 32.00 0.00 32.00 32.00 0.00 32.00 32.00 0.00
107 29.00 30.00 -1.00 | 29.00 30.00 -1.00 29.00 30.00 -1.00
104> 27.00 28.00 -1.00 | 27.00 28.00 -1.00 27.00 28.00 -1.00
10* 26.00 26.00 0.00 26.00 26.00 0.00 26.00 26.00 0.00
10°° 25.00 | 24.00 | 1.00 | 25.00 | 24.00 | 1.00 | 25.00 | 24.00 1.00
103 23.00 23.00 0.00 23.00 23.00 0.00 23.00 23.00 0.00
102° 22.00 21.00 1.00 22.00 21.00 1.00 22.00 21.00 1.00
10 21.00 20.00 1.00 21.00 20.00 1.00 21.00 20.00 1.00
101 18.00 18.00 0.00 18.00 18.00 0.00 18.00 18.00 0.00
10 17.00 17.00 0.00 17.00 17.00 0.00 17.00 17.00 0.00
107° 16.00 16.00 0.00 16.00 16.00 0.00 16.00 16.00 0.00
10° 15.00 15.00 0.00 15.00 15.00 0.00 15.00 15.00 0.00

*  Niu Xiaofeng et al. [2006]
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Table 4.1.5:NH3-H,O Temperature Deviation Analysis

Result @ 0.0 Tesla Result @ 1.4 Tesla Result @ 3.0 Tesla

Absorber
length X
(m)
Devia [ Mean | Mean | Devia | Mean Mean | Devia- | Mean Mean
tion. Deviati | tion. Deviati | tion. Deviation
on. on. Square
Square Square
Oor10” 0.00 | 0.o769| 0.01 | 0.00 | 0.0769| 0.01 0.00 0.0769 0.01
1077 0.00 | 0.0769| 001 | 000 | 00769| 001 | 0.00 | 00769| 0.01
10° -1.00 | 00769 | 116 |-100| o00769| 1.16 | -1.00 | 00769 | 1.16
10 -1.00 | 00769 116 |-100| o00769| 116 | -1.00 | oo0769| 1.16
10* 0.00 | 0.0769| 0.010 | 0.00 0.0769 | 0.01 0.00 0.0769 0.01
107° 1.00 | 00769| 085 | 1.00 | o0o0769| 085 | 1.00 | 00769 o0.85
107 0.00 | 00769 0.01 | 0.00 | 0.0769| 0.01 0.00 0.0769 0.01
10° 1.00 | 00769 | 085 | 1.00 | oo769| 085 | 1.00 | 00769 o0.85
10 1.00 | 0.0769| 085 | 100 | 0.0769| 0.85 1.00 0.0769 0.85
107° 0.00 | 0.0769| 001 | 000 | 00769| 001 | 0.00 | o00769| 0.01
10 0.00 | 00769 | 0.01 | 0.00 | 0.0769| 0.01 0.00 0.0769 0.01
107° 0.00 | 0.0769| 001 | 000 | 00769| 001 | 0.00 | 00769| 0.01
10° 0.00 | 00769 | 0.01 | 000 | o0.0769| 0.01 0.00 0.0769 0.01
) 4.92 4.92 4.92

@ 0.0 Tesla, Std. deviation (o) =+/4.92/13 =0.62

@ 1.4 Tesla, Std. deviation (o) =v4.92/13 =0.62
@3.0 Tesla, Std. deviation (o) =v4.92/13 =0.62

Table 4.1.6:NH3-H,0 Temperature T- test analysis

Independent Samples Test

Levene's Test for

Equality of Variances t-test for Equality of Means
95% Confidence
Interv al of the
Mean Std. Error Dif f erence
E Sig. t df Sig. (2-tailed) Dif f erence Dif f erence Lower U pper

Te it E | i
r:snart’earfcl)-“: Tesla ag;‘sm\;?jnances .029 .865 .031 24 .975 .077 2.479 -5.039 5.193

E | i

ng?zs\sl,jl;aer;ces .031 23.980 975 .077 2.479 -5.039 5.193
Te it E | i
o resla aemamey Cnees 029 865 031 24 975 077 2.479 -5.039 5.193

E | i

ng?zsgl?:]zr;ces .031 23.980 .975 .077 2.479 -5.039 5.193
Te it E | i
rosult at 3.0 Tesla  assumed 029 865 031 24 975 077 2479 | 5039 | 510

E | i

ngfgsgsgzr;ces .031 23.980 .975 .077 2.479 -5.039 5.193
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Fig. 4.1.2: NH3-H,O Temperature Distribution in the film from Lit. Result
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Fig. 4.1.3: NH3-H,O Temperature Distribution in the film from Present Result
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Table 4.1.7:NH3-H,0 Concentration Distribution in the Film Comparison

BULK

Absorber | Lit. Present | Devia- | Lit. Present | Devia- | Lit. Present | Devia-
length X | Result | Result | tion. Result | Result | tion. Result | Result | tion.
(m) @00 | @0.0 @14 @14 @30 | @3.0

Tesla | Tesla Tesla | Tesla Tesla | Tesla

* * *
0or10° 0.2000 | 0.2000 | 0.0000 | 0.2000 | 0.2000 | 0.0000 | 0.2000 | 0.2000 0.0000
1077 0.2200 | 0.2101 | 0.0099 | 0.2220 | 0.2102 | 0.0118 | 0.2250 | 0.2104 0.0146
10° 0.2300 | 0.2207 | 0.0093 | 0.2320 | 0.2211 | 0.0109 | 0.2400 | 0.2215 0.0185
10%° 0.2500 | 0.2320 | 0.0180 | 0.2520 | 0.2326 | 0.0194 | 0.2620 | 0.2332 0.0288
10 0.2700 | 0.2440 | 0.0260 | 0.2720 | 0.2448 | 0.0272 | 0.2800 | 0.2457 0.0343
103> 0.2900 | 0.2567 | 0.0333 | 0.2920 | 0.2578 | 0.0342 | 0.3000 | 0.2589 0.0411
10° 0.3050 | 0.2702 | 0.0348 | 0.3100 | 0.2716 | 0.0384 | 0.3200 | 0.2730 0.0470
10°° 0.3190 | 0.2845 | 0.0345 | 0.3200 | 0.2863 | 0.0337 | 0.3300 | 0.2880 0.0420
10 0.3300 | 0.2998 | 0.0302 | 0.3320 | 0.3020 | 0.0300 | 0.3410 | 0.3040 0.0370
101 0.3380 | 0.3160 | 0.0220 | 0.3400 | 0.3186 | 0.0214 | 0.3500 | 0.3211 0.0289
10 0.3500 | 0.3334 | 0.0166 | 0.3550 | 0.3365 | 0.0185 | 0.3610 | 0.3394 0.0216
100> 0.3550 | 0.3518 | 0.0032 | 0.3600 | 0.3555 | 0.0045 | 0.3650 | 0.3590 0.0060
10° 0.3600 | 0.3600 | 0.0000 | 0.3680 | 0.3650 | 0.0030 | 0.3750 | 0.3700 0.0050

*  Niu Xiaofeng et al. [2006]
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Table 4.1.8 NH3-H,O Concentration Deviation Analysis

Result @ 0.0 Tesla Result @ 1.4 Tesla Result @ 3.0 Tesla
Absorber | Devia- | Mean | Mean | Devia- | Mean [ Mean | Devia- | Mean [ Mean
length X | tion. Devia- | tion. Devia- | tion. Devia-
(m) tion. tion. tion.
Square Square Square
X 10 X 10 X 10
Oor10® |0.0000 | 00183| 3.35 |0.0000 | 00195 3.80 | 0.0000 | 0.0250 | 6.25
10°° 0.0099 | 0.0183| 0.71 | 00118 | 0.0195| 0.59 | 0.0146 | 0.0250 | 1.08
10° 0.0093 | 0.0183| 0.81 | 0.0109 | 0.0195| 0.74 | 0.0185 | 00250 | 0.42
1077 0.0180 | 0.0183 | 0.00 | 0.0194 | 0.0195| 0.00 | 0.0288 | 00250 | 0.14
10 0.0260 | 0.0183| 059 | 0.0272 | 0.0195| 059 | 0.0343 | 0.0250| 0.86
10°° 0.0333 | 0.0183 | 2.25 | 0.0342 | 00195 | 2.6 | 0.0411 | 0.0250 | 2.59
10 0.0348 | 0.0183| 272 | 00384 | 0.0195| 3.57 | 0.0470 | 0.0250 | 4.84
107°° 0.0345 | 0.0183| 262 | 0.0337 | 0.0195| 202 | 0.0420 | 00250 | 2.89
10 0.0302 | 0.0183 | 1.42 | 0.0300 | 0.0195| 1.10 | 0.0370 | 0.0250 | 1.44
101 0.0220 | 0.0183| 014 | 0.0214 | 0.0195| 0.04 | 0.0289 | 0.0250| 0.15
10~ 0.0166 | 0.0183 | 0.03 | 0.0185 | 0.0195| 0.01 | 00216 | 0.0250| 0.12
107> 0.0032 | 0.0183| 228 | 0.0045 | 0.0195| 225 | 0.0060 | 0.0250| 3.61
10° 0.0000 | 0.0183 | 3.35 | 0.0030 | 0.0195| 2.72 | 0.0050 | 0.0250 | 4.00
> 20.27 19.60 28.40

@ 0.0 Tesla, Std. deviation (o) =+/20.27x10* /13 =1.25x102
@ 1.4 Tesla, Std. deviation (o) = v/19.60x10™* /13 =1.23x10?

@3.0 Tesla, Std. deviation (o) = 1/28.40x10* /13 =1.48x10™2
Table 4.1.9 NH3-H,O Concentration T- test analysis

Independent Samples Test

Levene's Test for

Equality of Variances t-test for Equality of Means
| Equalit
95% Confidence
Interv al of the
Mean Std. Error Dif f erence
F Sig. t df Sig. (2-tailed) Dif f erence Dif f erence Lower Upper
g’gc(f";;f;"" Egzﬁaq‘gr'ances .015 .904 .857 24 .400 .0183 .0213 -.0257 .0623
Eg{‘;‘sgf‘,;"’,‘e’f‘es .857 23.993 .400 .0183 .0213 -.0257 .0623
%Ozcﬂézlt:n Eg:fllnvez"ances 013 911 888 24 383 L0195 0219 -.0258 0647
Eg{‘i’sgf‘,{fg}es .888 23.993 .383 .0195 .0219 -.0258 .0647
- Eaual -
g’g"oe'}‘gz,‘:" e eayances .009 924 1.113 24 277 .0250 L0225 -.0214 0713
Equal i
nfjf:s;f,‘:,i?es 1.113 23.994 277 .0250 .0225 -.0214 .0713
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Fig. 4.1.5: NH3-H,0 Concentration Distribution in the film from Present Result
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4.4 Numerical Results in the direction of falling film (X) for Lithium bromide and Lithium
Chloride Solution, X = Absorber length.

Tables 4.2 t0 4.2.3, 4.3.4, 4.3.7, 4.4.4 and 4.4.5 and Figs 4.1.6 to 4.2.5 and 4.5.3, 4.7.5 t0 4.8.2
represent the distribution of average velocity of the falling-film both in the bulk and the interface
in the X-axis or direction of the falling film at various magnetic induction intensities in both
Lithium bromide and Lithium chloride solutions. Both the tables and figures establish that the
velocity at stronger magnetic field is larger than that of the weaker one. This is because the
magnetic field force solution suffered is in the same direction with the gravity and increases with
the growing of magnetic induction intensity. Moreover, it is found that the velocity u increases
gradually at a fixed magnetic induction intensity, which may be attributed to the resultant force
of magnetic force and gravity in the direction of falling both within the bulk and at the interface.
However, as the frictional force decreases and the increase in falling velocity is slowed down
within the bulk. The percentage velocity changes for LiBr-H,O within the bulk in X-direction
when magnetic intensities was increased from 0.0 to 1.4 Tesla increased from 0.00 — 1.15 up to
2/3length of the absorber wall before decrease to 0.0 at the solution surface. When increased
from 0.0 to 3.0 Tesla, the percentage velocity change increased from 0.00 to 4.81 to the same
absorber length and finally decreases to 0.0 percent at the end of the absorber length (10°m). For
LiCl solution, the percentage velocity changes within the bulk in X-direction when magnetic
intensity was increased from 0.0 to 1.4 Tesla increases from 0.00 to 0.85 up to the 2/3 length of
absorber wall and decreases down to 0.0 at the end of the absorber length (1 m). When increased
from 0.0 to 3.0 Tesla it increases from 0.0 to 3.44 up to the middle length of the absorber and
finally decreases to 0.0 at the end of the absorber length (1 m).
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4.4: Tabular and Graphical representation of the literature and present work results

Table 4.2: LiBr-H,O Velocity Distribution in the film

Absorber Bulk

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia | Result | Result Devia | Result Result
@ 0.0| @ 0.0 @14 | @14 @30 |@3.0 Devia
Tesla Tesla Tesla | Tesla Tesla Tesla

Oor10° | N/A 0.3620 N/A | 0.3620 N/A 0.3620

10°° « 0.3662 “ 0.3674 « 0.3718

10° « 0.3702 “ 0.3726 « 0.3840

10™4° « 0.3742 « 0.3774 « 0.3879

10 « 0.3780 “ 0.3818 « 0.3944

103° « 0.3818 “ 0.3860 « 0.3997

103 « 0.3854 “ 0.3898 « 0.4039

102° « 0.3889 “ 0.3933 « 0.4070

102 « 0.3924 ~ 0.3965 « 0.4090

101° « 0.3957 “ 0.3994 « 0.4099

10t 4 0.3989 “ 0.4019 « 0.4097

10°° « 0.4020 “ 0.4041 « 0.4084

10° N/A 0.4050 N/A | 0.4060 N/A 0.4060

** Absorber length (m)
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Fig. 4.1.6: Velocity Distribution in the Film at 0.0, 1.4 and 3.0Tesla for LiBr- H,O

Table 4.2.1: LiBr-H,O Velocity Changes within the film in X-direction, X = Absorber length.

Absorber Bulk
length X
(m) Present | Present. % Present Present % Changes
Result | Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10° 0.3620 0.3620 0.00 0.3620 0.3620 0.00
107°° 0.3662 |0.3674 0.35 0.3662 0.3718 1.53
10° 0.3702 0.3726 0.63 0.3702 0.3840 2.75
104° 0.3742 0.3774 0.85 0.3742 0.3879 3.68
10 0.3780 0.3818 1.01 0.3780 0.3944 4.33
1035 0.3818 0.3860 1.11 0.3818 0.3997 4.70
10° 0.3854 0.3898 1.15 0.3854 0.4039 4.81
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102° 0.3889 | 0.3933 1.13 0.3889 0.4070 4.65
102 0.3924 | 0.3965 1.06 0.3924 0.4090 4.25
10t° 0.3957 | 0.3994 0.93 0.3957 0.4099 3.61
10t 0.3989 | 0.4019 0.76 0.3989 0.4097 2.72
100° 0.4020 | 0.4041 0.53 0.4020 0.4084 1.60
10° 0.4050 | 0.4060 0.25 0.4050 0.4060 0.25
41.00
40.50
40.00
_ 39.50
T 39.00
>
3 38.50
>
;. 38.00 —#=— Present Result @ 0.0 Tesla
é 37.50 == Present Result @ 1.4 Tesla
> 37.00
36.50
36.00
35.50
0 0.2 0.4 0.6 0.8 1 1.2

Absorber length (m)

Fig. 4.1.7: Velocity Changes within the Film in X-Direction at 0.0 & 1.4 Tesla, X = Absorber

length.
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Fig. 4.1.8: % Velocity Changes within the Film in X-Direction from 0.0 & 1.4Tesla, X =

Absorber length.
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Fig. 4.1.9: Velocity Changes within the Film in X-Direction at 0.0 & 3.0 Tesla, X = Absorber

length.
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Fig.4.2: % Velocity Changes within the Film in X-direction from 0.0 & 3.0Tesla, X = Absorber

length.

Table 4.2.2: LiBr-H,0O Velocity Distribution in the film

Absorber Interface

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia | Result | Result Devia- | Result Result Devia-
@00|@0.0 -tion @14 @14 tion @ 3.0 @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla Tesla

0or10° N/A 0.3620 N/A 0.3620 N/A 0.3620

107°° « 0.3662 “ 0.3674 a 0.3718

10° « 0.3662 “ 0.3674 “ 0.3718

104° « 0.3662 « 0.3674 « 0.3718

10* « 0.3662 « 0.3674 « 0.3718
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103° « 0.3662 “ 0.3674 5 0.3718
10° « 0.3662 “ 0.3674 « 0.3718
102° “ 0.3662 “ 0.3674 « 0.3718
102 “ 0.3662 “ 0.3674 5 0.3718
101 « 0.3662 “ 0.3674 5 0.3718
10% « 0.3662 “ 0.3674 5 0.3718
10°° “ 0.3662 “ 0.3674 R 0.3718
10° N/A | 0.4050 N/A | 0.4060 N/A 0.4060
41.00
40.50
40.00
_ 39.50
=
£ 39.00
Y
E 38.50
; 38.00 == Present Result @ 0.0 Tesla
g . == Present Result @ 1.4 Tesla
o 37.50
g Present Result @ 3.0 Tesla
37.00
36.50
r
36.00
35.50
0.00 0.20 0.60 0.80
Absorber length (m)

Fig. 4.2.1: LiBr-H,O Velocity Distribution in the Film at the Interface
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Table 4.2.3: LiBr-H,O Velocity Changes within the film in X-direction at the interface, X =
Absorber length.

Absorber Interface
length X
(m) Present | Present. | % Present | Present % Changes
Result Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir | @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10° 0.3620 0.3620 0.00 0.3620 0.3620 0.00
107°° 0.3662 |0.3674 |0.35 0.3662 | 0.3718 1.53
10° 0.3662 0.3674 0.35 0.3662 0.3718 1.53
10™4° 0.3662 0.3674 0.35 0.3662 0.3718 1.53
10 0.3662 0.3674 0.35 0.3662 0.3718 1.53
1073° 0.3662 |0.3674 |0.35 0.3662 | 0.3718 1.53
107 0.3662 0.3674 0.35 0.3662 0.3718 1.53
102° 0.3662 0.3674 0.35 0.3662 0.3718 1.53
102 0.3662 0.3674 0.35 0.3662 0.3718 1.53
101° 0.3662 |0.3674 |0.35 0.3662 | 0.3718 1.53
10% 0.3662 0.3674 0.35 0.3662 0.3718 1.53
10°° 0.3662 0.3674 0.35 0.3662 0.3718 1.53
10° 0.4050 0.4060 0.25 0.4050 0.4060 0.25
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Fig. 4.2.2: LiBr-H,O Velocity Changes at the Interface in X-direction at 0.0 and 1.4Tesla, X =
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Table 4.2.4: LiBr-H,O Temperature Distribution in the film Comparison

Absorber Bulk

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia- | Result | Result Devia- | Result | Result | Devia-
@00| @0.0 tion @14 @14 tion @ 3.0 | @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla | Tesla
**kx

Oor10° |44.44 |44.44 0.00 N/A 44 .44 N/A 44.44

107°° 4350 | 4440 |207 |« 44.40 « 44.40

10° 4320 | 4345 |058 |« 43.45 . 43.45

104 43.00 [4252 |-1.12 |« 42.52 \ 42.52

10 4150 |41.61 0.27 « 41.61 b 41.61

1073° 39.50 |40.72 |[3.09 |« 40.72 « 40.72

103 38.00 | 39.85 4.87 « 39.85 ¢ 39.85

102° 36.60 | 39.00 6.56 « 39.00 « 39.00

102 36.40 | 38.16 4.84 « 38.16 « 38.16

101° 36.00 [ 3735 |375 |¢ 37.35 « 37.35

107 3550 |3655 |296 |« 36.55 « 36.55

10°° 35.10 | 35.77 1.91 « 35.77 « 35.77

10° 35.00 | 35.00 0.00 35.00 35.00
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Fig. 4.2.6: LiBr-H,O Temperature Distribution in the Film Comparison at 0.0Tesla
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Table 4.2.5: LiBr-H,O Temperature Distribution in the film Comparison

Absorber Interface

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia- | Result | Result Devia- | Result | Result | Devia-
@0.0| @0.0 |tion @14 | @14 tion @ 3.0 | @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla | Tesla
*k*k

Oor10° |44.44 |44.44 0.00 N/A 44 44 N/A 44.44

10°° 4444 | 4435 |-0.20 |« 44.35 « 44.35

10° 44.44 | 43.50 -2.12 |« 43.50 « 43.50

104 4444 | 4265 |-4.03 |« 42.65 “ 42.65

10* 44 44 | 41.80 -5.94 « 41.80 « 41.80

103° 44.00 | 40.95 -6.93 |« 40.95 “ 40.95
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107 42.00 |40.10 |-452 |« 40.10 “ 40.10
10%° 39.50 |39.25 |-0.63 |« 39.25 “ 39.25
1072 38.00 3840 |1.05 |“ 38.40 “ 38.40
10™"° 37.00 | 3755 |149 |¢ 37.55 “ 37.55
10 36.50 |36.70 |055 | 36.70 “ 36.70
10°° 36.00 3585 |236 |« 35.85 “ 35.85
10° 35.00 |35.00 |0.00 35.00 35.00

*** Yang et al.(1992)

Table 4.2.6: LiBr-H,O Temperature Deviation Analy

sis at the Bulk and Interface

BULK INTERFACE
Absorber | Lit. Present Lit. Result | Present
length X | Result Result Devia- | @ 0.0 Result Devia-
(m) @ 0.0 @ 0.0 tion. Tesla*** @ 0.0 tion.
Tesla *** | Tesla Tesla
Oor10® 44.44 44.44 0.00 44.44 44.44 0.00
10°° 43.50 44.40 0.90 44.44 44.35 0.09
10° 43.20 43.45 0.25 44.44 43.50 0.94
10 43.00 42.52 0.48 44.44 42.65 1.79
10* 41.50 41.61 0.11 44.44 41.80 2.64
10°° 39.50 40.72 1.22 44.00 40.95 3.05
10 38.00 39.85 1.85 42.00 40.10 1.90
107° 36.60 39.00 2.40 39.50 39.25 0.25
10 36.40 38.16 1.76 38.00 38.40 -0.40
10+ 36.00 37.35 1.35 37.00 37.55 -0.55
10™ 35.50 36.55 1.05 36.50 36.70 -0.20
107° 35.10 35.77 0.67 36.00 35.85 0.15
10° 35.00 35.00 0.00 35.00 35.00 0.00

*** Yang et al.(1992)
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Table 4.2.7: LiBr-H,O Temperature Deviation Analysis at the Bulk and Interface

BULK @ 0.0 Tesla

INTERFACE @ 0.0 Tesla

Absorber | Deviation. | Mean Mean Deviation. | Mean Mean
length X Deviation | Deviation. Deviation | Deviation.
(m) Square Square
00r10° | (0000 | 0.9262 0.86 0.0000 | 0.7431 0.55
107> 0.9000 | 0.9262 0.00 0.0900 | 0.7431 0.43
10 02500 | 0.9262 0.46 0.9400 | 0.7431 0.04
10" 0.4800 | 0.9262 0.20 1.7900 | 0.7431 1.10
10° 0.1100 | 0.9262 0.67 26400 | 0.7431 3.60
107 12200 | 0.9262 0.09 3.0500 | 0.7431 5.32
10 1.8500 | 0.9262 0.85 1.9000 | 0.7431 1.34
10°° 24000 | 0.9262 217 02500 | 0.7431 0.24
10 1.7600 | 0.9262 0.70 -0.4000 | 0.7431 1.31
10°° 13500 | 0.9262 0.18 -0.5500 | 0.7431 1.67
107 1.0500 | 0.9262 0.02 -0.2000 | 0.7431 0.89
107 0.6700 | 0.9262 0.07 0.1500 | 0.7431 0.35
10° 0.0000 0.9262 0.86 0.0000 0.7431 0.55
> 7.11 17.39
@ The Bulk, Std. deviation (o ) =+/7.11/13 = 0.7394
@ The Interface, Std. deviation (o) =+17.39/13 = 1.1565
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Fig4.3.3: Temperature Distribution at the Interface at 1.4 Tesla
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Table 4.2.8: LiBr-H,O Concentration Distribution in the film Comparison

Absorber Bulk

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia- | Result | Result Devia- | Result | Result | Devia-
@00| @0.0 tion @14 @14 tion @30 | @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla | Tesla
**kk

Oor10® | 0.600 |0.600 0.00 N/A 0.600 N/A 0.600

10°° 0.600 |0.59545|-0.76 |“ 0.59547 « 0.59551

10° 0.600 |0.59090 |-152 |« 0.59094 « 0.59107

104 0.600 |0.58635|-2.28 |« 0.58642 « 0.58667

10™ 0.600 |0.58180 |-3.03 | 0.58191 « 0.58229
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1032 0.600 | 0.57724 |-3.79 |« 0.57739 “ 0.57792
1073 0.600 | 0.57267 | -4.56 |« 0.57287 “ 0.57355
102%° 0.599 | 0.56810 | -5.16 | “ 0.56834 “ 0.56917
107 0.590 | 0.56352 | -4.49 |« 0.56380 “ 0.56476
10™"° 0.575 |0.55892 | -2.80 | “ 0.55924 “ 0.56032
10 0.567 | 0.55432 |-0.01 |« 0.55465 “ 0.55582
1008 0.559 | 0.54970 | 0.07 |« 0.55005 \ 0.55126
10° 0.545 | 0.54500 | 0.00 |« 0.54500 N/A | 0.54500

*** Yang et al.(1992)
4.5: Coefficient of Performance (COP) for LiBr-water absorption Refrigeration

Coefficient of performance (COP) of an absorption refrigeration system is obtained from;

COP — coolingcap acityobtai nedatevaporator
heatinputforthegenerator + workinputforthepump
Or

COP = (Concentratlonattheoutlet j

Concentrationatthein let

The work input for the pump is negligible relative to the heat input at the generator; therefore,
the pump work is often neglected for the purposes of analysis.

From Table 4.2.9 above

At 0.0 Tesla, COP = 0549 - _ 0.915
0.600

At 3.0 Tesla, COP = 0551 = 0.918

0.600
Increment = 0.918 — 0. 915 = 0.003 = 0.3%
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Table 4.2.9: LiBr-H,O Concentration Changes within the film in X-direction, X = Absorber

length.
Absorber Bulk
length X
(m) Present | Present. | % Present | Present % Changes
Result Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir | @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10° 0.600 0.600 0.000 0.600 0.600 0.000
107°° 0.59545 | 0.59547 | 0.003 0.59545 | 0.59551 | 0.010
10° 0.59090 | 0.59094 | 0.010 0.59090 | 0.59107 0.029
10™4° 0.58635 | 0.58642 | 0.012 0.58635 | 0.58667 0.055
10 0.58180 | 0.58191 | 0.020 0.58180 | 0.58229 0.084
1073° 0.57724 | 0.57739 |0.026 0.57724 | 057792 |0.118
103 0.57267 | 0.57287 | 0.035 0.57267 | 0.57355 0.154
102° 0.56810 | 0.56834 | 0.042 0.56810 | 0.56917 0.188
102 0.56352 | 0.56380 | 0.050 0.56352 0.56476 0.220
101° 0.55892 | 0.55924 | 0.057 0.55892 | 0.56032 | 0.250
10t 0.55432 | 0.55465 | 0.060 0.55432 0.55582 0.271
10°° 0.54970 | 0.55005 | 0.064 0.54970 | 0.55126 0.284
10° 0.54500 | 0.54500 | 0.000 0.54500 | 0.54500 0.000
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Table 4.3: LiBr-H,O Concentration Distribution in the film Comparison

Absorber Interface

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia- | Result | Result Devia- | Result | Result | Devia-
@0.0| @0.0 tion @14 @14 tion @ 3.0 | @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla | Tesla
**%k

Oor10° | 0599 |0.600 |0.17 N/A | 0.600 N/A | 0.600

10°° 0.599 | 0.59500 | -0.67 |« 0.59502 y 0.59507

10° 0.599 | 0.59004 | -1.50 |« 0.59008 & 0.59019

104° 0.599 |0.58513 | -2.32 |« 0.58518 « 0.58535

10* 0.599 |0.58025 | -3.13 |« 0.58032 « 0.58054

103° 0.591 |0.57542 | -2.64 |« 0.57550 S 0.57577

103 0.580 | 0.57063 | -1.62 | 0.57072 S 0.57105

102° 0.570 |0.56587 | -0.73 |« 0.56598 « 0.56636

102 0.560 |0.56116 | 0.21 |« 0.56128 « 0.56171

10%° 0.550 |0.55648 | 1.18 |« 0.55662 « 0.55710

10t 0.548 | 0.55185|0.70 |« 0.55200 « 0.55253

10°° 0.546 | 0.54725|0.23 |« 0.54741 « 0.54799

10° 0.545 | 0.54500 | 0.00 N/A | 0.54500 N/A | 0.54500

*** Yang et al.(1992)
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Table 4.3.1: LiBr-H,O Concentration Deviation Analysis at the Bulk and Interface

BULK INTERFACE
Absorber | Lit. Present Lit. Present
length X | Result Result Devia- | Result | Result Devia-
(m) @ 0.0 @ 0.0 tion. @ 0.0 @ 0.0 tion.
Tesla Tesla Tesla Tesla
**%k **k*
00r10®° | 0600 | 0.6000 | 0.0000 | 0.599 0.600 20.0010
10°° 0.600 | 05955 | 0.0045 | 0.599 0.595 0.0040
10° 0.600 | 05909 | 0.0091 | 0.599 0.590 0.0089
10*° 0.600 | 05864 | 0.0136 | 0.599 0.585 0.0138
10" 0.600 | 05818 | 0.0182 | 0.599 0.580 0.0187
10°° 0600 | 05772 | 0.0227 | 0591 0.575 0.0155
10° 0.600 | 05727 | 0.0273 | 0.580 0571 0.0093
107%° 0599 | 05681 | 0.0309 | 0570 0.566 0.0041
10 0590 | 05635 | 0.0264 | 0.560 0.561 -0.0011
107° 0575 | 05589 | 0.0160 | 0.550 0.556 -0.0064
107 0567 | 05543 | 0.0126 | 0.548 0.552 -0.0038
107° 0559 | 05497 | 0.0093 | 0.546 0.547 -0.0012
10° 0545 | 05450 | 0.0000 | 0.545 0.545 0.0000

*** Yang et al.(1992)
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Table 4.3.2: LiBr-H,O Concentration Deviation Analysis at the Bulk and Interface

BULK @ 0.0 Tesla INTERFACE @ 0.0 Tesla
Absorber | Deviation. | Mean Mean Deviation. | Mean Mean
length X Deviation | Deviation. Deviation | Deviation.
(m) Square Square
X 10 X 10
0or10° 0.0000 | 0.01425 2.03 -0.0010 | 0.00468 0.32
10 0.0045 | 0.01425 0.95 0.0040 | 0.00468 0.00
10” 0.0091 | 0.01425 0.27 0.0089 0.00468 0.18
10" 0.0136 | 0.01425 0.00 0.0138 0.00468 0.83
10° 0.0182 | 0.01425 0.16 0.0187 0.00468 1.97
10°° 0.0227 | 0.01425 0.71 0.0155 0.00468 1.17
10° 0.0273 | 0.01425 1.70 0.0093 0.00468 0.21
10*° 0.0309 | 0.01425 277 0.0041 | 0.00468 0.00
10° 0.0264 | 0.01425 1.48 -0.0011 | 0.00468 0.33
10°° 0.0106 | 0.01425 0.13 -0.0064 | 0.00468 1.23
10" 0.0126 | 0.01425 0.03 -0.0038 | 0.00468 0.72
107 0.0093 | 0.01425 0.25 -0.0012 | 0.00468 0.35
10° 0.0000 | 0.01425 2.03 0.0000 0.00468 0.22
> 12.51 7.54
@ The Bulk, Std. deviation (o) V12.51x10 /13 =0.9809 X 107
@ The Interface, Std. deviation (o) +/7.54x10™* /13 =0.7614 X 10
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Table 4.3.3: LiBr-H,O Concentration Changes within the film in X-direction, X = Absorber

length.
Absorber Interface
length X
(m) Present | Present. | % Present | Present % Changes
Result Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir | @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10° 0.600 0.600 0.000 0.600 0.600 0.000
107°° 0.59500 | 0.59502 | 0.003 0.59500 | 0.59507 | 0.012
10° 0.59004 | 0.59008 | 0.007 0.59004 | 0.59019 0.025
10™4° 0.58513 | 0.58518 | 0.009 0.58513 | 0.58535 0.038
10 0.58025 | 0.58032 | 0.012 0.58025 | 0.58054 0.050
1073° 0.57542 | 0.57550 |0.014 0.57542 | 0.57577 | 0.061
107 0.57063 | 0.57072 | 0.016 0.57063 | 0.57105 0.074
102° 0.56587 | 0.56598 | 0.019 0.56587 0.56636 0.087
102 0.56116 | 0.56128 | 0.021 0.56116 | 0.56171 0.098
101° 0.55648 | 0.55662 | 0.025 0.55648 | 0.55710 | 0.111
10% 0.55185 | 0.55200 | 0.027 0.55185 | 0.55253 0.123
10°° 0.54725 | 0.54741 | 0.029 0.54725 | 0.54799 0.135
10° 0.54500 | 0.54500 | 0.000 0.54500 | 0.54500 0.000
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Table 4.3.4: LiCl-H,0 Velocity Distribution in the film

Absorber Bulk

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia | Result | Result Devia- Result Result Devia-
@00|@0.0 -tion @14 @14 tion @ 3.0 @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla Tesla

Oor10° | N/A |0.3620 N/A | 0.3620 N/A 0.3620

10°° “ 0.3662 “ 0.3671 « 0.3702

10° “ 0.3702 “ 0.3719 \ 0.3775

104 “ 0.3742 “ 0.3765 S 0.3840

10* « 0.3780 « 0.3808 . 0.3897

103° “ 0.3818 “ 0.3849 . 0.3946

103 “ 0.3854 p 0.3887 . 0.3987

102° N/A | 0.3889 N/A | 0.3922 N/A 0.4019

107 “ 0.3924 “ 0.3955 « 0.4044

10%° « 0.3957 « 0.3985 « 0.4060

10t “ 0.3989 “ 0.4013 « 0.4068

100 N 0.4020 “ 0.4038 « 0.4068

10° N/A | 0.4050 N/A | 0.4060 N/A 0.4060
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Fig 4.5.3: LiCI-H,O Velocity Distribution in the Film at 0.0, 1.4 and 3.0Tesla

Table 4.3.5: LiCI-H,O Temperature Distribution in the film Comparison

Absorber Bulk

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia- | Result | Result Devia- | Result | Result | Devia-
@0.0| @0.0 |[tion @14 @14 tion @ 3.0 | @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla | Tesla
*kk

Oor10® |35.00 |35.00 0.00 N/A 35.00 N/A 35.00

107°° 35.00 |3474 |000 |« 34.74 a 34.74

10° 35.00 | 34.49 0.00 « 34.49 « 34.49

104 35.00 |34.23 |-220 |« 34.23 S 34.23

10 35.00 | 33.98 290 |« 33.98 « 33.98

103 35.00 | 33.73 -3.60 | 33.73 “ 33.73
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107 3500 (3348 |-434 |« 33.48 “ 33.48
10%° 34.80 |3324 |-448 |N/A |33.24 N/A | 33.24
107 3390 3299 |-268 |« 32.99 “ 32.99
10™%° 32.10 3275 |203 |« 32.75 “ 32.75
10 32.00 3251 |159 |« 32.51 « 32.51
1002 31.50 |3227 |244 |« 32.27 « 32.27
10° 30.00 |30.00 |0.00 |N/A |30.00 N/A | 30.00

*** Yang et al.(1992)
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Table 4.3.6: LiCl-H,O Concentration Distribution in the film Comparison

Absorber Bulk

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia- | Result | Result Devia- | Result | Result | Devia-
@ 00| @0.0 |[tion @14 @14 tion @ 3.0 | @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla | Tesla
* Xk

Oor10® |0.450 |0.450 |0.00 N/A | 0.4500 N/A | 0.4500

10°° 0.450 |0.4453 |-1.04 |« 0.4453 « 0.4454

10° 0.450 | 0.4406 |-2.08 |« 0.4407 \ 0.4408

104° 0.450 |0.4360 |-3.12 |« 0.4361 S 0.4362

10* 0.450 |0.4313 |-4.15 |« 0.4314 « 0.4317

103 0.450 |0.4267 |-5.18 |« 0.4268 . 0.4272

103 0.448 |0.4221 |-5.79 |« 0.4222 . 0.4227

102° 0.440 |0.4174 |-513 | N/A |0.4177 N/A | 0.4183

1072 0.440 |0.4128 |-6.18 | 0.4131 “ 0.4138

101° 0.430 |0.4082 |-5.07 |« 0.4085 « 0.4093

10t 0.420 |0.4036 |-3.91 |« 0.4039 « 0.4047

100 0.390 |0.3990 |230 |« 0.3993 « 0.4001

10° 0.358 |0.3580 |0.00 N/A | 0.3580 N/A | 0.3580

*** Yang et al.(1992)
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Coefficient of Performance (COP) for LiCl-water absorption Refrigeration
From Table 4.3.6 above
0.399

At 0.0 Tesla, COP

=—— =0.887
0.450

At 3.0 Tesla, COP = 0400 0.889
0.450

Increment = 0.889 —0.887 = 0.002=0.2%
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Fig. 4.6.3: LiCI-H,0O Concentration Distribution in the film at 0.0 1.4 and 3.0Tesla

Tables 4.2.8 t0 4.3.3, 4.3.6, 4.4.1 t0 4.4.3, 4.4.8 to 4.4.9 and Figures 4.3.6 to 4.5.2 and 4.5.9 to
4.6.3, 4.7 to 4.7.4 and 4.8.5 to 4.9.2 are the average concentration distribution both within the
bulk and the interface along the falling orientation in different magnetic fields for both LiBr and
LiCl solution. It can been seen that increase of magnetic induction intensity causes an increase in
the concentration of LiBr-water and LiCl-water solution which indicates that magnetic field
enhances the absorption process. In addition, the concentration is decreasing constantly along the
falling film. The concentration distribution within the bulk and at the interface when compare
with the existing literature where it exists or available, it compares well. The percentage
deviation within the bulk and interface in LiBr-water solution at 0.0Tesla ranges between -5.16 -
0.07 and -3.13 — 1.18 while for the case of 1.4 and 3.0 Tesla, there was no existing literature
results to compare with. For LiCl-water solution, the percentage deviation ranges between -6.18
to 2.30 and 0.0-12.50 respectively with no existing literature results available for comparison in
the case of 1.4 and 3.0 Tesla.

For LiBr-H,O, when magnetic intensity increases from 0 to 1.4Tesla, the percentage
concentration changes within the bulk in the X-direction is from 0.0 to 0.064 at the end of the

absorber. When the magnetic intensity increases from 0.0 to 3.0 Tesla, percentage concentration
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increases from 0.0 to 0.284 at the end of the absorber. For LiCl-water solution, when magnetic
intensity increases from 0 to 1.4Tesla, the percentage concentration changes within the bulk in
the X-direction is from 0.0 to 0.078 at the end of the absorber. When the magnetic intensity
increased from 0 to 3.0Tesla, percentage concentration increases from 0.0 to 0.293 at the end of
the absorber length. This observation accounts for the condensation of the refrigerant vapour

towards the end of the absorber length.

Table 4.3.7: LiCl-H,0 Velocity Distribution in the film

Absorber Interface

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia | Result | Result Devia- | Result Result Devia-
@00|@0.0 -tion @14 @14 tion @ 3.0 @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla Tesla

Oor10° N/A 0.3620 N/A 0.3620 N/A 0.3620

107°° « 0.3662 “ 0.3671 a 0.3702

10° « 0.3662 = 0.3671 a 0.3702

104 « 0.3662 « 0.3671 5 0.3702

10™ « 0.3662 « 0.3671 « 0.3702

1073° « 0.3662 “ 0.3671 a 0.3702

103 « 0.3662 « 0.3671 « 0.3702

102° « 0.3662 « 0.3671 « 0.3702

107 « 0.3662 « 0.3671 « 0.3702
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Fig. 4.6.4: Velocity Distribution at the Interface
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Table 4.3.8: LiCIl-H,O Temperature Distribution in Comparison at the interface

Absorber Interface

length X

(m) Lit. Present | % Lit. Present. | %0 Lit. Present | %
Result | Result | Devia- | Result | Result Devia- | Result | Result | Devia-
@00|@0.0 tion @14 @14 tion @ 3.0 | @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla | Tesla
**kk

Oor10°® [36.00 [35.00 |-2.78 |N/A |35.00 N/A | 35.00

10°° 36.25 3825 |552 |« 38.25 5 38.25

10° 37.00 |3750 [135 |« 37.50 « 37.50

104° 3760 [36.75 |-2.26 |« 36.75 « 36.75

10* 38.00 |36.00 |-526 |« 36.00 9 36.00

103° 38.20 3525 |-7.72 |« 35.25 « 35.25

103 38.20 3450 |-9.69 |« 34.50 « 34.50

102 37.00 |33.75 |-878 |N/A |33.75 N/A | 33.75

102 36.00 |33.00 |-833 |« 33.00 . 33.00

101 3450 |3225 |-652 |« 32.25 « 32.25

10% 33.00 |3150 |-455 |« 31.50 « 31.50

100 31.90 |30.75 |-361 |« 30.75 . 30.75

10° 30.00 |30.00 |0.00 N/A | 30.00 N/A | 30.00

*** Yang et al.(1992)
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Table 4.3.9: LiCIl-H,O Temperature Deviation Analysis at the Bulk and Interface

BULK INTERFACE
Absorber
length X | Lit. Result | Present Lit. Present
(m) @ 0.0 Tesla | Result Deviation. | Result Result Deviation.
*kk @ 0.0 @ 0.0 @ 0.0
Tesla Tesla*** | Tesla
Oor10® 35.00 35.00 0.00 36.00 35.00 1.00
10°° 35.00 34.74 0.26 36.25 38.25 -2.03
10° 35.00 34.49 0.51 37.00 37.50 -0.50
10%° 35.00 34.23 0.77 37.60 36.75 0.85
10* 35.00 33.98 1.02 38.00 36.00 2.00
10°° 35.00 33.73 1.27 38.20 35.25 2.95
10° 35.00 33.48 1.52 38.20 34.50 3.70
107%° 34.80 33.24 1.56 37.00 33.75 3.25
10 33.90 32.99 0.91 36.00 33.00 3.00
107° 32.10 32.75 -0.65 34,50 32,25 2.25
107 32.00 32.51 -0.51 33.00 31.50 1.50
107° 31.50 32.27 0.77 31.90 30.75 1.15
10° 30.00 30.00 0.00 30.00 30.00 0.00

*** Yang et al.(1992)
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Table 4.4: LiCI-H,O Temperature Deviation Analysis at the Bulk and Interface

BULK @ 0.0 Tesla

INTERFACE @ 0.0 Tesla

Absorber Deviation. | Mean Mean Deviation. | Mean Mean
length X (m) Deviation | Deviation. Deviation | Deviation.
Square Square

0or 107 0.00 0.5715 0.33 1.00 1.4708 0.22
10°° 0.26 0.5715 0.10 2.03 1.4708 12.26
10° 0.51 0.5715 0.00 -0.50 1.4708 3.88
10 0.77 0.5715 0.04 0.85 1.4708 0.39
10 1.02 0.5715 0.20 2.00 1.4708 0.28
10°° 1.27 05715 0.49 2.95 1.4708 2.19
107 1.52 0.5715 0.90 3.70 1.4708 4.97
10°° 1.56 0.5715 0.98 3.25 1.4708 3.17
10 0.91 0.5715 0.11 3.00 1.4708 2.34
10°° -0.65 0.5715 1.49 2.25 1.4708 0.61
10" -0.51 0.5715 1.17 1.50 1.4708 0.00
107 0.77 0.5715 0.04 1.15 1.4708 0.10
10 0.00 0.5715 0.33 0.00 1.4708 2.16
> 6.17 32.56

@ The Bulk, Std. deviation (o) J6.17/13 = 0.69

@ The Interface, Std. deviation (o) +/32.56/13 =1.58
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Fig 4.6.5: Temperature Distribution at the Interface Comparison at 0.0Tesla
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Fig. 4.6.7: LiCIl-H,O Temperature Distribution at the Interface at 1.4Tesla
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Fig. 4.6.8: LiCl-H,O Temperature Distribution at the Interface at 3.0 Tesla
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Table 4.4.1: LiCl-H,O Concentration Distribution in the film Comparison

Absorber Interface

length X

(m) Lit. Present | % Lit. Present. | % Lit. Present | %
Result | Result | Devia- | Result | Result Devia- | Result | Result | Devia-
@00| @0.0 tion @14 @14 tion @3.0 | @3.0 tion
Tesla | Tesla Tesla | Tesla Tesla | Tesla
**kk

Oor10° |0.400 | 0.450 1250 | N/A 0.4500 N/A 0.4500

10°° 0.402 |0.44486 | 10.66 | 0.44487 “ 0.44491

10° 0.405 | 0.43978 | 8.59 “ 0.43980 “ 0.43989

104 0.410 |0.43476 |6.04 |« 0.43479 S 0.43492

10™ 0.414 | 0.42979 | 3.81 “ 0.42984 “ 0.43000

10735 0.414 |0.42488 | 2.63 |« 0.42494 « 0.42514
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107 0.414 |0.42003 | 1.46 | “ 0.42010 “ 0.42034
10%° 0.400 |0.41523 |3.81 |« 0.41531 « 0.41559
1072 0.390 |0.41049 |5.25 |« 0.41058 “ 0.41089
10™° 0.380 |0.40580|6.79 | < 0.40590 “ 0.40625
10™ 0.370 |0.40116 | 8.42 | * 0.40128 “ 0.40166
10°° 0.365 |0.39658 | 8.65 | “ 0.39671 4 0.39712
10° 0.358 |0.35800 | 0.00 | N/A |0.35800 N/A | 0.35800

*** Yang et al.(1992)

Table 4.4.2: LiCl-H,O Concentration Deviation Analysis at the Bulk and Interface

BULK INTERFACE
Absorber
length X | Lit. Present Lit. Present
(m) Result Result Deviation. | Result Result Deviation.
@ 0.0 @ 0.0 @ 0.0 @ 0.0
Tesla*** | Tesla Tesla*** | Tesla
Oor10® 0.450 0.4500 0.0000 0.400 | 0.4500 -0.0500
10°° 0.450 0.4453 0.0047 0402 | 0.4449 | -0.0428
10 0.450 0.4406 0.0095 0.405 | 0.4398 -0.0347
10 0.450 0.4360 0.0140 0.410 | 0.4348 -0.0247
10 0.450 0.4313 0.0187 0.414 | 0.4298 -0.0157
10°° 0.450 0.4267 0.0233 0.414 | 0.4249 -0.0108
10° 0.448 0.4221 0.0259 0.414 | 0.4200 -0.0060
107%° 0.440 0.4174 0.0226 0400 | 0.4152 | -0.0152
10* 0.440 0.4128 0.0272 0.390 | 0.4105 -0.0204
10+ 0.430 0.4082 0.0218 0.380 | 0.4058 -0.0258
10 0.420 0.4036 0.0164 0.370 | 0.4012 -0.0311
107° 0.390 0.3990 -0.0090 0.365 | 0.3966 -0.0315
10° 0.358 0.3580 0.0000 0.358 | 0.3580 0.0000

***Yang et al.(1992)
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Table 4.4.3: LiCI-H,O Concentration Deviation Analysis at the Bulk and Interface

BULK @ 0.0 Tesla INTERFACE @ 0.0 Tesla
Absorber | Deviation. | Mean Mean Deviation. | Mean Mean
length X Deviation | Deviation. Deviation | Deviation.
(m) Square Square
X 10 X 10
00r10” | (0000 | 001347 181 00500 | -0.0237 6.92
107> 0.0047 | 0.01347 0.77 00428 | -0.0237 3.65
10” 0.0095 0.01347 0.16 -0.0347 -0.0237 1.21
10 0.0140 0.01347 0.00 -0.0247 -0.0237 0.01
10° 0.0187 0.01347 0.27 -0.0157 -0.0237 0.64
10 0.0233 0.01347 0.97 -0.0108 -0.0237 1.66
10° 0.0259 0.01347 1.55 -0.0060 -0.0237 3.13
10°° 0.0226 | 0.01347 0.83 00152 | -0.0237 0.72
10 0.0272 0.01347 1.89 -0.0204 -0.0237 0.11
10°° 0.0218 0.01347 0.69 -0.0258 -0.0237 0.04
10" 0.0164 0.01347 0.09 -0.0311 -0.0237 0.55
107 -0.0090 | 0.01347 5.05 -0.0315 -0.0237 0.61
10 0.0000 0.01347 1.81 0.0000 -0.0237 5.62
> 15.89 24.87
@ The Bulk, Std. deviation (o) \15.89x107* /13 =1.11 X 10%
@ The Interface, Std. deviation (o) J24.87x107 /13 =1.38 X 10
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Fig. 4.7: Concentration Distribution at the Interface Comparison at 0.0 Tesla
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Fig. 4.7.4: LiCI-H,0O Concentration Distribution at the Interface at 0.0 1.4 and 3.0Tesla

Temperature Distribution within the bulk at various magnetic intensity

As seen in Tables 4.2.4 t0 4.2.7, 4.3.5, 4.3.8 t0 4.4, 4.4.6 t0 4.4.7 couple with Figs 4.2.6 to 4.3.5,
454 t0 458, 4.6.5 t0 4.6.9 and 4.8.3 to 4.8.4 the average temperature changes varies very
slightly with various values of the magnetic induction, and the temperature of solution film is
higher at the inlet than within the bulk at the beginning of absorption process. For the case of
LiBr-H,O the driving force of mass transfer is relatively greater at the inlet of solution, a great
amount of absorbing heat is generated. On the other hand, the cooling water’s temperature is
higher at the inlet of solution because of counter current flow. Both these contribute to the higher
temperature at the entrance of falling solution. The temperature distribution within the bulk and
interface for the two working fluids under consideration when compare with the existing
available literature results, compare well. The percentage deviation for LiBr-H,O at 0.0Tesla
ranges from -1.12-6.56 in the bulk and -6.93 — 2.36 at the interface while at 1.4 and 3.0 Tesla

there was no existing literature results for comparison. For LiCI-H,O at 0.0 Tesla percentage
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deviation ranges from -4.48 to 2.44 in the bulk and -9.69 to 5.52 at the interface while at 1.4 and
3.0 Tesla, there was also no existing literature results both experimental and numerical for
comparison with. For both LiBr-H,O and LiCI-H,O solution, there was no percentage

temperature change in X-direction at both the bulk and interface.

Table 4.4.4: LiCl-H,0 Velocity Changes within the film in X-direction, X = Absorber

length.
Absorber Bulk
length X
(m) Present | Present. | % Present | Present % Changes
Result Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir | @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10® |0.3620 0.3620 0.00 0.3620 0.3620 0.00
10°° 0.3662 0.3671 0.26 0.3662 0.3702 1.09
10° 0.3702 0.3719 0.46 0.3702 0.3775 1.96
104° 0.3742 |0.3765 |0.62 0.3742 | 0.3840 2.63
10* 0.3780 0.3808 0.74 0.3780 0.3897 3.09
103° 0.3818 0.3849 0.82 0.3818 0.3946 3.36
103 0.3854 0.3887 0.85 0.3854 0.3987 3.44
1072° 0.3889 |0.3922 |0.85 0.3889 | 0.4019 3.34
107 0.3924 0.3955 0.80 0.3924 0.4044 3.06
10%° 0.3957 0.3985 0.72 0.3957 0.4060 2.61
10% 0.3989 0.4013 0.60 0.3989 0.4068 1.99
10°9° 0.4020 | 0.4038 |0.44 0.4020 | 0.4068 1.20
10° 0.4050 0.4060 0.25 0.4050 0.4060 0.25
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Fig. 4.7.5: Velocity Changes within the Film in X-direction at 0.0 &1.4Tesla, X = Absorber
length.
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Fig.4.7.7: Velocity Changes within the Film in X-direction at 0.0 & 3.0 Tesla, X = Absorber
length.

4.00

3.50

3.00

2.50

2.00

% Changes

1.50

1.00

0.50

0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Absorber length (m)

Fig.4.7.8: % Velocity Changes within the Film in X-direction at 0.0 & 3.0Tesla, X = Absorber
length.

120



Table 4.4.5: LiCl-H,0 Velocity Changes within the film in X-direction, X = Absorber

length.
Absorber Interface
length X
(m) Present | Present. | % Present | Present % Changes
Result Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir | @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10° 0.3620 0.3620 0.00 0.3620 0.3620 0.00
107°° 0.3662 |0.3671 |0.26 0.3662 | 0.3702 1.10
10° 0.3662 0.3671 0.26 0.3662 0.3702 1.10
10™4° 0.3662 0.3671 0.26 0.3662 0.3702 1.10
10 0.3662 0.3671 0.26 0.3662 0.3702 1.10
1073° 0.3662 |0.3671 |0.26 0.3662 | 0.3702 1.10
103 0.3662 0.3671 0.26 0.3662 0.3702 1.10
102° 0.3662 0.3671 0.26 0.3662 0.3702 1.10
102 0.3662 0.3671 0.26 0.3662 0.3702 1.10
101° 0.3662 |0.3671 |0.26 0.3662 | 0.3702 1.10
10t 0.3662 0.3671 0.26 0.3662 0.3702 1.10
10°° 0.3662 0.3671 0.26 0.3662 0.3702 1.10
10° 0.4050 0.4060 0.25 0.4050 0.4060 0.25
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Table 4.4.6: LiCl-H,O Temperature Changes within the film in X-direction, X = Absorber

length.
Absorber Bulk
length X
(m) Present | Present. | % Present | Present % Changes
Result Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir | @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10® |35.00 35.00 0.00 35.00 35.00 0.00
10°° 34.74 34.74 0.00 34.74 34.74 0.00
10° 34.49 34.49 0.00 34.49 34.49 0.00
104° 34.23 34.23 0.00 34.23 34.23 0.00
10* 33.98 33.98 0.00 33.98 33.98 0.00
103° 33.73 33.73 0.00 33.73 33.73 0.00
107 33.48 33.48 0.00 33.48 33.48 0.00
102 33.24 33.24 0.00 33.24 33.24 0.00
107 32.99 32.99 0.00 32.99 32.99 0.00
101 32.75 32.75 0.00 32.75 32.75 0.00
10% 32.51 32,51 0.00 32.51 32,51 0.00
100 32.27 32.27 0.00 32.27 32.27 0.00
10° 30.00 30.00 0.00 30.00 30.00 0.00
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Fig. 4.8.3: Graph of Temperature Changes within the Film in X-direction, X = Absorber length.

Table 4.4.7: LiBr-H,O Temperature Changes within the film in X-direction, X = Absorber

length.

Absorber Interface

length X

(m) Present Present. % Present Present %
Result Result Changes Result Result Changes
@ 0.0 @14 in X-dir @ 0.0 @3.0 in X-dir
Tesla Tesla Tesla Tesla

0Oor10° |[35.00 35.00 0.00 35.00 35.00 0.00

10°° 38.25 38.25 0.00 38.25 38.25 0.00

10° 37.50 37.50 0.00 37.50 37.50 0.00

10743 36.75 36.75 0.00 36.75 36.75 0.00

10 36.00 36.00 0.00 36.00 36.00 0.00

103 35.25 35.25 0.00 35.25 35.25 0.00
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103 34.50 34.50 0.00 34.50 34.50 0.00
102° 33.75 33.75 0.00 33.75 33.75 0.00
102 33.00 33.00 0.00 33.00 33.00 0.00
10t° 32.25 32.25 0.00 32.25 32.25 0.00
10t 31.50 31.50 0.00 31.50 31.50 0.00
100° 30.75 30.75 0.00 30.75 30.75 0.00
10° 30.00 30.00 0.00 30.00 30.00 0.00
45.00
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35.00 B e )
~ 3000 Il N
¢
; 25.00
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2, 20.00
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Fig. 4.8.4: Graph of Temperature Changes at the Interface in X-direction, X = Absorber length.
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Table 4.4.8: LiCI-H,O Concentration Changes within the film in X-direction, X = Absorber

length.
Absorber Bulk
length X
(m) Present | Present. | % Present | Present % Changes
Result Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir | @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10® |0.450 0.4500 0.00 0.450 0.4500 0.00
10°° 0.4453 | 0.4453 | 0.005 0.4453 0.4454 0.014
10° 0.4406 | 0.4407 | 0.011 0.4406 0.4408 0.032
104° 0.4360 | 0.4361 0.018 0.4360 0.4362 0.060
10* 0.4313 |0.4314 |0.026 0.4313 0.4317 0.090
103° 0.4267 | 0.4268 | 0.035 0.4267 0.4272 0.124
107 0.4221 | 0.4222 0.045 0.4221 0.4227 0.164
102 0.4174 | 0.4177 0.053 0.4174 0.4183 0.196
107 0.4128 | 0.4131 0.061 0.4128 0.4138 0.230
101 0.4082 | 0.4085 | 0.069 0.4082 0.4093 0.260
10% 0.4036 | 0.4039 0.074 0.4036 0.4047 0.283
100 0.3990 | 0.3993 0.078 0.3990 0.4001 0.293
10° 0.3580 | 0.3580 0.00 0.3580 0.3580 0.00
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Fig.4.8.5: Concentration Distribution within the Film in X-direction at 0.0 & 1.4 Tesla, X =
Absorber length.
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Fig.4.8.6: % Concentration Changes within the Film in X-direction at 0.0 & 1.4Tesla, X =
Absorber length.
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Table 4.4.9: LiCl-H,0 Concentration Changes within the film in X-direction

Absorber Interface
length X
(m) Present | Present. | % Present | Present % Changes
Result Result Changes | Result Result in X-dir
@ 0.0 @14 in X-dir | @ 0.0 @3.0
Tesla Tesla Tesla Tesla
Oor10° 0.450 0.4500 0.00 0.450 0.4500 0.00
107°° 0.44486 | 0.44487 | 0.002 0.44486 | 0.44491 | 0.011
10° 0.43978 | 0.43980 | 0.005 0.43978 | 0.43989 0.025
10™4° 0.43476 | 0.43479 | 0.007 0.43476 | 0.43492 0.037
10 0.42979 | 0.42984 | 0.012 0.42979 | 0.43000 0.049
1073° 0.42488 | 0.42494 |0.014 0.42488 | 0.42514 | 0.061
103 0.42003 | 0.42010 | 0.017 0.42003 | 0.42034 0.074
102° 0.41523 | 0.41531 | 0.019 0.41523 | 0.41559 0.087
102 0.41049 | 0.41058 | 0.022 0.41049 | 0.41089 0.098
101° 0.40580 | 0.40590 |0.025 0.40580 |0.40625 |0.111
10t 0.40116 | 0.40128 | 0.030 0.40116 | 0.40166 0.125
10°° 0.39658 | 0.39671 | 0.033 0.39658 | 0.39712 0.136
10° 0.35800 | 0.35800 | 0.00 0.35800 | 0.35800 0.000
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Fig.4.8.9: Concentration Changes at the Interface in X-direction from 0.0 to 1.4 Tesla, X =
Absorber length.
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Fig.4.9: % Concentration Changes at the Interface in X-direction at 0.0 & 1.4 Tesla, X =
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Fig.4.9.1: Concentration Changes at the Interface in X-direction at 0.0 & 3.0Tesla, X = Absorber
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Fig. 4.9.2: % Concentration Changes at the Interface in X-direction from 0.0 to 3.0 Tesla, X =
Absorber length.

132



4.5: Numerical Results in the direction of the film thickness (&)

One may also be interested in the velocity, temperature and concentration distributions in
the direction of the smooth film thickness when enhanced with magnetic intensity. Below are the
results of the investigation. The velocity along the liquid film thickness direction at sections
X=0.25m, 0.50m and X=0.75m in three different magnetic induction intensities are shown in
Tables 4.5.3 t0 4.5.5, 4.6.2 to 4.6.4 and Figures 4.9.3 to 4.10.7 and 4.12.6 to 4.14 respectively. A
dimensionless parameter of y/ & is used as the abscissa. It is seen from Tables 4.5.3 to 4.5.5, 4.6.2
to 4.6.4 and Figures 4.9.3 to 4.10.7 and 4.12.6 to 4.14 that with the increase of the magnetic
induction (£ ), the velocity increases at X= 0.25m, 0.5m up to at X= 0.75m for both LiBr and

LiCl-water solution. This could be explained as follows; At the inlet section, absorption just
began in an intense way and the film thickness is very thin, the absorption enhancement effect by
magnetic field is obvious, turbulence in direction of thickness therefore are more intense due to
the above mentioned reasons. The turbulence becomes weaker with the increase of the film

thickness and the absorption enhancement. Hence, the velocity v is higher in stronger 5 at

X=0.50 and 0.75m respectively. Velocity variations along the thickness direction at the three
selected sections have the tendency of increasing from absorber wall to the vapour-liquid
interface as established. This indicates that the refrigerants vapour in the two working fluids
permeates towards the inner solution from the vapour-liquid interface. When the liquid film
drops, the increase in velocity is slowed down. It shows that the absorption has been weakening
gradually towards the outlet of the solution resulting in the lower concentration at X= 0.5, 0.75m
than at X=0.25m as shown in the Tables 4.5.9 to 4.6.1, 4.6.8 to 4.7 and Figures 4.11.1 to 4.12.5
and 4.14.4t04.15.8

For the case of temperature distributions in LiBr-H,O solution, there was no noticeable
temperature change in the temperature apart from the sudden temperature rise at y/6 = 0.33
within the bulk at absorber wall length X=0.25, 0.5 and 0.75m levels, perhaps as a result of high
inlet temperature than that of absorber wall temperature. However for LiCI-H,O solution, there
was no sudden up-rise of temperature observed at y/ 6 = 0.33 within the bulk at absorber wall
length X=0.25, 0.5 and 0.75m levels like that of the LiBr-H,O solution. This might be due to the
same inlet temperature as that of the absorber wall temperature. Tables 4.5.6 to 4.5.8, 4.6.5 to
4.6.7 and Figures 4.10.8 to 4.11 and 4.14.1 to 4.14.3 also show that with the increase of £ from

0.0T to 1.4T and from 0.0T to 3.0T velocity increases gradually at X=0.25, 0.5 and 0.75m level
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of the absorber wall length. Concentration distribution for both LiBr-H,O and LiCI-H,O solution

also increases as the values of g increase from 0.0T to 1.4T and from 0.0T to 3.0Tesla. It also

increases from the wall length up to y/ & = 0.58 film thickness before undergoing a reduction at
the interface. Tables 4.5.3 to 4.5.5, 4.6.2 to 4.6.4 and Figures 4.9.3 to 4.10.7 and 4.12.6 to 4.14
also show the percentage velocity changes in the film thickness direction for both LiBr-H,O and

LiCI-H,O solution at X=0.25, 0.5 and 0.75m. The percentage velocity changes when S was

increased from 0.0 to 1.4T also increase from 0.0 suddenly up to 0.85 before gradually dying
down to 0.71 at the interface. When the magnetic induction was increased from 0.0 to 3.0T,
percentage velocity change rises from 0.0 suddenly to 2.22 and reduced down to 1.86 at the
interface. This result confirms the establishment of magnetic field enhancement effect on the two
working fluids. For the case of Temperature, there was no percentage changes in Y -direction at
X=0.25m, 0.5m and 0.75m absorber length for the two working fluids. Tables 4.5.9 to 4.6.1,
4.6.8 t0 4.7 and Figures 4.11.1 to 4.12.5 and 4.14.4 to 4.15.8 show the percentage concentration
changes in the film thickness (o) direction () at X=0.25, 0.5 and 0.75m level for both LiBr—
H,0 and LiCI-H,0 solutions. At X=0.25m level percentage concentration changes for LiBr-H,O
solution when magnetic induction was increased from 0.0 to 1.4T rises from 0.00 suddenly to
0.67 due to the intense of the absorption rate as a result of the magnetic field force and gradually
reduced to 0.26 at the interface while that of 0.0T to 3.0T also suddenly rises from 0.0 to 1.77as a
result of the same above mentioned reasons and gradually dying down to 0.67 at the interface. A
closer look at the Tables shows that the absorption rate increases tremendously when the
magnetic induction increase from 0.0 to 1.4T and up to 3.0T respectively. Thus the result
establishes positive influence of the magnetic field enhancement on the working fluids. This
same remark also applies to the LiCl-H,O solution. For Temperature distribution in LiCI-H,O
solution shown in Tables 4.5.6 to 4.5.8, 4.6.5 to 4.6.7 and Figures 4.10.8 to 4.11 and 4.14.1 to
4.14.3, there was no percentage Temperature change. This, in addition to the earlier mentioned
reason might also be due to non-inclusion of heat in the magnetism effect. Tables 4.5 to 4.5.2
summarized the COP analysis of both the LiBr and LiCl solutions absorption Refrigeration

systems.
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4.5.1: COP analysis of LiBr and LiCl solutions absorption Refrigeration systems

Coefficient of Performance (COP) for LiBr-water absorption Refrigeration
From Table 4.2.9 above

At 0.0 Tesla, COP = @ =0.9152
0.600

At 1.4 Tesla, COP = @ =0.9166
0.600

At 3.0 Tesla, COP = @ =0.918
0.600

Increment at 1.4 Tesla= 0.9166 — 0.9152 = 0.0014 = 0.1%
Increment at 3.0 Tesla = 0.9186 — 0.9152 = 0.0034 = 0.3%

Coefficient of Performance (COP) for LiCl-water absorption Refrigeration
From Table 4.3.6 above

At 0.0 Tesla, COP = 9339 _ 0.8867
0.450

At 1.4 Tesla, COP= @ =0.8873
0.450

At 3.0 Tesla, COP = Ll @ 0.8890
0.450

Increment at 1.4Tesla = 0.8873 — 0.8867 = 0.0006 = 0.1%
Increment at 3.0Tesla = 0.889 — 0.887 = 0.002 =0.2%
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Comparison of COP increment of LiBr and LiCl Solutions at 1.4 and 3.0Tesla

Table 4.5: Percentage increment of coefficient of Performance (COP) @ 1.4 Tesla

LiBr Solution % increment
of COP at 1.4 Tesla

LiCl Solution % increment
of COP at 1.4 Tesla

0.1

0.1

Table 4.5.1: Percentage incre

ment of coefficient of Performance (COP) @ 3.0 Tesla

LiBr Solution % increment
of COP at 3.0 Tesla

LiCl Solution % increment
of COP at 3.0 Tesla

0.3

0.2

Table 4.5.2: LiBr & LiCl COP increments at 3.0 Tesla T-Test analysis

Independent Samples Test

Levene's Test
for Equality of
Variances t-test for Equality of Means
Sig. 95% Confidence Interval of
(2- Mean |Std. Error the Difference
F Sig. t df |tailed)|Difference|Difference| Lower Upper
Percentage Equal
Increment of variances []113.293| .000(1.123E16 24| .000 .1000 .0000] .1000 .1000
COP @ 3.0 assumed
Tesla Equal
variances
. 1.123E16]23.361| .000 .1000 .0000| .1000 .1000
no
assumed
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4.5.3: Tabular and Graphical representation of the results in the direction of film thickness

Table.4.5.3: LiBr-H,0: Velocity Changes in the direction of film thickness (6 ) @ X=0.25m

BULK

Yié Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |0.0000 |0.00 0.00 0.0000 0.0000 0.00
0.08 |0.0113 0.0116 2.72 0.0113 0.0127 12.24
017 |0.0222 0.0228 2.63 0.0222 0.0248 11.84
0.25 |0.0325 0.0333 2.55 0.0325 0.0362 11.48
0.33 | 0.0421 0.0431 2.49 0.0421 0.0468 11.18
042 |0.0508 |0.0520 2.43 0.0579 0.0563 10.93
050 | 0.0585 0.0599 2.39 0.0585 0.0648 10.73
058 |0.0650 |0.0666 2.35 0.0650 0.0719 10.56
0.67 0.0704 0.0720 2.33 0.0704 0.0777 10.43
0.75 |0.0744 0.0762 2.30 0.0744 0.0821 10.34
083 |0.0772 0.0789 2.29 0.0771 0.0851 10.29
0.92 |0.0785 |0.0803 2.29 0.0785 0.0866 10.26
1.00 |0.0785 |0.0803 2.29 0.0785 0.0866 10.26
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Fig. 4.9.4: Graph of % Velocity Changes in the Direction of Film Thickness at X= 0.25m
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Table 4.5.4: LiBr-H,0: Velocity Changes within the direction of film thickness (5) at
X=0.50m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |0.0000 | 0.0000 0.00 0.000 0.0000 0.00
0.0 |0.0113 |0.0116 2.72 0.0113 0.0126 12.24
0.17 |0.0222 | 0.0228 2.63 0.0222 0.0248 11.83
025 |0.0325 | 0.0330 2.55 0.0325 0.0362 11.48
033 |0.0421 |0.0431 2.49 0.0421 0.0468 11.18
0.42 |0.0508 | 0.0520 2.43 0.0508 0.0564 10.93
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050 |00585 [00599 [239 0.0585 |0.0647 | 10.72
058 | 0.0650 0.0666 2.35 0.0650 0.0719 10.56
0.67 |0.0704 0.0720 2.33 0.0704 0.0777 10.43
0.75 |0.0744 0.0762 2.31 0.0744 0.0821 10.34
0.83 |0.0772 0.0789 2.29 0.0772 0.0851 10.29
0.92 |0.0785 0.0803 2.29 0.0785 0.0866 10.26
100 |0.0785 0.0803 2.29 0.0785 0.0866 10.26
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Fig.4.9.8: Graph of Velocity of Changes within the Film in the Direction of Film Thickness at
X=0.50m
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X=0.50m
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Fig.4.10.2: Graph of Velocity Distribution in the Direction of Film Thickness at X =0.50m
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Table 4.5.5: LiBr-H,0: Velocity Changes within the direction of film thickness (&) at
X=0.75m

BULK

Y/o Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 | 0-0000 0.0000 0.00 0.000 0.0000 0.00
0.08 |0.0113 0.0116 2.72 0.0113 0.0126 12.24
0.17 | 0.0222 0.0228 2.63 0.0222 0.0248 11.83
0.25 |0.0325 |0.0330 2.55 0.0325 0.0362 11.48
0.33 |0.0421 0.0431 249 0.0421 0.0468 11.18
0.42 | 0.0508 0.0520 243 0.0508 0.0564 10.93
050 |0.0585 |0.0599 2.39 0.0585 0.0647 10.72
0.58 | 0.0650 0.0666 2.35 0.0650 0.0719 10.56
0.67 |0.0704 0.0720 2.33 0.0704 0.0777 10.43
0.75 | 0.0744 0.0762 231 0.0744 0.0821 10.34
0.83 |0.0772 0.0789 2.29 0.0772 0.0851 10.29
0.92 |0.0785 0.0803 2.29 0.0785 0.0866 10.26
100 |[0.0785 0.0803 2.29 0.0785 0.0866 10.26
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Fig.4.10.4: Graph of % Velocity Changes within the Film in the Direction of Film Thickness at
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Fig.4.10.6: Graph of % Velocity Change within the Film in the Direction of Film Thickness at
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Table 4.5.6: LiBr-H,0: Temperature Changes in the direction of film thickness (&) at
X=0.25m

BULK

YIS [Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |35.00 35.00 0.00 35.00 35.00 0.00
0.08 |3519 35.19 0.00 35.19 35.19 0.00
0.17 | 3519 35.19 0.00 35.19 35.19 0.00
025 | 3519 35.19 0.00 35.19 35.19 0.00
033 |37.55 37.55 0.00 37.55 37.55 0.00
0.42 | 3519 35.19 0.00 35.19 35.19 0.00
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050 13519 [3519 [0.00 3519 | 35.19 0.00
058 | 3519 [3519 |0.00 3519 | 35.19 0.00
067 13519 [3519  [0.00 3519 | 35.19 0.00
075 |3519 [3519  [0.00 3519 | 35.19 0.00
083 |3519 [3519 |0.00 3519 | 35.19 0.00
0.92 |3519 35.19 0.00 35.19 35.19 0.00
100 13519 [3519  [0.00 3519 | 35.19 0.00
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Fig.4.10.8: Graph of Temperature Changes within the Film in the Direction of Film Thickness at
X=0.25m
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Table 4.5.7: LiBr-H,0: Temperature Changes in the direction of film thickness (&) at
X=0.50m

BULK

Yi§ Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |3°:00 35.00 0.00 35.00 35.00 0.00
0.08 |3°13 35.13 0.00 35.13 35.13 0.00
0.17 |3513 35.13 0.00 35.13 35.13 0.00
025 |35.13 35.13 0.00 35.13 35.13 0.00
0.33 |36.70 36.70 0.00 36.70 36.70 0.00
0.42 |3513 35.13 0.00 35.13 35.13 0.00
050 |3513 35.13 0.00 35.13 35.13 0.00
058 |3913 35.13 0.00 35.13 35.13 0.00
0.67 |3913 35.13 0.00 35.13 35.13 0.00
0.75 | 3513 35.13 0.00 35.13 35.13 0.00
083 |3513 35.13 0.00 35.13 35.13 0.00
0.92 |[3513 35.13 0.00 35.13 35.13 0.00
100 [3513 35.13 0.00 35.13 35.13 0.00
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Fig.4.10.9: Graph of Temperature Changes within the Film in the Direction of Film Thickness at
X=0.50m

Table 4.5.8: LiBr-H,0: Temperature Changes in the direction of film thickness (&) at
X=0.75m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |35.00 35.00 0.00 35.00 35.00 0.00
0.08 |3506 35.06 0.00 35.06 35.06 0.00
0.17 | 35.06 35.06 0.00 35.06 35.06 0.00
0.25 | 35.06 35.06 0.00 35.06 35.06 0.00
033 |3585 35.85 0.00 35.85 35.85 0.00
0.42 | 3506 35.06 0.00 35.06 35.06 0.00
050 | 35.06 35.06 0.00 35.06 35.06 0.00
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Fig.4.11: Graph of Temperature Changes within the Film in the Direction of Film Thickness at
X=0.75m
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Table 4.5.9: LiBr-H,0: Concentration Changes in the direction of film thickness (o) at
X=0.25m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |0.0000 | 0.0000 0.00 0.0000 0.0000 0.00
0.0g |0.0859 |0.0879 2.33 0.0859 0.0948 10.31
0.17 |0.1483 |0.1512 1.96 0.1483 0.1611 8.65
025 |0.1949 |0.1982 1.71 0.1949 0.2095 7.47
033 |0.2303 |0.2338 1.52 0.2303 0.2455 6.60
0.42 |0.2575 |0.2610 1.38 0.2575 0.2728 5.96
050 |0.2784 |0.2819 1.27 0.2784 0.2936 5.48
058 |0.2943 |0.2978 1.18 0.2943 0.3093 511
0.67 |0-3061 |0.3095 1.13 0.3061 0.3209 4.85
075 |0.3145 |0.3179 1.08 0.3145 0.3291 4.67
083 |0.3198 |0.3232 1.06 0.3198 0.3344 4.55
0.92 |0.3224 |0.3258 1.04 0.3224 0.3369 4.50
100 |0.3224 |0.3258 1.05 0.3224 0.3369 4.50
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Fig.4.11.5: Graph of Concentration Distribution in the Direction of Film Thickness at X=0.25m

Table 4.6: LiBr-H,0: Concentration Changes in the direction of film thickness (&) at
X=0.50m

BULK

YIS | Present |Present. | % Present | Present | % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @ 0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 | 0-0000 0.0000 0.00 0.0000 0.0000 0.00
0.08 0.0123 0.0129 472 0.0123 0.0150 21.72
0.17 0.0367 0.0381 3.96 0.0367 0.0433 18.04
0.25 | 0.0633 0.0655 3.46 0.0633 0.0731 15.50
0.33 | 0.0884 0.0911 3.06 0.0884 0.1005 13.64
0.42 0.1105 0.1135 2.77 0.1105 0.1240 12.27
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0.50 0.1291 0.1324 2.55 0.1291 0.1437 11.25
058 | 01443 [0.1478 |[2.38 0.1443 [0.1595 | 10.49
0.67 |0.1561 | 0.1597 2.26 0.1561 0.1717 9.94
0.75 |0.1648 |0.1684 2.19 0.1648 0.1806 9.56
0.83 0.1705 0.1741 2.13 0.1705 0.1863 9.32
0.92 |0.1732 0.1769 2.10 0.1732 0.1892 9.20
100 |0.1732 0.1769 2.10 0.1732 0.1892 9.20
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= 14.00
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%13.00
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= —4— Present Result @ 0.0 Tesla
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Y/Film Thickness

Fig.4.11.6: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.50m
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Fig.4.11.7: Graph of % Concentration Changes within the Film in the Direction of Film
Thickness at 0.0 & 1.4Tesla
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Fig.4.11.8: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.50m
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Fig.4.11.9: Graph of % Concentration Changes within the Film in the Direction of Film
Thickness at 0.0 & 3.0Tesla
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Fig.4.12: Graph of Concentration Distribution in the Direction of Film Thickness at X=0.50m
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Table 4.6.1: LiBr-H,0: Concentration Changes in the direction of film thickness (o)
X=0.75m

BULK

Y/o Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 | 0-0000 0.0000 0.00 0.0000 0.0000 0.00
0.08 |0.0018 0.0019 6.82 0.0018 0.0024 34.09
0.17 |0.0091 | 0.0096 6.08 0.0091 0.0116 28.29
0.25 | 0.0206 0.0216 521 0.0206 0.0255 24.14
0.33 | 0.0339 0.0355 4.63 0.0339 0.0411 21.17
0.42 |0.0474 0.0494 4.18 0.0474 0.0564 18.97
050 |0.0599 |0.0622 3.86 0.0599 0.0703 17.35
058 |0.0708 0.0733 3.60 0.0708 0.0822 16.14
0.67 |0.0796 0.0824 3.42 0.0796 0.0918 15.28
0.75 |0.0864 |0.0892 3.28 0.0864 0.0990 14.67
0.83 |0.0909 |0.0938 3.21 0.0909 0.1038 14.30
0.92 |0.0931 0.0960 3.16 0.0931 0.1062 14.11
100 |0.0931 0.0960 3.17 0.0931 0.1062 14.11
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Fig.4.12.2: Graph of % Concentration Changes within the Film in the Direction of Film
Thickness at 0.0 & 1.4Tesla
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Fig.4.12.3: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.75m
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Fig.4.12.4: Graph of % Concentration Changes within the Film Thickness at 0.0 & 3.0 Tesla
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Fig.4.12.5: Graph of Concentration Distribution in the Direction of Film Thickness at X=0.75m

Table 4.6.2: LiCI-H,0: Velocity Changes in the direction of film thickness (6) at X=0.25m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |0.0000 |0.0000 0.00 0.000 0.0000 0.00
0.0 |0.0113 |0.0115 1.88 0.0113 0.0122 8.69
0.17 |0.0222 | 0.0226 1.82 0.0222 0.0240 8.40
025 |0.0325 | 0.0331 1.76 0.0325 0.0351 8.15
033 |0.0421 |0.0428 1.72 0.0421 0.0454 7.94
0.42 |0.0508 | 0.0516 1.68 0.0508 0.0547 7.76
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050 | 00585 |00594 |165 0.0585 |0.0629 | 7.62
058 | 0.0650 0.0661 1.62 0.0650 0.0699 7.50
0.67 0.0704 0.0715 1.60 0.0704 0.0756 7.41
0.75 0.0744 0.0756 1.59 0.0744 0.0799 7.35
0.83 0.0772 0.0784 1.58 0.0772 0.0828 7.31
0.92 0.0785 0.0797 1.57 0.0785 0.0842 7.29
1.00 0.0785 0.0797 1.57 0.0785 0.0842 7.29
9
8
7
% 6
g s
S
X 4 —4—Present Result @ 0.0 Tesla
B 3 =fli—Present Result @ 1.4 Tesla
S
2
1

0] 0.2 0.4 0.6 0.8 1 1.2

Y/Film Thickness

Fig.4.12.6: Graph of Velocity Changes within the Film in the Direction of Film Thickness at X
=0.25m
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Fig.4.12.9: Graph of % Velocity Changes within the Film in the Direction of Film Thickness at
0.0 & 3.0Tesla
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Fig.4.13: Graph of Velocity Distribution in the Direction of Film Thickness at X=0.25m
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Table 4.6.3: LiCI-H,0: Velocity Changes in the direction of film thickness (o) at X=0.50m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |0.0000 | 0.0000 0.00 0.000 0.0000 0.00
0.0g |0.0113 |0.0115 1.88 0.0113 0.0122 8.70
0.17 |0.0222 |0.0226 1.82 0.0222 0.0240 8.40
025 |0.0325 |0.0331 1.76 0.0325 0.0351 8.15
033 |0.0421 |0.0428 1.71 0.0421 0.0454 7.94
0.42 |0.0508 | 0.0517 1.68 0.0508 0.0547 7.76
050 |0.0585 |0.0594 1.65 0.0585 0.0629 7.62
058 |0.0650 | 0.0661 1.62 0.0650 0.0699 7.50
0.67 |0.0704 |0.0715 1.60 0.0704 0.0756 7.41
0.75 |0.0744 | 0.0756 1.59 0.0744 0.0799 7.35
083 |0.0772 |0.0784 1.58 0.0772 0.0828 7.31
0.92 |0.0785 |0.0797 1.57 0.0785 0.0842 7.29
1.00 |0.0785 |0.0797 1.57 0.0785 0.0842 7.29
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Fig.4.13.1: Graph of Velocity Changes within the Film in the Direction of Film Thickness at
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Fig.4.13.2: Graph of % Velocity Changes within the Film in the Direction of Film Thickness at
0.0 & 1.4Tesla
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Fig.4.13.4: Graph of % Velocity Changes within the Film in the Direction of Film Thickness at
0.0 & 3.0 Tesla
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Fig.4.13.5: Graph of Velocity Distribution in the Direction of Film Thickness at X=0.50m

Table 4.6.4: LiCI-H,0: Velocity Changes in the direction of film thickness (¢ ) at X=0.75m

BULK

YIS [Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 | 0.000 0.0000 0.00 0.000 0.0000 0.00
0.0g |0.0113 |0.0115 1.88 0.0113 0.0122 8.70
0.17 |0.0222 |0.0226 1.82 0.0222 0.0240 8.40
025 |0.0325 |0.0331 1.76 0.0325 0.0351 8.15
033 |0.0421 |0.0428 1.71 0.0421 0.0454 7.94
0.42 |0.0508 | 0.0517 1.68 0.0508 0.0547 7.76
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050 |00585 [0.0594 [1.65 0.0585 [0.0629 [7.62
058 | 0.0650 0.0661 1.62 0.0650 0.0699 7.50
0.67 0.0704 0.0715 1.60 0.0704 0.0756 741
0.75 0.0744 0.0756 1.59 0.0744 0.0799 7.35
083 |00772 [0.0784 [158 00772 [0.0828 [ 7.31
0.92 0.0785 0.0797 1.57 0.0785 0.0842 7.29
1.00 0.0785 0.0797 1.57 0.0785 0.0842 7.29
9
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Fig.4.13.6: Graph of Velocity Changes within the Film in the Direction of Film Thickness at
X=0.75m
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Fig.4.14: Graph of Velocity Distribution in the Direction of Film Thickness at 0.75m
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Table 4.6.5: LiCI-H,0: Temperature Changes in the direction of film thickness (&) at
X=0.25m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |35.00 35.00 0.00 35.00 35.00 0.00
0.08 |30.17 30.17 0.00 30.17 30.17 0.00
0.17 |30.17 30.17 0.00 30.17 30.17 0.00
025 |30.17 30.17 0.00 30.17 30.17 0.00
033 |30.17 30.17 0.00 30.17 30.17 0.00
042 |30.17 30.17 0.00 30.17 30.17 0.00
050 |30.17 30.17 0.00 30.17 30.17 0.00
058 |30.17 30.17 0.00 30.17 30.17 0.00
0.67 |30.17 30.17 0.00 30.17 30.17 0.00
0.75 |30.17 30.17 0.00 30.17 30.17 0.00
083 |30.17 30.17 0.00 30.17 30.17 0.00
0.92 |30.17 30.17 0.00 30.17 30.17 0.00
1.00 | 3225 32.25 0.00 32.25 32.25 0.00
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Fig.4.14.1: Graph of Temperature Distribution in the Direction of Film Thickness at X=0.25m

Table 4.6.6: LiCI-H,0: Temperature Changes in the direction of film thickness (&) at
X=0.50m

BULK

YIS [Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |35.00 35.00 0.00 35.00 35.00 0.00
0.0s |30.11 30.11 0.00 30.11 30.11 0.00
0.17 |30.11 30.11 0.00 30.11 30.11 0.00
025 |30.11 30.11 0.00 30.11 30.11 0.00
033 |30.11 30.11 0.00 30.11 30.11 0.00
042 |30.11 30.11 0.00 30.11 30.11 0.00
050 |30.11 30.11 0.00 30.11 30.11 0.00
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058 |3011 [3011 [0.00 3011 |30.11 0.00
067 |3011 [3011 [0.00 3011 | 30.11 0.00
075 |3011 [3011 [0.00 30.11 | 30.11 0.00
083 |3011 [3011 [0.00 30.11 | 3011 0.00
092 |3011 [3011 [0.00 30.11 | 30.11 0.00
1.00 |31.50 31.50 0.00 31.50 31.50 0.00
36.00
35.00 |
34.00 ||
T 3300 ||
£ |
g '.I' —&—Present Result (@ 0.0 Tesla
E 32.00 '.I'I ——Present Result (@ 1.4 Tesla
= | ﬂ Present Result (@ 3.0 Tesla
31.00
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Fig.4.14.2: Graph of Temperature Changes within the Film in the Direction of Film Thickness at
X=0.50m
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Table 4.6.7 LiCI-H,0: Temperature Changes in the direction of film thickness (o) at
X=0.75m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |35.00 35.00 0.00 35.00 35.00 0.00
0.08 |30.05 30.05 0.00 30.05 30.05 0.00
0.17 |30.05 30.05 0.00 30.05 30.05 0.00
0.25 |30.05 30.05 0.00 30.05 30.05 0.00
033 |30.05 30.05 0.00 30.05 30.05 0.00
0.42 | 30.05 30.05 0.00 30.05 30.05 0.00
050 |30.05 30.05 0.00 30.05 30.05 0.00
058 |30.05 30.05 0.00 30.05 30.05 0.00
0.67 |30.05 30.05 0.00 30.05 30.05 0.00
0.75 |30.05 30.05 0.00 30.05 30.05 0.00
083 |30.05 30.05 0.00 30.05 30.05 0.00
0.92 |30.05 30.05 0.00 30.05 30.05 0.00
1.00 |30.75 30.75 0.00 30.75 30.75 0.00
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Fig.4.14.3: Graph of Temperature Changes within the Film in the Direction of Film Thickness at
X=0.75m

Table 4.6.8: LiCIl-H,0: Concentration Changes in the direction of film thickness (&) at
X=0.25m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |0.0000 | 0.0000 0.00 0.0000 0.0000 0.00
0.08 |0.0593 | 0.0603 1.64 0.0593 0.0638 7.47
0.17 |0.1034 |0.1050 1.39 0.1034 0.1101 6.35
025 |0.1369 | 0.1386 1.22 0.1369 0.1445 5.53
033 |0.1627 |0.1645 1.09 0.1627 0.1707 4.92
0.42 |0.1827 |0.1845 0.99 0.1827 0.1909 4.47
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050 |0.1982 [0.1999 [0.91 0.1982 [0.2063 |4.12
058 | 02100 [02118 |0.86 02100 |0.2181 | 3.86
0.67 |0.2186 | 0.2206 0.81 0.2186 0.2269 3.67
0.75 | 0.2251 0.2269 0.77 0.2251 0.2331 3.55
0.83 |0.2292 0.2309 0.77 0.2292 0.2371 3.46
0.92 |0.2311 0.2329 0.76 0.2311 0.2391 3.42
100 |0.2311 0.2329 0.76 0.2311 0.2390 3.42
25.00
20.00
S
% 15.00
g
E 10.00 —¢o—Present Result (@ 0.0 Tesla
E ——Present Result (@ 1.4 Tesla
5
5.00
0.00

0.00 020 040 0060 080 1.00 1.20
Y/Film Thickness

Fig.4.14.4: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.25m
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Fig.4.14.5: Graph of % Concentration Changes within the Film in the Direction of Film
Thickness at 0.0 & 1.4Tesla
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Fig.4.14.6: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.25m
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Fig.4.14.7: Graph of % Concentration Changes within the Film in the Direction of Film
Thickness at 0.0 & 3.0Tesla
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Fig.4.14.8: Graph of Concentration Distribution in the Direction of Film Thickness at X=0.25m

180



Table 4.6.9: LiCI-H,0: Concentration Changes in the direction of film thickness (o) at
X=0.50m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |0.0000 | 0.0000 0.00 0.0000 0.0000 0.00
0.0g |0.0078 | 0.0081 3.33 0.0078 0.0090 15.47
0.17 |0.0238 |0.0244 2.82 0.0238 0.0269 13.13
025 |0.0417 | 0.0427 2.45 0.0417 0.0464 11.35
033 |0.0588 | 0.0601 2.19 0.0588 0.0648 10.10
0.42 |0.0742 | 0.0756 2.00 0.0742 0.0809 9.14
050 |0.0872 |0.0888 1.83 0.0872 0.0946 8.43
058 |0.0979 | 0.0997 1.73 0.0979 0.1057 7.88
0.67 |0.1064 |0.1082 1.64 0.1064 0.1144 7.49
0.75 |0.1126 |0.1144 1.58 0.1126 0.1207 7.20
083 |0.1167 |0.1185 1.54 0.1167 0.1249 7.04
0.92 |0.1187 |0.1205 1.53 0.1187 0.1269 6.95
100 |0.1187 |0.1205 1.52 0.1187 0.1269 6.94
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Fig.4.14.9: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.50m
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Fig.4.15: Graph of % Concentration Changes within the Film in the Direction of Film Thickness
at 0.0 & 1.4Tesla
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Fig.4.15.1: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.50m
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Fig.4.15.2: Graph of % Concentration Changes within the Film in the Direction of Film
Thickness at 0.0 & 3.0Tesla
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Table 4.7: LiCI-H,0: Concentration Changes in the direction of film thickness (&) at
X=0.75m

BULK

YIS Present | Present. | % Present | Present % Changes

Result Result Changes | Result Result in Y-dir

@ 0.0 @14 inY-dir | @0.0 @3.0

Tesla Tesla Tesla Tesla
0.00 |0.0000 |0.0000 0.00 0.0000 0.0000 0.00
0.08 |0.0010 |0.0011 4.85 0.0010 0.0013 24.27
0.17 | 0.0055 | 0.0057 4.21 0.0055 0.0066 20.33
025 |0.0127 | 0.0131 3.71 0.0127 0.0149 17.52
033 |0.0213 |0.0220 3.29 0.0213 0.0246 15.52
0.42 |0.0301 |0.0310 3.02 0.0301 0.0343 14.03
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050 |0.0384 0.0395 2.76 0.0384 0.0434 12.89
058 | 0.0457 0.0469 2.58 0.0457 0.0512 12.05
0.67 |0.0518 0.0530 2.45 0.0518 0.0577 11.42
0.75 | 0.0563 0.0577 2.38 0.0563 0.0625 11.01
0.83 | 0.0594 0.0608 2.32 0.0594 0.0658 10.74
0.92 | 0.0610 0.0624 2.28 0.0610 0.0674 10.60
100 |0.0610 0.0624 2.30 0.0610 0.0674 10.62
7.00
6.00
S 5.00
% 4.00
S
:E 3.00 —+—Present Result @ 0.0 Tesla
g ~B—Present Result @ 1.4 Tesla
C 200
1.00
0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Y/Film Thickness

Fig.4.15.4: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.75m
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Fig.4.15.5: Graph of % Concentration Changes within the Film in the Direction of Film
Thickness at 0.0 & 1.4Tesla
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Fig.4.15.6: Graph of Concentration Changes within the Film in the Direction of Film Thickness
at X=0.75m
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Fig.4.15.8: Graph of Concentration Distribution in the Direction of Film Thickness at 0.75m
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1: Conclusions

The absorption process modeling of a smooth thin-liquid falling-film in a cooling system
using Lithium bromide-water and Lithium chloride-water solutions in a magnetic field
enhancement medium has been undertaken. The physical model for the magnetic field
enhancement of the absorption cooling-system using lithium bromide water and lithium chloride
water has been developed. The ensuing equations were developed from the conservation laws for
mass, momentum, energy, concentration or species and the mass transport equations. The
changes in physical properties of the two working fluids in the absorption process, the variation
of falling film within the smooth thin-liquid film thickness along falling and the convection in
the direction of thickness of liquid film were considered in the modeling. Distributions of
parameters in falling-film absorption, such as velocity, temperature and concentration in the
application of magnetic field were obtained. The distributions of the parameters were obtained in
both the direction of falling-film and across the film thickness.

The numerical results obtained show that magnetic field can improve the performance of
lithium bromide-water and lithium chloride-water falling film absorption, and the absorption
strengthening effect increases with the enhancement of magnetic intensity. In this work the
strengthening effect is limited within the magnetic field intensity of 0-3Tesla, but there are trends
of absorption strengthening effect increasing more in stronger magnetic fields. Macroscopic
magnetic field force was introduced in the mathematical model to reflect the influence of
magnetic field on lithium bromide water and lithium chloride water absorption, while the

microcosmic impact of magnetic field was not considered in this work.
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5.2: Recommendations

This work has limited its scope of study to only two working fluid-pairs i.e lithium
bromide and lithium chloride solutions out of numerous available absorption working fluids
pairs. A few of such additional working fluid pairs are Ammonia-water solution, HFC-
dimethylethylenurea [DMEU], NHs-SrCl,, ethylene glycol solution and Ammonia-water sodium
hydroxide mixtures, although the literature survey indicated that of all these absorption working-
fluid pairs, the working fluid pairs used in the present study were rated the best. It has also
limited its scope in the adopted solution method used to only finite difference method out of all
the available numerical methods such as finite element method, finite volume, boundary element
method, Monte Carlo technique, vortex method etc; due to the fact that finite difference had been
proved reliable from the literature and quite adequate for the flow under consideration.

Out of the three kinds of methods of absorption enhancement and five different
categories of researchable areas on nano-fluids/nano-particles in absorbent form of absorption
enhancement study which falls under the third kind of enhancement, magnetic field form of
enhancement is seldom mentioned in the literature, this work has limited its scope to this seldom
mentioned form of absorption enhancement in the investigation.

With earlier mentioned objectives of this work, the followings recommendations are being made.
%+ The model developed in this work for the magnetic field enhancement of the absorption
cooling-system using lithium bromide-water and lithium chloride-water has been
established and therefore recommended for usage in investigating the magnetic field
effect on other available working fluids in absorption refrigeration.

% Improvement in the performance of lithium bromide-water and lithium chloride-water
falling film absorption, and absorption strengthening increasing with the enhancement of
magnetic induction intensity has also been established.

%+ Positive effect of macroscopic magnetic field force on the two working fluids used was
also demonstrated.

% The Coefficient of Performance (COP) of LiBr and LiCl solutions absorption
refrigeration systems was established to have increased by 0.3% and 0.2%, respectively,

when magnetic induction was 3.0 Tesla.
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The following areas are therefore worthy of further research work:

R/
L X4

X/
°e

Experimental validation of the developed model for the magnetic field enhancement of
the absorption cooling-system using lithium bromide-water and lithium chloride-water
Investigation of microcosmic impact of magnetic field on lithium bromide-water and
lithium chloride-water absorption refrigeration.

Development of magnetic field enhancement absorption process model using any other
absorption refrigeration working fluids apart from lithium bromide, lithium chloride-
water and ammonia-water solutions.

Adoption of any other numerical solution method such as finite element method, finite
volume, boundary element method, Monte Carlo technique, vortex method etc on

absorption enhancement modeling study.
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APPENDIX A

DEVELOPMENT OF THE MODEL EQUATIONS

a. Development of Magnetic field enhanced velocity field equation in smooth thin
liquid falling film using mass transport relationship

\\]\ome“mm w

Ay

_

\

<h, avity
o \oW N Mo rransport
out Y £ N SCOUS
Fig. 1
Momentum balances over a thin “shell” of fluid for a steady-state flow is given as
{Rate of momentum in} — {rate of momentum out} + {sum of forces acting on systems} = 0 1
From Fig. 1
rate of x- momentum in (LW)((z,) Iy i

across surface at Yy

rate of x- momentum out (LW)((z ) ly+ Ay i
across surface at y + Ay

rate of x-momentum in (WAyY V) (pVX )|X =0 iii
across surface at x = 0
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rate of x-momentum out WAy V,) (oVy )l =L iv
across surface at x = L

gravity force acting (LWAy) (pg COS ¢) v
on fluid

Substitute equations (i) to (v) in the momentum balances equation 1

LW)((7,) by - (LW)(( )y + Ay + (W AY Vi) (V)L - (W AY Vi) (6 )+ (LW Ay ) (pg cos ¢) =0
V,isthesameatx=0asitisatx=L

Dividing through with LW Ay and taken the limitas Ay approaches zero

T -7

lim [ X ly*z = lyJ=pgcos¢ Vi
y

Ay-0
0 .
ETVX = g COS ¢ vii
Integrating
Tyx =P9C0sg+C, viii

B.C. Laty=0, 7, =0
Substituting
7, = PQycos¢ iX

For Newtonian fluid, the momentum flux is related to the velocity gradient according to

T, =-Uu o, X
yx
oy
Substitute for 7,
ov
Therefore —* = _(pg Cos¢jy Xi
U

In this model ¢ is0° cos0=1

ov
Therefore — = —(@jy Xii

oy Iz
Since v, =u, Therefore a = —[ﬁJy Xiia

oy H

199



h? 3uV,
Mean velocity in the liquid film V= el or pg= ,u2 0
3u h:
Substitution for g in equation (xiia)
Vv
Therefore M 32y xiii
oy hs
Second derivative
2
Vv
Zy—l,j = —3h—3 Implies
2
Y,
gy—l; + 3h—§ =0 xix

This is the velocity field equation in the thin film. The magnetic force in the falling film is given as Imag .

In this model the magnetic force coupled with the body weight acts in the direction of the falling-film.

Therefore the complete magnetic enhanced velocity field equation will be

ou  _V,
W+3h_2+pg+fmag=0 XX
ﬂz
Imag = /)IZ is the magnetic force which the falling-film solution experienced per unit volume

0

Finally, Magnetic enhanced Model Equation is

2 vV Vs
5_L21+3_(2,+pg+,0)(
" h 7

Equation (xxi) is the developed model magnetic field enhanced velocity field equation in the smooth thin
liquid film

=0 XXi

b. Development of Boundary conditions/equations

Temperature
Fig 3.2, the quantity of heat flowing into the three faces of the half element in time dt is given by

the following equations:
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dq*lﬂ_k—dqy

<
~NRx

N
o T I o

ifal

\x\'

NSNS NSNS

-
BN

A X

Ay

Fig. 2 Temperature boundary conditions analysis

khd, T khd, (Ti,1; =T ;)
d =(—) — dt = =l Lo dt
L N )
T,.,-T.
do, = (khol)ﬂ dt = (khd)("Lh”)dt (xxii)
.1
i+
2
khd, oT khd
dgzs = —(—) — . dt = —(—
O3 ( > ) ot ( > )
Substituting Eq. (xxii) into the heat balance equation for the half element
dg; + dgs +dgs = 0
yields
(Left) Ty, ;+2T,,,,+Tiaj -4T,;=0 (xxiii)

Following the same procedure above, the difference equations which apply on the right, upper
and lower could be obtained.
(Right) T,,;+2T,; ,+T,,;-4T,;= 0 (xxiv)

i+1,j ]

(Uppen) T, ;, +2Ti-1j+T 4T. . = 0 (xxv)

ij+1 " ij
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(Lower) T 2T, +T,,,-4T,;,=0 (xxvi)
Concentration
X y
dnfel_| Kt di
i+1/ t‘T k
Idrq (1!’7‘5
I . j dm2
/|1
_ dm,
-1 A X
/,
/

AY
Fig. 3 Concentration boundary conditions analysis

The net mass flowing into this element must be equal to zero when considering steady-state
condition in the liquid-film. The quantity of mass flowing into the three faces of the half-element

in time dt are given by the following equations.

(ﬂ) a_é:dt - (pgd) (L-’KHLJ' _givi)dt

dml =

20X h
dm, = (phd) =2 _dt = (md)Mdt (xxvii)
y h
_ phd. oe o phd. (6 -6)
dms = (2)6det—(2) St

2
Substituting Eq. (xxvii) into the mass balance equation for the half-element

dm; + dm, + dms = 0

yields
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(Left) &pj +28 50 +8ia; —48,; =0 (xxviii)
Following the same procedure above, the difference equations which apply on the right, upper

and lower could be obtained.

(Right) Gin+28i1+&,,;—45,=0 (xxix)
(Upper) SijaTt 2§i—l,j +& a4, = 0 (Xxx)
(Lower) Sijat28.,;+& .45, =0 (xxxi)
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APPENDIX B

Source Code

C: LiBr-H20 Parameter distribution in the direction of falling

C: ABSORPTION PROCESS MODELING ON A LIQUID FALLING FILM
CCCCCCcrcrreeeeeeeeeeceececeececceececceceececececececececececececececcececececececec
C

Ph.D FINITE DIFFERENCE MODEL

FOR

ABSORPTION PROCESS MODELING ON A
LIQUID FALLING FILM

K.M ODUNFA (44113)

SUPERVISED BY
PROFESSOR FAGBENLE, R O

JANUARY 2009

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
CCCCCCCCLLrereeeeeeeeeeeecececeecccececececceececcececececececccecececc

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

COMMON/XL1/AVISC,DENS, TMMSUC, FMAG,AMAGIND,VT,VB,AGRAV

C  COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,S,NMAX
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA TAMAC,SDIFU,V(14,10)
DIMENSION XCO(13),YCO(5)

OPEN(UNIT = 4,FILE = 'FINAL RESULT.OUT")
OPEN(UNIT = 6,FILE ="LiBr Data.IN',STATUS='OLD")

INPUT THE PROBLEM DATA

OO0

READ(6,2)IA,1B,NMAX,UT,UB,CT,CB,VT,VB,AVISC,TMMSUC EPSI
2 FORMAT(213,14,F6.2,F6.0,2F6.4,2F6.4,F8.5,F10.7,F5.2)
WRITE(*,2)IA,IB,NMAX,UT,UB,CT,CB,VT,VB,AVISC, TMMSUC,EPSI
READ(*,2)
READ(6,*)RH,RL
105 FORMAT(2(F8.5,1X))
WRITE(*,105)RH,RL
READ(6,*)VELM,VELM1,FILMT,AMAGIND,AGRAV
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102

104

205

C

FORMAT(3(F9.6,1X),F3.1, F5.3)
WRITE(*,102)VELM,VELM1,FILMT,AMAGIND, AGRAV
READ(6,*)ALPHA, TAMAC,SDIFU,HITAB,CONEQ,DENS
FORMAT(6(F9.5,1X))

WRITE(*,*)ALPHA, TAMAC,SDIFU,HITAB,CONEQ,DENS
READ(6,*)NEX,NEY

FORMAT(2(13,1X))

WRITE(*,205)NEX,NEY

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 101 1=1,NX

DO 101 J = L,NY
NNC= (J-1)*NX+I
YCO(NNC)=(J-1)*DY
XCO(NNC)=(I-1)*DX

101 CONTINUE

OO o000

@)

COMPUTE TEMPERATURE DISTRIBUTION IN THE FILM
CALL SOLUTION1

COMPUTE CONCENTRATION DISTRIBUTION IN THE FILM
CALL SOLUTION2

STOP
END

SUBROUTINE VELOCITY

COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,S,NMAX
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA, VELM,FILMT,ALPHA, TAMAC,SDIFU,V(14,10)
DIMENSION XCO(13),YCO(5)

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY
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DO 101 | = 1,NX

DO 101 J = 1,NY
NNC= (J-1)*NX+I
YCO(NNC)=(J-1)*DY
XCO(NNC)=(I-1)*DX

101 CONTINUE

cl2
c
12

13

WRITE(4,3)

FORMAT(47H1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)
DO 4 1=1,13

DO 4J=15

A=l

V(1,9)=VB+(VT-VB)*(A-1.)/12.

N=0

K=0

DO 16 J=1,5

DO 16 1=2,12

IF(J-1)9,6,9

IF(IA-1)7,7,8

UVEL = VT

GO TO 14

UTEMP = (V(1+1,J)+2.%V(1,3+1)+V(I-1,3))/4.
UVEL = 0.0

GOTO 14

IF(J-5)13,10,13

IF(I-1B)12,11,11

UVEL = VT

GOTO 14
UTEMP=(V(I1+1,9)+2.*V(1,J-1)+V(I-1,9))/4

V(1,9)= V(1,3+1)

GOTO 14
UVEL = ((V(1+1,9)+V(1-1,9)+(3*VELM/FILMT**2)*DY**2

ADY**2*DENS*AGRAV+((DENS*TMMSUC*AMAGIND*AMAGIND)

1/0.000001257)*DY**2))/2.0

C
14

15
16
C
C

17
18

DIFF=UVEL-V(l,J)
IF(ABS(DIFF)-EPSI)16,15,15
K=K+1

V(1,J)=UVEL
write(*,*)((V(1,9),1=2,11),J=1,5)
read(*,*)

N=N+1

IF(N-NMAX)17,20,20
IF(K)18,20,18
WRITE(4,19)N,K
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19  FORMAT(7H IT NO.,14,4H K= ,14)
GOTO5

20 WRITE(®4,19)N,K

21  FORMAT(///10F9.6)
DO 22 M=1,13
1=14-M

22 WRITE(4,21)(V(1,J),J=1,5)
RETURN
END

SUBROUTINE SOLUTION1

COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
c COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,S,NMAX
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA TAMAC,SDIFU,V(14,10)
DIMENSION XCO(13),YCO(5),U(13,5)
S(100)

o

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 102 | = 1,NX
DO 102 J = 1,NY
NNC= (J-1)*NX+I
YCO(NNC)=(J-1)*DY.
XCO(NNC)=(I-1)*DX
102 CONTINUE

C COMPUTE VELOCITY DISTRIBUTION IN THE FILM
CALL VELOCITY

WRITE(4,3)
3 FORMAT(47H1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)
DO 4 1=1,13
DO 4 J=1,5
A=l
4 U(1,9)=UB+(UT-UB)*(A-1.)/12.

N=0

5 K=0
DO 16J=15
DO 16 1=2,12
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14

15
16

17

18
19

20

21

22

IF(J-1)9,6,9
IF(IA-1)7,7,8

UTEMP = UT

GOTO 14

UTEMP = (U(1+1,J)+2.%U(1,3+1)+U(1-1,3))/4.
UTEMP =35

GOTO 14
IF(J-5)13,10,13
IF(I-1B)12,11,11
UTEMP = UT

GOTO 14
UTEMP=(U(I-1,J)+0.85)
GOTO 14

UVEL=V(1,J)

UTEMP=(ALPHA*DX*(U(1+1,J)+U(I-1,J))+(UVEL*DY*DY*U(I-1,3))/
(2*ALPHA*DX-(UVEL*DY*DY)))

DIFF=UTEMP-U(1,J)
IF(ABS(DIFF)-EPSI)16,15,15
K=K+1

U(1,9)=UTEMP

N=N+1
IF(N-NMAX)17,20,20
IF(K)18,20,18

WRITE(4,19)N,K

FORMAT(7H IT NO.,14,4H K= ,14)
GOTO5

WRITE(4,19)N,K

FORMAT(///10F7.2)

DO 22 M= 1,13

1=14-M
WRITE(4,21)(U(1,J),J=1,5)
RETURN

END

SUBROUTINE SOLUTIONZ2

COMMON/XL1/AVISC,DENS,TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,S,NMAX
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA , TAMAC,SDIFU,V(14,10),
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C COMMON/XL4/V(11,5),5(110)
DIMENSION XCO(14),YCO(10),C(14,10),CSTORE(50,20),DIFFD(50,
&20)
Open(unit=273,file="SalauOdunfasolution2.out’)

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 103 | = 1,NX
DO 103J = 1,NY
NNC= (J-1)*NX+I
YCO(NNC)=(J-1)*DY
XCO(NNC)=(I-1)*DX
103 CONTINUE

C COMPUTE VELOCITY DISTRIBUTION IN THE FILM
CALL VELOCITY

do 121i=15

do 121 j=1,13
c write(4,*) ‘when',v(i,j)
121 continue

WRITE(4,3)
3 FORMAT(47H1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)

DO 4 J=1,5
DO 4 1=1,13
A=I

C  IF(J.EQ.5)GOTO 4
C(1,J)=5

4 CONTINUE

7 DO 116 J=1,5
DO 116 1=1,13

IF (1.EQ.1) C(1,J)=CT

IF(1.EQ.1) GOTO 6
IF(1.EQ.13)C(1,J) = CB
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IF(I.EQ.13) GOTO 6
C IF(J.EQ.1) C(1,J)=CB+(CT-CB)*(A-1.)/10
C IF(J.EQ.1) GOTO 14
IF(J.EQ.5) CONC= C(1,J)+0.0035
IF(J.EQ.5) GOTO 6
6 CSTORE(I,9)=C(1,9)
116 CONTINUE
DO 16 J=1,5
DO 16 1=2,12
Do 275 k=13,1,-1
WRITE(273,274)k,(V(k,kj),kj=1,5)
274 Format(i3,2x,5(f12.5,2x))
275  Continue
C READ(*,*)
c WRITE(*,*)I,J
C
13 c(i,j)=(sdifu*dx*(c(1+1,j)+c(1-1,)))+(v(i,j)*dy*dy*c(i-1,j))/
(2*sdifu*dx+(v(i,j)*dy*dy)))

c READ(**)

16 CONTINUE
DO 22 J=1,5
DO 22 1=1,13

DIFFD(1,J)=ABS( CSTORE(I,J)-C(1,J))
22 CONTINUE

DIFF= DIFFD(L,1)

DO 12 J=15

DO 12 1=1,13

IF(DIFFD(1,J).LT.DIFF)DIFF=DIFFD(I,J)
12 CONTINUE

c WRITE(*,*)'DFF", DIFF,EPSI
c READ(*,*%)

IF(DIFF.LE.EPSI)GOTO 18

K=K+1

GOTO 7
C DO 101 N=1,11
C 1=12-N

C101 WRITE(**)(V(1,J),J=1,5)
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17
18
19

20
21

232

N=N+1
IF(N-NMAX)17,20,20

IF(K)18,20,18

WRITE(4,19)N,K

FORMAT(7H IT NO.,14,4H K= ,14)
GOTO5

WRITE(4,19)N,K

FORMAT (///10F10.5)

DO 232 M= 13,1,-1

1=14-M
IF(C(1,5))EQ((C(1,4)+C(2,5))/2)GOTO 22
WRITE(4,274)i,(C(1,3),J=1,5)

RETURN

END
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C: LiBr-H,O: Parameter's distribution in the direction of film thickness

C: ABSORPTION PROCESS MODELING ON A LIQUID FALLING FILM

CCCCCCCCCccrcreeeceecececececccececececececccececccececccececccecececcececccecccececce

C

Ph.D FINITE DIFFERENCE MODEL
FOR

ABSORPTION PROCESS MODELING ON A

LIQUID FALLING FILM

K.M ODUNFA (44113)

SUPERVISED BY
PROFESSOR FAGBENLE, R O

0000000000000 000N

JANUARY 2009
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
c COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,S,NMAX
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA VELM,FILMT,ALPHA, TAMAC,SDIFU,V(14,10)
DIMENSION XCO(5),YCO(L3)

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

OPEN(UNIT =4,FILE = 'FINAL RESULT.OUT")
OPEN(UNIT = 6,FILE ='LiBr2Data.IN',STATUS='OLD")

INPUT THE PROBLEM DATA

OO0

READ(6,2)IA,1B,NMAX,UT,UB,CT,CB,VT,VB,AVISC, TMMSUC,EPSI
2 FORMAT(2I3,14,F6.2,F6.0,2F6.4,2F6.4,F8.5,F10.7,F5.2)
WRITE(*,2)IA,1B,NMAX,UT,UB,CT,CB,VT,VB,AVISC,TMMSUC,EPSI
READ(*,2)
READ(6,*)RH,RL
105 FORMAT(2(F8.5,1X))
WRITE(*,105)RH,RL
READ(6,*)VELM,VELM1,FILMT, AMAGIND,AGRAV
102 FORMAT(3(F9.6,1X),F3.1, F5.3)
WRITE(*,102)VELM,VELMZ,FILMT,AMAGIND, AGRAV
READ(6,*)ALPHA, TAMAC,SDIFU,HITAB,CONEQ,DENS
104 FORMAT(6(F9.5,1X))
WRITE(*,*)ALPHA TAMAC,SDIFU,HITAB,CONEQ,DENS
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READ(6,*)NEX,NEY
205 FORMAT(2(13,1X))
WRITE(*,205)NEX,NEY

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 101 I = 1,NX

DO 101 J = 1,NY

NNC= (J-1)*NX+I

YCO(NNC)=(J-1)*DY

XCO(NNC)=(I-1)*DX
101 CONTINUE

COMPUTE TEMPERATURE DISTRIBUTION IN THE FILM

CALL SOLUTION1

OO 000

COMPUTE CONCENTRATION DISTRIBUTION IN THE FILM
CALL SOLUTION2

STOP
END

SUBROUTINE VELOCITY
COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV

c COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,S,NMAX
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA TAMAC,SDIFU,V(14,10)
DIMENSION XCO(5),YCO(13)

DY= RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 101 | = 1,NX
DO 101J = 1,NY
NNC= (J-1)*NX+I
YCO(NNC)=(J-1)*DY
XCO(NNC)=(I-1)*DX
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101

cl2
c
12

13

CONTINUE

WRITE(4,3)

FORMAT(47H1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)
DO 4 1=1,5

DO 4 J=1,13

A=l

V(1,9)=VB+(VT-VB)*(A-1.)/4.

N=0

K=0

DO 16 J=1,13

DO 16 I=2,4

IF(J-1)9,6,9

IF(IA-1)7,7,8

UVEL = VT

GOTO 14

UTEMP = (V(1+1,3)+2.*V(1,3+1)+V(I-1,3))/4.
UVEL =0.0

GO TO 14

IF(J-13)13,10,13

IF(I-1B)12,11,11

UVEL = VT

GO TO 14
UTEMP=(V(I1+1,9)+2.%V(1,J-1)+V(I-1,9))/4

V(1,9)= V(1,3+1)
GO TO 14
UVEL = (V(1,3+1)+V(1,3-1)+(3*VELM/FILMT**2)*DY**2

+DY**2*DENS*AGRAV+((DENS*TMMSUC*AMAGIND*AMAGIND)
/0.000001257)*DY**2))/2.0

C
14

15
16
C
C

17
18
19

20
21

DIFF=UVEL-V(1,J)
IF(ABS(DIFF)-EPSI)16,15,15
K=K+1

V(1,J)=UVEL
write(*,*)((V(1,),1=2,11),J=1,5)
read(*,*)

N=N+1

IF(N-NMAX)17,20,20
IF(K)18,20,18
WRITE(4,19)N,K
FORMAT(7H IT NO.,14,4H K= ,14)
GOTO5

WRITE(4,19)N,K
FORMAT(10F9.6)
DO22M=1,5
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1=6-M
22 WRITE(4,21)(V(1,9),J=1,13)
RETURN
END

SUBROUTINE SOLUTION1
COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
c COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,S,NMAX
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA TAMAC,SDIFU,V(14,10)
DIMENSION XCO(5),YCO(13),U(5,13)
S(100)

(@]

DY=RL/NEY
DX=RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 102 | = 1,NX

DO 102 J = 1,NY

NNC= (J-1)*NX+I

YCO(NNC)=(J-1)*DY

XCO(NNC)=(I-1)*DX
102 CONTINUE

C COMPUTE VELOCITY DISTRIBUTION IN THE FILM
CALL VELOCITY

WRITE(4,3)
3 FORMAT(47HLTEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)
DO 4 1=1,5
DO 4J=1,13
A=l
4 U(1,3)=UB+(UT-UB)*(A-1.)/4.

N=0
5 K=0
DO 16 J=1,13
DO 16 I1=2,4
IF(J-1)9,6,9
IF(IA-1)7,7,8
7 UTEMP = UT
GO TO 14
C8  UTEMP = (U(I+1,)+2.*U(1,J+1)+U(I-1,))/4.

(ep]
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8 UTEMP =35
GOTO 14
9 IF(J-5)13,10,13
10 IF(-1B)12,11,11
11  UTEMP=UT
GOTO 14
c12  UTEMP=(U(I+1,J)+2.*U(1,J-1)+U(I-1,3))/4
12 UTEMP=(U(I-1,J)+0.85)
GO TO 14
C
UVEL=V(l,J)
13 UTEMP=(ALPHA*DX*(U(1+1,J)+U(I-1,9))-(UVEL*DY*DY*U(I-1,))/
(2*ALPHA*DX-(UVEL*DY*DY)))

14 DIFF=UTEMP-U(l,J)
IF(ABS(DIFF)-EPSI)16,15,15

15 K=K+1
16 U(1,J)=UTEMP
C

N=N+1

IF(N-NMAX)17,20,20
17 1F(K)18,20,18

18 WRITE(4,19)N,K
19  FORMAT(7H IT NO.,14,4H K= ,14)

GOTO5
20 WRITE(4,19)N,K
C
21  FORMAT(10F7.2)
DO 22 M=1,5
1=6-M
22 WRITE(4,21)(U(1,J),J=1,13)
RETURN
END
C

SUBROUTINE SOLUTION2
COMMON/XL1/AVISC,DENS,TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
c COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,S,NMAX
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA, TAMAC,SDIFU,V(14,10),
C COMMON/XL4/V(11,5),5(110)
DIMENSION XCO(10),YCO0(13),C(13,10),CSTORE(50,20),DIFFD(50,
&20)
Open(unit=273,file="SalauOdunfasolution2.out’)
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DY=RL/NEY
DX=RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 103 | = 1,NX

DO 103 J = 1,NY

NNC= (J-1)*NX+I

YCO(NNC)=(J-1)*DY

XCO(NNC)=(I-1)*DX
103 CONTINUE

C COMPUTE VELOCITY DISTRIBUTION IN THE FILM
CALL VELOCITY

do 121i=1,13

do 121 j=1,5
c write(4,*) ‘when',v(i,j)
121  continue

WRITE(4,3)
3 FORMAT(47H1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)

DO 4 J=1,13
DO 4 1=1,5
A=l

C  IF(J.EQ5)GOTO4
C(1,3)=0.5965

4 CONTINUE

7 DO 116 J=1,13
DO 116 1=1,5

IF (1.EQ.1) C(I,9)=CT
IF(1.EQ.1) GOTO 6
IF(1.LEQ.5)C(1,J) = CB
IF(1.EQ.5) GOTO 6
C  IF(J.EQ.1) C(1,J)=CB+(CT-CB)*(A-1.)/10
C  IF(J.EQ.1) GOTO 14
IF(J.EQ.13) CONC= C(1,J)+0.0035
IF(J.EQ.13) GOTO 6
6  CSTORE(IJ)=C(l,J)
116 CONTINUE
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274
275
C
C

DO 16 J=1,13
DO 16 1=2,4
Do 275 k=13,1,-1

WRITE(273,274)k, (V(k kj),kj=1,13)

Format(i3,2x,13(f12.5,2x))
Continue

READ(*,*)
WRITE(*,*)I,J

13 c(i.j)=(sdifuxdx*(c(1+1,j)+c(1-1,))+(v(i,j)*dy*dy*c(i-1,j))/
[(2*sdifu*dx+(v(i,j)*dy*dy)))

22

12

C101

17
18

write(*,*)1,J,'conc’,c(i,})
READ(*,*)
CONTINUE
WRITE(*,*)'OUTTT'
DO 22 J=1,13

DO 22 1=1,5

DIFFD(1,J)=ABS( CSTORE(I,J)-C(1,J))
CONTINUE

DIFF= DIFFD(,1)
DO 12 J=1,13
DO 12 =15

IF(DIFFD(1,J).LT.DIFF)DIFF=DIFFD(I,J)
CONTINUE

WRITE(*,*)'DFF',DIFF,EPSI
READ(*,*)

IF(DIFF.LE.EPSI)GOTO 18
K=K+1

GOTO 7

DO 101 N=1,11

1=12-N
WRITE(*,*)(V(1,J),J=1,5)
READ(*,*)

N=N+1
IF(N-NMAX)17,20,20
IF(K)18,20,18
WRITE(4,19)N,K
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19

20
21

232

FORMAT(7H IT NO.,14,4H K= ,14)
GOTO5

WRITE(4,19)N,K

FORMAT(10F10.5)

DO 232 M=5,1,-1

1=6-M
IF(C(1,5))EQ((C(1,4)+C(2,5))/2)GOTO 22
WRITE(4,274)i,(C(1,J),J=1,13)

RETURN

END
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C: LiCI-H,O Parameters distribution in the direction of falling

C: ABSORPTION PROCESS MODELING ON A LIQUID FALLING FILM
CCCCcCcrreeecececeeceeecececeececceccececececcececececcecececececececececececececececececececece
C

Ph.D FINITE DIFFERENCE MODEL

FOR

ABSORPTION PROCESS MODELING ON A

LIQUID FALLING FILM

K.M ODUNFA (44113)

SUPERVISED BY
PROFESSOR FAGBENLE, R O

JANUARY 2009

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA TAMAC,SDIFU,V(14,10)
DIMENSION XCO(13),YCO(5)

0000000000000 000N

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

OPEN(UNIT = 4,FILE = 'FINAL RESULT.OUT")
OPEN(UNIT = 6,FILE ="LiCl Data.IN',STATUS='0OLD)

INPUT THE PROBLEM DATA

OO0

READ(6,2)IA,1B,NMAX,UT,UB,CT,CB,VT,VB,AVISC,TMMSUC EPSI

2 FORMAT(213,14,F6.2,F6.0,2F6.4,2F6.4,F8.5,F10.7,F5.2)
WRITE(*,2)IA,IB,NMAX,UT,UB,CT,CB,VT,VB,AVISC, TMMSUC,EPSI
READ(*,2)
READ(6,*)RH,RL

105 FORMAT(2(F8.5,1X))
WRITE(*,105)RH,RL
READ(6,*)VELM,VELM1,FILMT,AMAGIND,AGRAV

102 FORMAT(3(F9.6,1X),F3.1, F5.3)
WRITE(*,102)VELM,VELM1,FILMT,AMAGIND, AGRAV
READ(6,*)ALPHA TAMAC,SDIFU,HITAB,CONEQ,DENS

104 FORMAT(6(F9.5,1X))
WRITE(*,*)ALPHA, TAMAC,SDIFU,HITAB,CONEQ,DENS
READ(6,*)NEX,NEY
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205 FORMAT(2(13,1X))
WRITE(*,205)NEX,NEY

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 101 | = 1,NX

DO 101 J = 1,NY

NNC= (J-1)*NX+|

YCO(NNC)=(J-1)*DY

XCO(NNC)=(I-1)*DX
101 CONTINUE

COMPUTE TEMPERATURE DISTRIBUTION IN THE FILM

CALL SOLUTION1

OO o000

COMPUTE CONCENTRATION DISTRIBUTION IN THE FILM

CALL SOLUTION2

@)

STOP
END

SUBROUTINE VELOCITY
COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB, AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,1A,VELM,FILMT,ALPHA TAMAC,SDIFU,V(14,10)
DIMENSION XCO(13),YCO(5)

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 101 | = 1,NX

DO 101J = 1,NY

NNC= (J-1)*NX+I

YCO(NNC)=(J-1)*DY

XCO(NNC)=(I-1)*DX
101 CONTINUE
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WRITE(4,3)
3 FORMAT(47H1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)
DO 41=1,13
DO 4J=15
A=l
4 V(1,0)=VB+(VT-VB)*(A-1.)/12.
N=0
5 K=0
DO 16 J=1,5
DO 16 1=2,12
IF(J-1)9,6,9
6 IF(IA-1)7,7,8
7 UVEL =VT
GOTO 14
C8  UTEMP = (V(I+1,9)+2.*V(1,J+1)+V(I-1,3))/4.
8 UVEL =0.0
GOTO 14
9 IF(J-5)13,10,13
10 IF(1-1B)12,11,11
11 UVEL =VT
GOTO 14
cl2  UTEMP=(V(I+1,0)+2.*V(l1,J-1)+V(I-1,3))/4
C
12 V(,9)=V(l,J+1)
GOTO 14
13 UVEL = ((V(I+1,9)+V(I-1,9)+(3*VELM/FILMT**2)*DY **2
+ DY**2*DENS*AGRAV+((DENS*TMMSUC*AMAGIND*AMAGIND)
./0.000001257)*DY**2))/2.0
14 DIFF=UVEL-V(1,J)
IF(ABS(DIFF)-EPSI)16,15,15
15 K=K+1
16 V(1,J)=UVEL
C write(*,*)((V(1,9),1=2,11),J=1,5)
C read(*,*)
N=N+1
IF(N-NMAX)17,20,20
17 1F(K)18,20,18
18 WRITE(4,19)N,K
19 FORMAT(7H IT NO.,14,4H K= ,14)
GOTO5
20  WRITE(4,19)N,K
21 FORMAT(///10F9.6)
DO 22 M=1,13
1=14-M
22 WRITE(4,21)(V(1,J),J=1,5)
RETURN
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END

SUBROUTINE SOLUTION1

COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA, TAMAC,SDIFU,V(14,10)
DIMENSION XCO(13),YCO(5),U(13,5)

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 102 | = 1,NX
DO 102 J = 1,NY
NNC= (J-1)*NX+|
YCO(NNC)=(J-1)*DY
XCO(NNC)=(I-1)*DX
102 CONTINUE

C COMPUTE VELOCITY DISTRIBUTION IN THE FILM
CALL VELOCITY

WRITE(4,3)

FORMAT(47HLTEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)
DO 4 1=1,13

DO 4 J=1,5

A=l

U(1,3)=UB+(UT-UB)*(A-1.)/12.

N=0

K=0

DO 16 J=1,5
DO 16 1=2,12
IF(3-1)9,6,9
IF(IA-1)7,7,8
UTEMP = UT
GO TO 14

C8  UTEMP = (U(I+1,9)+2.*U(1, J+1)+U(1-1,9))/4.
UTEMP = 35
GO TO 14
IF(J-5)13,10,13
10 IF(1-1B)12,11,11
11  UTEMP=UT
GO TO 14
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c12  UTEMP=(U(I+1,J)+2.*U(1,J-1)+U(I-1,3))/4
12 UTEMP=(U(I-1,J)+0.75)
GOTO 14

UVEL=V(1,J)

13 UTEMP=(ALPHA*DX*(U(1+1,J)+U(I-1,9))+(UVEL*DY*DY*U(I+1,J))/
(2*ALPHA*DX-(UVEL*DY*DY)))

14 DIFF=UTEMP-U(1,J)
IF(ABS(DIFF)-EPSI)16,15,15

15 K=K+1
16 U(1,J)=UTEMP
C

N=N+1

IF(N-NMAX)17,20,20
17 1F(K)18,20,18

18 WRITE(4,19)N,K
19  FORMAT(7H IT NO.,14,4H K= ,14)

GOTO5
20 WRITE(4,19)N,K
C
21 FORMAT(///10F7.2)
DO 22 M= 1,13
1=14-M
22 WRITE(4,21)(U(1,J),J=1,5)
RETURN
END
C

SUBROUTINE SOLUTION2

COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA, TAMAC,SDIFU,V(14,10),
DIMENSION XCO(13),YC0(10),C(13,10),CSTORE(50,20),DIFFD(50,

&20)

Open(unit=273,file="SalauOdunfasolution2.out’)

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 103 1=1,NX
DO 103J=1,NY
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NNC= (J-1)*NX+I

YCO(NNC)=(J-1)*DY

XCO(NNC)=(I-1)*DX
103 CONTINUE

C COMPUTE VELOCITY DISTRIBUTION IN THE FILM
CALL VELOCITY

do 121i=1,5

do 121 j=1,13
c write(4,*) ‘when',v(i,j)
121 continue

WRITE(4,3)
3 FORMAT(47H1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)

DO 4J=15
DO 4 1=1,13
A=l
C  IFJ.EQ5)GOTO4
C(1,)=0.358
c V(1,J)=VB+(VT-VB)*(A-1.)/10.

4 CONTINUE

7 DO 116 J=1,5
DO 116 1=1,13

IF (1L.LEQ.1) C(1,J)=CT
IF(1.LEQ.1) GOTO 6
IF(I.EQ.11)C(1,J)=CB
IF(1.LEQ.11) GOTO 6
C IF(J.EQ.1) C(1,J)=CB+(CT-CB)*(A-1.)/10
C IFJ.EQ.1) GOTO 14
IF(J.EQ.5) CONC= C(1,J)+0.0040
IFJ.EQ.5) GOTO 6
6 CSTORE(1,9)=C(1,J)
116 CONTINUE
DO 16J=1,5
DO 16 1=2,12
Do 275 k=13,1,-1
WRITE(273,274)k,(V(k,kj),kj=1,5)
274  Format(i3,2x,5(f12.5,2x))
275  Continue
C READ(*,*)
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¢ WRITE(**)IJ]

C

13 c(ij)=(sdifuxdx*(c(1+1,j)+c(1-1,j))+(v(i,j)*dy*dy*c(i-1,j))/
(2*sdifudx+(v(i.j)*dy*dy)))

c write(*,*)1,J,'conc’,c(i,})
c READ(*,*)
16 CONTINUE
c WRITE(*,*))OUTTT'
DO 22 J=1,5
DO 22 1=1,13
DIFFD(1,J)=ABS( CSTORE(1,J)-C(1,J))
22 CONTINUE

DIFF= DIFFD(L,1)
DO 12 J=15
DO 12 1=1,13

IF(DIFFD(1,J).LT.DIFF)DIFF=DIFFD(I,J)
12 CONTINUE

c WRITE(*,*)'DFF", DIFF,EPSI
c READ(*,*%)

IF(DIFF.LE.EPSI)GOTO 18

K=K+1

GOTO 7
C DO 101 N=1,11
C 1=12-N

C101 WRITE(*,*)(V(1,J),J=1,5)
C  READ(**)

N=N+1
IF(N-NMAX)17,20,20
17 1F(K)18,20,18
18 WRITE(4,19)N,K
19  FORMAT(7H IT NO.,14,4H K= ,14)
C  GOTOS
20 WRITE(4,19)N,K
21 FORMAT(///10F10.5)
DO 232 M= 13,1,-1
1=14-M
C  IF(C(1,5)EQ((C(1,4)+C(2,5))/2)GOTO 22
232 WRITE(4,274)i,(C(1,J),J=1,5)
RETURN
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END
C: LiCIl2-H20 Parameter's distribution in the direction of film thickness
C: ABSORPTION PROCESS MODELING ON A LIQUID FALLING FILM
CCCCCCCCCccrcreeeceecececececccececececececccececccececccececccecececcececccecccececce
C
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C
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C

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C JANUARY 2009
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA VELM,FILMT,ALPHA, TAMAC,SDIFU,V(10,14)
DIMENSION XCO(5),YCO(L3)

OPEN(UNIT =4,FILE = 'FINAL RESULT.OUT")
OPEN(UNIT = 6,FILE ="LiCI2 Data.IN',STATUS='0OLD")

INPUT THE PROBLEM DATA

OO0

READ(6,2)IA,1B,NMAX,UT,UB,CT,CB,VT,VB,AVISC, TMMSUC,EPSI
2 FORMAT(2I3,14,F6.2,F6.0,2F6.4,2F6.4,F7.5,F10.7,F5.2)
WRITE(*,2)IA,1B,NMAX,UT,UB,CT,CB,VT,VB,AVISC,TMMSUC,EPSI
READ(*,2)
READ(6,*)RH,RL
105 FORMAT(2(F8.5,1X))
WRITE(*,105)RH,RL
READ(6,*)VELM,VELM1,FILMT, AMAGIND,AGRAV
102 FORMAT(3(F9.6,1X),F3.1, F5.3)
WRITE(*,102)VELM,VELMZ,FILMT,AMAGIND, AGRAV
READ(6,*)ALPHA, TAMAC,SDIFU,HITAB,CONEQ,DENS
104 FORMAT(6(F9.5,1X))
WRITE(*,*)ALPHA TAMAC,SDIFU,HITAB,CONEQ,DENS
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READ(6,*)NEX,NEY
205 FORMAT(2(13,1X))
WRITE(*,205)NEX,NEY

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 101 I = 1,NX

DO 101 J = 1,NY

NNC= (J-1)*NX+I

YCO(NNC)=(J-1)*DY

XCO(NNC)=(I-1)*DX
101 CONTINUE

COMPUTE TEMPERATURE DISTRIBUTION IN THE FILM

CALL SOLUTION1

OO 000

COMPUTE CONCENTRATION DISTRIBUTION IN THE FILM
CALL SOLUTION2

STOP
END

SUBROUTINE VELOCITY
COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,1B,IA, VELM,FILMT,ALPHA TAMAC,SDIFU,V(10,14)
DIMENSION XCO(5),YCO(13)

DY= RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 101 I = 1,NX

DO 101J = 1,NY

NNC= (J-1)*NX+|

YCO(NNC)=(J-1)*DY

XCO(NNC)=(I-1)*DX
101 CONTINUE
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WRITE(4,3)
3 FORMAT(47H1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)
DO 4 1=1,5
DO 4J=1,13
A=l
4 V(1,)=VB+(VT-VB)*(A-1.)/4.
N=0
5 K=0
DO 16 J=1,13
DO 16 1=2,4
IF(J-1)9,6,9
6 IF(IA-1)7,7,8
7 UVEL = VT
GO TO 14
C8  UTEMP = (V(I+1,0)+2.*V(1,J+1)+V(I-1,9))/4.
8 UVEL = 0.0
GOTO 14
9 IF(J-13)13,10,13
10 IF(-1B)12,11,11
11  UVEL=VT
GOTO 14
c12  UTEMP=(V(I+1,J)+2.*V(1,J-1)+V/(I-1,))/4

12 V(1,9)=V(1,J+1)
GOTO 14
13 UVEL = ((V(1,J+1)+V(1,3-1)+(3*VELM/FILMT**2)*DY **2
ADY**2*DENS*AGRAV+((DENS*TMMSUC*AMAGIND*AMAGIND)
./0.000001257)*DY**2))/2.0
C
14 DIFF=UVEL-V(1,J)
IF(ABS(DIFF)-EPSI)16,15,15
15 K=K+1
16 V(1,J)=UVEL
C write(*,*)((V(1,9),1=2,11),J=1,5)
C read(*,*)
N=N+1
IF(N-NMAX)17,20,20
17 1F(K)18,20,18
18 WRITE(4,19)N,K
19 FORMAT(7H IT NO.,14,4H K= ,14)
GOTO5
20  WRITE(4,19)N,K
21 FORMAT(10F9.6)
DO22M=15
1=6-M
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22 WRITE(4,21)(V(1,3),J=1,13)
C22  WRITE(4,*)(V(1,J),J=1,13)

RETURN
END

SUBROUTINE SOLUTION1
COMMON/XL1/AVISC,DENS, TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA TAMAC,SDIFU,V(10,14)
DIMENSION XCO(5),YCO(13),U(5,13)

DY=RL/NEY
DX= RH/NEX
NX=NEX+1
NY=NEY+1
NNT=NX*NY

DO 102 | = 1,NX
DO 102 J = 1,NY
NNC= (J-1)*NX+I
YCO(NNC)=(J-1)*DY
XCO(NNC)=(I-1)*DX

102 CONTINUE

C COMPUTE VELOCITY DISTRIBUTION IN THE FILM
CALL VELOCITY

WRITE(4,3)
3 FORMAT(47HLTEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)
DO 4 1=1,5
DO 4 J=1,13
A=l
4 U(1,J)=UB+(UT-UB)*(A-1.)/4.

N=0
5 K=0
DO 16 J=1,13
DO 16 I1=2,4
IF(J-1)9,6,9
6 IF(IA-1)7,7,8
7 UTEMP = UT
GOTO 14
C8  UTEMP = (U(I1+1,J)+2.*U(1,J+1)+U(I-1,3))/4.
8 UTEMP =35
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GO TO 14
9 IF(J-13)13,10,13
10 IF(I-1B)12,11,11
11  UTEMP=UT
GO TO 14
c12  UTEMP=(U(I+1,J)+2.*U(1,J-1)+U(I-1,3))/4
12 UTEMP=(U(I-1,0)+0.75)
GOTO 14
C
UVEL=V(1,J)
C
13 UTEMP=(ALPHA*DX*(U(1+1,J)+U(I-1,9))-(UVEL*DY*DY*U(I-1,))/
(2*ALPHA*DX-(UVEL*DY*DY)))
C
14 DIFF=UTEMP-U(I,J)
IF(ABS(DIFF)-EPSI)16,15,15

15 K=K+l
16 U(I,))=UTEMP
C

N=N+1

IF(N-NMAX)17,20,20
17 1F(K)18,20,18

18 WRITE(4,19)N,K
19 FORMAT(7H IT NO.,14,4H K= ,14)

GOTO5
20 WRITE(4,19)N,K
C
21  FORMAT(10F7.2)
DO 22 M= 1,5
1=6-M
22 WRITE(4,21)(U(1,J),J=1,13)
RETURN
END
C

SUBROUTINE SOLUTION2
COMMON/XL1/AVISC,DENS,TMMSUC,FMAG,AMAGIND,VT,VB,AGRAV
COMMON/XL2/RH,RL,NEX,NEY,UT,UB,EPSI,CT,CB,NN,NMAX
COMMON/XL3/NX,NY,IB,IA,VELM,FILMT,ALPHA, TAMAC,SDIFU,V(10,14),
DIMENSION XCO(10),YCO0(13),C(13,10),CSTORE(50,20),DIFFD(50,

&20)

Open(unit=273,file="SalauOdunfasolution2.out’)

DY=RL/NEY

DX= RH/NEX
NX=NEX+1
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NY=NEY+1
NNT=NX*NY

DO 103 | = 1,NX
DO 103 J = 1,NY
NNC= (J-1)*NX+|
YCO(NNC)=(J-1)*DY
XCO(NNC)=(I-1)*DX

103 CONTINUE

C COMPUTE VELOCITY DISTRIBUTION IN THE FILM
CALL VELOCITY

do 121i=1,13
do121j=15
c write(4,*) ‘when',v(i,j)
121  continue

WRITE(4,3)
3 FORMAT(47H1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION//)

DO 4J=1,13
DO 4 1=1,5
A=l

C  IF(J.EQ.5)GOTO 4
C(1,)=0.446

4 CONTINUE

7 DO 116 J=1,13
DO 116 1=15

IF (1.LEQ.1) C(1,J)=CT
IF(1.EQ.1) GOTO 6
IF(1.LEQ.5)C(1,J) = CB
IF(1.EQ.5) GOTO 6
C  IF(J.EQ.1) C(1,J)=CB+(CT-CB)*(A-1.)/10
C  IFJ.EQ.1) GOTO 14
IF(J.EQ.13) CONC= C(1,J)+0.0040
IF(J.EQ.13) GOTO 6
6  CSTORE(IJ)=C(l,J)
116 CONTINUE
DO 16 J=1,13
DO 16 1=2,4
Do 275 k=13,1,-1
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WRITE(273,274)k,(V(k,kj),kj=1,13)
274 Format(i3,x,13(f12.5,x))
275  Continue
C READ(*,*)
c WRITE(*,*)1,J

C
13 c(i,j)=(sdifuxdx*(c(1+1,j)+c(1-1,))+(v(i,j)*dy*dy*c(i-1,j))/
[(2*sdifudx+(v(i,j)*dy*dy)))

c write(*,*)1,J,'conc’,c(i,})
C READ(*,*)
16 CONTINUE
C WRITE(*,*)'OUTTT
DO 22 J=1,13
DO 221=1,5

DIFFD(1,J)=ABS( CSTORE(I,J)-C(1,J))
22 CONTINUE

DIFF= DIFFD(,1)
DO 12 J=1,13
DO 12 1=15

IF(DIFFD(1,J).LT.DIFF)DIFF=DIFFD(I,J)
12 CONTINUE

c WRITE(*,*)'DFF',DIFF,EPSI
c READ(*,*)

IF(DIFF.LE.EPSI)GOTO 18
K=K+1

GOTO 7
DO 101 N=1,11
1=12-N
READ(**)

OO0

N=N+1
IF(N-NMAX)17,20,20

17 1F(K)18,20,18

18 WRITE(4,19)N,K

19  FORMAT(7H IT NO.,14,4H K= ,14)

C  GOTOS

20 WRITE(4,19)N,K
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21  FORMAT(///10F10.5)
DO 232 M=5,1,-1
1=6-M
C  IF(C(L,5)EQ((C(1,4)+C(2,5))/2)GOTO 22
232 WRITE(4,274)i,(C(1,J),J=1,13)
RETURN
END
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APPENDIX C

COMPUTER RESULTS

LiBr-H,O
IN THE DIRECTION OF FALLING

LiBr-H,O
AtB=0.0

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//
ITNO. 1K= 22
ITNO. 2K= 11
ITNO. 3K= 11
ITNO. 4K= 11
ITNO. 5K= 11
ITNO. 6 K= 11
ITNO. 7K= 11
ITNO. 8K= 11
ITNO. 9K= 11
ITNO. 10K= 11
ITNO. 11 K= 11
ITNO. 12K= 11
ITNO. 13K= 11
ITNO. 14K= 11
ITNO. 15K= 11
ITNO. 16 K= 11
ITNO. 17K= 11
IT NO. 18K= 11
ITNO. 19K= 11
ITNO. 20K= 11
ITNO. 21 K= 11
ITNO. 22K= 11
ITNO. 23K= 11
ITNO. 24 K= 11
ITNO. 25K= 11
IT NO. 26 K= 11
ITNO. 27 K= 11
IT NO. 28 K= 11
ITNO. 29K= 11
IT NO. 30 K= 11
ITNO. 31 K= 11
ITNO. 32K= 11
ITNO. 33K= 11
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IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.

34 K=
35 K=
36 K=
37 K=
38 K=
39 K=
40 K=
41 K=
42 K=
43 K=
44 K=
45 K=
46 K=
47 K=
48 K=
49 K=
50 K=
51 K=
52 K=
53 K=
54 K=
55 K=
56 K=
57 K=
58 K=
959 K=
60 K=
61 K=
62 K=
63 K=
64 K=
65 K=
66 K=
67 K=
68 K=
69 K=
70 K=
71 K=
72 K=
73 K=
74 K=
75 K=
76 K=
77 K=
78 K=
79 K=

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
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IT NO. 80 K= 11
ITNO. 81 K= 11
ITNO. 82K= 11
IT NO. 83K= 11
ITNO. 84 K= 11
ITNO. 85 K= 11
IT NO. 86 K= 11
ITNO. 87 K= 11
IT NO. 88 K= 11
IT NO. 89 K= 11
IT NO. 90K= 11
ITNO. 91 K= 11
ITNO. 92K= 11
ITNO. 93 K= 11
ITNO. 94K= 11
ITNO. 95 K= 11
ITNO. 96 K= 11
ITNO. 97 K= 11
ITNO. 98 K= 11
ITNO. 99 K= 11

IT NO. 100 K= 11

.362000

.000000

.000000

.000000

.000000

.000000

.362000

.366245

370384

374418

378348

382172

.362000

.366245

370384

374418

.378348

382172

.362000

.366245

370384

374418

378348

382172

.362000

.366245

.366245

.366245

.366245

.366245
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.000000 .385891 .385891 .385891 .366245

.000000 .389505 .389505 .389505 .366245

.000000 .393014 .393014 .393014 .366245

.000000 .396418 .396418 .396418 .366245

.000000 .399717 .399717 .399717 .366245

.000000 .402911 .402911 .402911 .366245

406000 .406000 .406000 .406000 .406000
1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 43
ITNO. 2K= 0

4444 4444 4444 4444 4444

35.00 44.40 44.40 44.40 44.35

35.00 43.45 43.45 43.45 43.50
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35.00 42.52 42.52 42.52 42.65
35.00 41.61 41.61 41.61 41.80
35.00 40.72 40.72 40.72 40.95
35.00 39.85 39.85 39.85 40.10
35.00 39.00 39.00 39.00 39.25
35.00 38.16 38.16 38.16 38.40
35.00 37.35 37.35 37.35 37.55
35.00 36.55 36.55 36.55 36.70
35.00 35.77 35.77 35.77 35.85
35.00 35.00 35.00 35.00 35.00

1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0
ITNO. OK= 0

1 .60000 .60000 .60000 .60000 .60000
2 .00000 59545 .59545 59545 .59500
3 .00000 .59090 .59090 .59090 .59004
4 .00000 58635 .58635 58635 .58513
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5 .00000 .58180 .58180 .58180 .58025
6 .00000 57724 57724 57724 57542
7 .00000 57267 57267 57267 .57063
8 .00000 .56810 .56810 .56810 .56587
9 .00000 .56352 .56352 56352 .56116
10 .00000 .55892 .55892 .55892 .55648
11 .00000 .55432 55432 .55432 .55185
12 .00000 54970 54970 54970 54725
13 .54500 .54500 .54500 .54500 .54500

AtB=14

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//

.362000 .362000 .362000 .362000 .362000
.000000 .367444 .367444 .367444 .367444
.000000 .372564 .372564 .372564 .367444
.000000 .377361 .377361 .377361 .367444
.000000 .381835 .381835 .381835 .367444
.000000 .385986 .385986 .385986 .367444
.000000 .389814 .389814 .389814 .367444

.000000 .393319 .393319 .393319 .367444
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.000000 .396501 .396501 .396501 .367444

.000000 .399360 .399360 .399360 .367444

.000000 .401897 .401897 .401897 .367444

.000000 .404110 .404110 .404110 .367444

406000 .406000 .406000 .406000 .406000
1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 43
ITNO. 2K= 0

4444 A4 44 4444 4444 4444

35.00 44.40 44.40 44.40 44.35

35.00 43.45 43.45 43.45 43.50

35.00 42.52 42.52 42.52 42.65

35.00 41.61 41.61 41.61 41.80
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35.00 40.72 40.72 40.72 40.95
35.00 39.85 39.85 39.85 40.10
35.00 39.00 39.00 39.00 39.25
35.00 38.16 38.16 38.16 38.40
35.00 37.35 37.35 37.35 37.55
35.00 36.55 36.55 36.55 36.70
35.00 35.77 35.77 35.77 35.85

35.00 35.00 35.00 35.00 35.00
1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0
ITNO. OK= 0

.60000 .60000 .60000 .60000 .60000
.00000 .59547 .59547 .59547 .59502
.00000 59094 .59094 .59094 .59008
.00000 .58642 .58642 .58642 .58518
.00000 58191 58191 58191 .58032
.00000 57739 57739 57739 .57550
.00000 57287 57287 57287 57072
.00000 .56834 .56834 .56834 .56598
.00000 .56380 .56380 .56380 56128
10 .00000 .55924 .55924 .55924 .55662
11 .00000 .55465 .55465 .55465 .55200
12 .00000 .55005 .55005 .55005 54741

O©CoOoO~NO O WN -
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13 .54500 .54500 .54500 .54500 .54500

At B=3.0

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//

.362000 .362000 .362000 .362000 .362000

.000000 .371751 .371751 .371751 .371751

.000000 .380396 .380396 .380396 .371751

.000000 .387933 .387933 .387933 .371751

.000000 .394364 .394364 .394364 .371751

.000000 .399689 .399689 .399689 .371751

.000000 .403908 .403908 .403908 .371751

.000000 .407021 .407021 .407021 .371751

.000000 .409029 .409029 .409029 .371751

.000000 .409930 .409930 .409930 .371751
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.000000 .409726 .409726 .409726 .371751

.000000 .408416 .408416 .408416 .371751

406000 .406000 .406000 .406000 .406000
1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 43
ITNO. 2K= 0

4444 A4 44 4444 A4 44 4444

35.00 44.40 44.40 44.40 44.35

35.00 43.45 43.45 43.45 43.50

35.00 42.52 42.52 42.52 42.65

35.00 41.61 41.61 41.61 41.80

35.00 40.72 40.72 40.72 40.95

35.00 39.85 39.85 39.85 40.10
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35.00 39.00 39.00 39.00 39.25

35.00 38.16 38.16 38.16 38.40

35.00 37.35 37.35 37.35 37.55

35.00 36.55 36.55 36.55 36.70

35.00 35.77 35.77 35.77 35.85

35.00 35.00 35.00 35.00 35.00

1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0

ITNO. OK= 0

1 .60000 .60000 .60000 .60000 .60000
2 .00000 59551 59551 59551 .59507
3 .00000 59107 .59107 59107 59019
4 .00000 .58667 .58667 .58667 .58535
5 .00000 58229 .58229 58229 .58054
6 .00000 57792 57792 57792 57577
7 .00000 57355 57355 57355 57105
8 .00000 .56917 56917 56917 .56636
9 .00000 56476 .56476 56476 56171

10 .00000 .56032 .56032 .56032 55710
11 .00000 .55582 .55582 .55582 55253
12 .00000 .55126 55126 .55126 54799
13 .54500 .54500 .54500 .54500 .54500

LiCI-H,O
At B=0.0
1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//

ITNO. 1K= 22
ITNO. 2K= 11
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IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.

3K=
4 K=

6 K=

8 K=
9 K=
10 K=
11 K=
12 K=
13 K=
14 K=
15 K=
16 K=
17 K=
18 K=
19 K=
20 K=
21 K=
22 K=
23 K=
24 K=
25 K=
26 K=
27 K=
28 K=
29 K=
30 K=
31 K=
32 K=
33 K=
34 K=
35 K=
36 K=
37 K=
38 K=
39 K=
40 K=
41 K=
42 K=
43 K=
44 K=
45 K=
46 K=
47 K=
48 K=

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
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IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.

49 K=
50 K=
51 K=
92 K=
53 K=
54 K=
55 K=
56 K=
57 K=
58 K=
59 K=
60 K=
61 K=
62 K=
63 K=
64 K=
65 K=
66 K=
67 K=
68 K=
69 K=
70 K=
71 K=
72 K=
73 K=
74 K=
75 K=
76 K=
77 K=
78 K=
79 K=
80 K=
81 K=
82 K=
83 K=
84 K=
85 K=
86 K=
87 K=
88 K=
89 K=
90 K=
91 K=
92 K=
93 K=
94 K=

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
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ITNO. 95K= 11
IT NO. 96 K= 11
ITNO. 97 K= 11
IT NO. 98 K= 11
ITNO. 99 K= 11

IT NO. 100 K= 11

.362000

.000000

.000000

.000000

.000000

.000000

.000000

.000000

.000000

.000000

.362000

.366245

370384

374418

378348

382172

.385891

.389505

393014

396418

.362000

.366245

370384

374418

378348

382172

.385891

.389505

393014

.396418

.362000

.366245

370384

374418

378348

382172

.385891

.389505

393014

396418

.362000

.366245

.366245

.366245

.366245

.366245

.366245

.366245

.366245

.366245

248



.000000 .399717 .399717 .399717 .366245
.000000 .402911 .402911 .402911 .366245

.406000 .406000 .406000 .406000 .406000
1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 55
ITNO. 2K= 30
ITNO. 3K= 27
ITNO. 4K= 24
ITNO. 5K= 21
ITNO. 6 K= 18
ITNO. 7K= 15
ITNO. 8K= 12
ITNO. 9K= 9
ITNO. 10K= 6
ITNO. 11K= 3
ITNO. 12K= 0

35.00 35.00 35.00 35.00 35.00
35.00 34.74 34.74 34.74 38.25
35.00 34.49 34.49 34.49 37.50
35.00 34.23 34.23 34.23 36.75

35.00 33.98 33.98 33.98 36.00
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35.00 33.73 33.73 33.73 35.25

35.00 33.48 33.48 33.48 34.50

35.00 33.24 33.24 33.24 33.75

35.00 32.99 32.99 32.99 33.00

35.00 32.75 32.75 32.75 32.25

35.00 32.51 32.51 32.51 31.50

35.00 32.27 32.27 32.27 30.75

30.00 30.00 30.00 30.00 30.00

1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0

ITNO. OK= 0

1 45000 45000 45000 45000 45000
2 .00000 44532 44532 44532 44486
3 .00000 44066 44066 44066 43978
4 .00000 43601 43601 43601 43476
5 .00000 43136 43136 43136 42979
6 .00000 42673 42673 42673 42489
7 .00000 42210 42210 42210 42003
8 .00000 41748 41748 41748 41524
9 .00000 41286 41286 41286 41049

10 .00000 40825 40825 40825 40581
11 .00000 40364 40364 40364 40117
12 .00000 .39903 39903 .39903 39659
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13 .35800 .35800 .35800 .35800 .35800

AtB=14

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//

.362000 .362000 .362000 .362000 .362000

.000000 .367094 .367094 .367094 .367094

.000000 .371929 .371929 .371929 .367094

.000000 .376503 .376503 .376503 .367094

.000000 .380819 .380819 .380819 .367094

.000000 .384874 .384874 .384874 .367094

.000000 .388671 .388671 .388671 .367094

.000000 .392207 .392207 .392207 .367094

.000000 .395485 .395485 .395485 .367094

.000000 .398503 .398503 .398503 .367094
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.000000 .401261 .401261 .401261 .367094
.000000 .403760 .403760 .403760 .367094

.406000 .406000 .406000 .406000 .406000
1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 55
ITNO. 2K= 30
ITNO. 3K= 27
ITNO. 4K= 24
ITNO. 5K= 21
ITNO. 6 K= 18
ITNO. 7K= 15
ITNO. 8K= 12
ITNO. 9K= 9
ITNO. 10K= 6
ITNO. 11 K= 3
ITNO. 12K= 0

35.00 35.00 35.00 35.00 35.00
35.00 34.74 34.74 34.74 38.25
35.00 34.49 34.49 34.49 37.50
35.00 34.23 34.23 34.23 36.75

35.00 33.98 33.98 33.98 36.00
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35.00 33.73 33.73 33.73 35.25
35.00 33.48 33.48 33.48 34.50
35.00 33.24 33.24 33.24 33.75
35.00 32.99 32.99 32.99 33.00
35.00 32.75 32.75 32.75 32.25
35.00 32.51 32.51 32.51 31.50
35.00 32.27 32.27 32.27 30.75

30.00 30.00 30.00 30.00 30.00
1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0

ITNO. OK= 0

1 45000 45000 .45000 45000 .45000
2 .00000 44533 44533 44533 44487
3 .00000 44069 44069 44069 43980
4 .00000 43606 43606 43606 43479
5 .00000 43144 43144 43144 42984
6 .00000 42684 42684 42684 42494
7 .00000 42224 42224 42224 42010
8 .00000 41765 41765 41765 41531
9 .00000 41306 41306 41306 41058
10 .00000 40847 40847 40847 40590
11 .00000 .40388 40388 40388 40128

253



12 .00000 .39928 .39928 .39928 39671
13 .35800 .35800 .35800 .35800 .35800

At B=3.0

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//

.362000 .362000 .362000 .362000 .362000

.000000 .370146 .370146 .370146 .370146

.000000 .377477 377477 377477 .370146

.000000 .383993 .383993 .383993 .370146

.000000 .389695 .389695 .389695 .370146

.000000 .394582 .394582 .394582 .370146

.000000 .398655 .398655 .398655 .370146

.000000 .401914 .401914 .401914 .370146

.000000 .404360 .404360 .404360 .370146

.000000 .405991 .405991 .405991 .370146
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.000000 .406808 .406808 .406808 .370146
.000000 .406811 .406811 .406811 .370146

406000 .406000 .406000 .406000 .406000
1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 55
ITNO. 2K= 30
IT NO. 3K= 27
ITNO. 4K= 24
ITNO. 5K= 21
ITNO. 6 K= 18
ITNO. 7K= 15
ITNO. 8K= 12
ITNO. 9K= 9
ITNO. 10K= 6
ITNO. 11 K= 3
ITNO. 12K= 0

35.00 35.00 35.00 35.00 35.00
35.00 34.74 34.74 34.74 38.25
35.00 34.49 34.49 34.49 37.50
35.00 34.23 34.23 34.23 36.75

35.00 33.98 33.98 33.98 36.00
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35.00 33.73 33.73 33.73 35.25
35.00 33.48 33.48 33.48 34.50
35.00 33.24 33.24 33.24 33.75
35.00 32.99 32.99 32.99 33.00
35.00 32.75 32.75 32.75 32.25
35.00 32.51 32.51 32.51 31.50
35.00 32.27 32.27 32.27 30.75

30.00 30.00 30.00 30.00 30.00
1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0
ITNO. OK= 0

1 45000 45000 45000 45000 45000
2 .00000 44537 44537 44537 44491
3 .00000 44078 44078 44078 43989
4 .00000 43624 43624 43624 43492
5 .00000 43172 43172 43172 43000
6 .00000 42722 42722 42722 42514
7 .00000 42274 42274 42274 42034
8 .00000 41825 41825 41825 41559
9 .00000 41376 41376 41376 41089
10 .00000 40925 40925 40925 40625
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11 .00000 40472 40472 40472
12 .00000 40014 40014 40014
13 .35800 .35800 .35800 .35800

IN THE DIRECTION OF FILM THICKNESS
LiBr-H,O

AtB=0.0

40166
39712
.35800

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//

ITNO. 1K= 12
IT NO. 2K=
ITNO. 3K=
IT NO. 4K=
ITNO. 5K=
IT NO. 6 K=
ITNO. 7K=
IT NO. 8K=
ITNO. 9K=
IT NO. 10 K=
IT NO. 11 K=
IT NO. 12 K=
IT NO. 13 K=
IT NO. 14 K=
IT NO. 15K=
IT NO. 16 K=
IT NO. 17 K=
IT NO. 18 K=
IT NO. 19K=
IT NO. 20 K=
IT NO. 21 K=
IT NO. 22 K=
IT NO. 23 K=
IT NO. 24 K=
IT NO. 25 K=
IT NO. 26 K=
IT NO. 27 K=
IT NO. 28 K=
IT NO. 29 K=
IT NO. 30 K=
IT NO. 31 K=
IT NO. 32 K=
IT NO. 33K=
IT NO. 34 K=
IT NO. 35 K=
IT NO. 36 K=

WWWWWWWWOWOWwWwWOowwowaowaowaowaowaowawaowaowawowaowaewwwwwowwowow
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IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.

37 K=
38 K=
39 K=
40 K=
41 K=
42 K=
43 K=
44 K=
45 K=
46 K=
47 K=
48 K=
49 K=
50 K=
51 K=
52 K=
53 K=
54 K=
55 K=
56 K=
57 K=
58 K=
59 K=
60 K=
61 K=
62 K=
63 K=
64 K=
65 K=
66 K=
67 K=
68 K=
69 K=
70 K=
71 K=
72 K=
73 K=
74 K=
75 K=
76 K=
77 K=
78 K=
79 K=
80 K=
81 K=
82 K=

WWWWWWWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwwWwWwwwwwwww
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IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.

IT NO

.362000 .
.362000 .
.000000 .
077199 .
.000000 .
077205 .
.000000 .
077212 .
406000 .
406000 .

83 K=
84 K=
85 K=
86 K=
87 K=
88 K=
89 K=
90 K=
91 K=
92 K=
93 K=
94 K=
95 K=
96 K=
97 K=
98 K=
99 K=

NRNNPNMNPNPNNNDPDPNPDNPNDNDNPNNDNNNDNNDNLOWW

.100K= 2

362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000
362000 .362000
011294 .022194 .032522 .042115 .050824 .058517 .065081 .070426 .074480
078558 .078558
011299 .022202 .032534 .042129 .050839 .058532 .065095 .070437 .074490
078562 .078558
011303 .022211 .032545 .042142 .050853 .058546 .065109 .070449 .074499
078565 .078558
406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000
406000 .406000

1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K=
ITNO. 2K=

44.44
44.44
35.00
35.19
35.00
35.13
35.00
35.06
35.00
35.00

44.44
44.44
35.19
35.19
35.13
35.13
35.06
35.06
35.00
35.00

39

0
4444 4444 4444 A4 44 4444 4444 4444 44.44
44.44
35.19 35.19 37.55 35.19 35.19 35.19 35.19 35.19
35.19
35.13 35.13 36.70 35.13 35.13 35.13 35.13 35.13
35.13
35.06 35.06 35.85 35.06 35.06 35.06 35.06 35.06
35.06
35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00
35.00
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1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0
ITNO. OK= 0

.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000 .60000.60000
.00000.08595.14838.19499.23041.25759.27847.29437.30619.31457.31991 .32251.32249
.00000.01231.03669.06335.08846.11057.12922.14441.15624.16491.17057.17335 .17334
.00000.00176.00907.02058.03396.04745.05996.07083 .07972.08645.09094.09317.09317
.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500 .54500

At B=1.4Tesla

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//
.362000.362000.362000.362000.362000.362000.362000.362000.362000.362000
.362000.362000.362000
.000000.011594.022762.033330.043134.052026.059875.066568.072015.076146
.078916.080301.080301

.000000.011598.022771.033342 .043148.052041.059889.066581.072027.076156
.078923.080304.080301

.000000.011603.022779.033353.043161.052055.059904 .066595.072038.076165
.078929.080308.080301
.406000.406000.406000.406000.406000.406000.406000.406000.406000.406000
.406000.406000.406000

1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/
ITNO. 1K= 39

ITNO. 2K= 0

4444 4444 4444 A4 44 4444 4444 4444 4444 4444 44.44
44 44 44 44 4444

35.00 35.19 35.19 35.19 37.55 35.19 35.19 35.19 35.19 35.19
35.19 35.19 35.19

35.00 35.13 35.13 35.13 36.70 35.13 35.13 35.13 35.13 35.13
35.13 35.13 35.13

35.00 35.06 35.06 35.06 35.85 35.06 35.06 35.06 35.06 35.06
35.06 35.06 35.06

35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00
35.00 35.00 35.00

1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/
ITNO. OK= 0
ITNO. OK= 0

.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000
.00000.08790.15122.19823.23381.26103.28189.29775.30954.31787.32319.32577.32576
.00000.01287.03810.06548.09109.11354.13242.14775.15967.16840.17409.17688.17687
.00000.00188.00960.02162.03548.04938.06220.07331.08236.08920.09377.09603.09603
.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500
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At B=3.0Tesla

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//
.362000.362000.362000.362000.362000.362000.362000.362000.362000.362000
.362000.362000.362000
.000000.012669.024804.036232.046793.056342.064750.071906.077722.082129
.085083.086559.086559
.000000.012673.024812.036244.046807.056357.064764.071920.077734.082139
.085089.086562.086559
.000000.012678.024821.036255.046821.056371.064779.071933.077745.082148
.085095.086566 .086559
.406000.406000.406000.406000.406000.406000.406000.406000.406000.406000
.406000.406000.406000

1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/
ITNO. 1K= 39

ITNO. 2K= 0

4444 4444 4444 A4 44 4444 A4 44 4444 4444 4444 44.44
44.44 44 44 4444

35.00 35.19 35.19 35.19 37.55 35.19 35.19 35.19 35.19 35.19
35.19 35.19 35.19

35.00 35.13 35.13 35.13 36.70 35.13 35.13 35.13 35.13 35.13
35.13 35.13 35.13

35.00 35.06 35.06 35.06 35.85 35.06 35.06 35.06 35.06 35.06
35.06 35.06 35.06

35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00
35.00 35.00 35.00

1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK=_ 0

ITNO. OK= 0

.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000.60000 .60000
.00000.09476.16114.20946.24552.27283.29361.30932.32094.32914.33437.33691 .33690
.00000.01496.04326.07310.10045.12404.14366.15945.17166.18055.18634.18917 .18916
.00000.00236.01161.02551.04109.05639.07028 .08218.09181.09904.10384.10622.10621
.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500.54500 .54500
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LiCI-H,O
At B=0.0Tesla

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//
ITNO. 1K= 12

IT NO. 2K=
ITNO. 3K=
IT NO. 4K=
ITNO. 5K=
IT NO. 6 K=
ITNO. 7K=
IT NO. 8K=
ITNO. 9K=
IT NO. 10 K=
IT NO. 11 K=
IT NO. 12 K=
IT NO. 13K=
IT NO. 14 K=
IT NO. 15K=
IT NO. 16 K=
IT NO. 17 K=
IT NO. 18 K=
IT NO. 19K=
IT NO. 20 K=
IT NO. 21 K=
IT NO. 22 K=
IT NO. 23 K=
IT NO. 24 K=
IT NO. 25 K=
IT NO. 26 K=
IT NO. 27 K=
IT NO. 28 K=
IT NO. 29 K=
IT NO. 30 K=
IT NO. 31 K=
IT NO. 32 K=
ITNO. 33K=
IT NO. 34 K=
IT NO. 35 K=
IT NO. 36 K=
IT NO. 37 K=
IT NO. 38 K=
IT NO. 39K=
IT NO. 40 K=
IT NO. 41 K=
IT NO. 42 K=

W W WL WWWWMWWOWWOHwWowwaowaowaowaowaowaowaowaowaowaowaowaowaowaowaowaowaowaowaowwwwwowowww
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IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.
IT NO.

43 K=
44 K=
45 K=
46 K=
47 K=
48 K=
49 K=
50 K=
51 K=
92 K=
53 K=
54 K=
55 K=
56 K=
57 K=
58 K=
59 K=
60 K=
61 K=
62 K=
63 K=
64 K=
65 K=
66 K=
67 K=
68 K=
69 K=
70 K=
71 K=
72 K=
73 K=
74 K=
75 K=
76 K=
77 K=
78 K=
79 K=
80 K=
81 K=
82 K=
83 K=
84 K=
85 K=
86 K=
87 K=
88 K=

WWWWWWWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwwWwWwwwwwwww
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IT NO. 89 K=
IT NO. 90 K=
IT NO. 91 K=
IT NO. 92 K=
IT NO. 93 K=
IT NO. 94 K=
IT NO. 95 K=
IT NO. 96 K=
IT NO. 97 K=
IT NO. 98 K=
IT NO. 99 K=
IT NO. 100 K= 3

.362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000
.362000 .362000 .362000

.000000 .011294 .022194 .032522 .042115 .050824 .058517 .065081 .070426 .074480
.077199 .078558 .078558

.000000 .011299 .022202 .032534 .042129 .050839 .058532 .065095 .070437 .074490
.077205 .078562 .078558

.000000 .011303 .022211 .032545 .042142 .050853 .058546 .065109 .070449 .074499
077212 .078565 .078558

406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000
.406000 .406000 .406000

WWWWWwWwwwwww

1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 39

ITNO. 2K= 0

35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00
35.00 35.00 35.00

35.00 30.17 30.17 30.17 30.17 30.17 30.17 30.17 30.17 30.17
30.17 30.17 32.25

35.00 30.11 30.11 30.11 30.11 30.11 30.11 30.11 30.11 30.11
30.11 30.11 31.50

35.00 30.05 30.05 30.05 30.05 30.05 30.05 30.05 30.05 30.05
30.05 30.05 30.75

30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
30.00 30.00 30.00

1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0
ITNO. OK= 0
.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000 .45000
.00000.05938.10350.13699.16278.18276.19823.21007.21892.22521.22923.23119 .23118
.00000.00783.02380.04169.05887.07421.08731.09806.10650.11270.11677.11877 .11876
.00000.00103.00547.01269.02129.03013.03845.04577.05180.05640.05948.06102 .06101
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.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800 .35800

At B=1.4Tesla

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//

.362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000
.362000 .362000 .362000
.000000 .011506 .022596 .033095 .042837 .051676 .059479 .066134 .071551 .075661
.078415 .079793 .079793
.000000 .011511 .022605 .033106 .042851 .051690 .059493 .066148 .071563 .075670
078422 .079796 .079793
.000000 .011515 .022613 .033118 .042864 .051705 .059508 .066162 .071575 .075679
078428 .079799 .079793
406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000
406000 .406000 .406000

1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 39

ITNO. 2K= 0

35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00
35.00 35.00 35.00

35.00 30.17 30.17 30.17 30.17 30.17 30.17 30.17 30.17 30.17
30.17 30.17 32.25

35.00 30.11 30.11 30.11 30.11 30.11 30.11 30.11 30.11 30.11
30.11 30.11 31.50

35.00 30.05 30.05 30.05 30.05 30.05 30.05 30.05 30.05 30.05
30.05 30.05 30.75

30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
30.00 30.00 30.00

1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0

ITNO. OK= 0

.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000 .45000
.00000.06034.10494.13866.16455.18457.20004.21187.22071.22698.23099.23294 .23293
.00000.00809.02446.04272.06016.07569.08891.09974.10824.11448.11857.12058 .12057
.00000.00108.00570.01316.02199.03103.03951.04695.05308.05774.06086.06241 .06241
.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800 .35800

At B=3.0Tesla

1VEL.DIST ON A FILM BY GAUSS-SEIDEL ITERATION//

265



.362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000 .362000
.362000 .362000 .362000
.000000 .012268 .024043 .035151 .045430 .054733 .062933 .069916 .075595 .079899
.082784 .084227 .084227
.000000 .012273 .024051 .035162 .045443 .054748 .062947 .069930 .075606 .079909
.082791 .084230 .084227
.000000 .012277 .024060 .035173 .045457 .054763 .062962 .069944 .075618 .079918
.082797 .084233 .084227
406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000 .406000
406000 .406000 .406000

1TEMP DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. 1K= 39

ITNO. 2K= 0

35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00 35.00
35.00 35.00 35.00

35.00 30.17 30.17 30.17 30.17 30.17 30.17 30.17 30.17 30.17
30.17 30.17 32.25

35.00 30.11 30.11 30.11 30.11 30.11 30.11 30.11 30.11 30.11
30.11 30.11 31.50

35.00 30.05 30.05 30.05 30.05 30.05 30.05 30.05 30.05 30.05
30.05 30.05 30.75

30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
30.00 30.00 30.00

1CONC DIST ON A FILM BY GAUSS-SEIDEL ITERATION/

ITNO. OK= 0

ITNO. OK= 0

.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000.45000 .45000
.00000.06377.11001.14450.17072.19085.20632.21811.22689.23311.23708.23901 .23900
.00000.00903.02689.04639.06476.08093.09459.10571.11439.12074.12490.12694 .12693
.00000.00128.00657.01489.02456.03431.04336.05123.05766.06254.06580.06742 .06742
.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800.35800 .35800
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GAUSSIAN ELIMINATION

APPENDIX D

Gaussian elimination is direct method for solving sets of simultaneous linear algebraic equations

of the general form

ApiXg+aApXot o, + ainXp = by

Ap1X1+aXo+ L, + aspXp = by

dz1X1+amXo+ o + aznXn = ba (Dl)

an]_X]_ + an2X2 F o + anan = bn

where Xg, X2, X3 .......... xp are the unknowns and the coefficients a;; and b; are all known

constants. This set of equations can be expressed in matrix form as follows

A1l A2 ceeieeeinnas din

A11 A2 i a1n

anl an2 ............... ann
AX =

X1 b1
X2 b,

= : (D.2)
Xn bn

B (D.3)

The unknowns are successfully eliminated by algebraic manipulations. The first equation can be

used to eliminate x; from the remaining n-1 equations. The modified second equation is then

used to eliminate x, from the remaining n-2 equations and so on until the last equation contains

only x,. Thus x, may be found, followed by all the other unknowns by back substitution. Let the

coefficient shown in equation b; and b, be given by the notation ailj =a;
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After the K, elimination the modified coefficient are:-

ij ij
b =b — o w (D.4)
where j = k, k+1........... n

The final set of equations is

a5, X, + 85Xy + e, +a; X, =b
AypXy F v a, X, =b,
Foi, + =
Forinnn, +=.. (D.5)
+ot+=
a, X, =b

The unknown are obtained in reverse order

by

(D.6)

nn

bil _Zj:H—i a'JXJ (D7)
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