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Abstract

Automobile air-conditioning is a necessity of present life. Designing energy efficient
and cost effective products are the main challenge in modern world. From that
perspective when we look at a vehicle air conditioning system, it doesn’t fit that
criteria in most of the cases. Vapor compression refrigeration cycle used in modern
automobile uses refrigerant 134-a and the compressor of automobile air-conditioning
is run by engine crankshaft, which reduces the mileage of the automobile. An internal
combustion engine gives about 35% efficiency and when we put the load of air
conditioning, it consumes upto 15-20% energy of the crankshaft. Also 65% heat
energy is wasted through exhaust and cooling system. In many industries waste heat is
used to reutilize in refrigeration system using Vapor Absorption System. The main
theme of this project is to utilize the waste heat of the exhaust gases generated in
internal combustion engines. Before leaving these gases to the atmosphere through the
exhaust necessary mass of exhaust gases is by passed and is made to deliver it
generator so as to run the vapour absorption refrigeration system there by conserving
the energy. We have made the same system in smaller scale so that it can be used in
vehicles and cabin temperature can be kept at a comfortable level. By controlling the
heat provided in generator and pump flow rate we have ensured that the cabin
temperature stays at the thermal comfort zone of 20-25 degree Celcius. In this project
we have used Temperature sensors, Water flow sensor, Pressure gauge, Valves,
Electromagnetic relay and Arduino to monitor the system conditions with time. This
also enables us to control the system completely which wasn’t done in a smaller scale
before. This project takes the idea of using VARS for air cooling one step closer to
industrialization and with continual research this can be developed to use in vehicles
in near future. Owing to the threat of global warming due to high thermal disposal and
to compensate the energy crisis, VARS is likely to gain immense prominence in the
coming years. The aim of the project is to perform analysis on absorption refrigeration
system using lithium-bromide as absorbent and water as refrigerant to find out the
optimal operating temperatures on the thermal loads of components and their co-
efficient of performance. Finally coming up with the operating conditions where it

can run by effectively utilizing the waste heat of the exhaust gases.
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1.1 Background of the study:

In view of shortage of energy production and fast increasing energy consumption,
there is a need to minimize the use of energy and conserve it in all possible ways.
Energy conservation (i.e. energy saved is more desirable than energy produced) is
becoming a slogan of the present decade and new methods to save energy, otherwise
being wasted, are being explored. Recovering energy from waste heat and/or
utilizing it for system efficiency improvement is fast becoming a common scientific
temper and industrial practice nowadays. The present energy crisis has forced the
scientists and engineers all over the world to adopt energy conservation measures in
various industries. Reduction of the electric power and thermal energy consumption
are not only desirable but unavoidable in view of fast and competitive industrial
growth throughout the world. Refrigeration systems form a vital component for the
industrial growth and affect the energy problems of the country at large. Therefore, it
is desirable to provide a base for energy conservation and energy recovery from
Vapor Absorption System. Although, the investigations undertaken in this Work are
of applied research nature but certainly can create a base for further R & D activities
in the direction of energy conservation and heat recovery options for refrigeration
systems and the analysis can be extended further to other Refrigeration and Air
Conditioning Systems. In recent years, research has been devoted to improvement of
Absorption Refrigeration Systems (ARSs). However, ARS’s harmless inexpensive
waste heat, solar, biomass or geothermal energy sources for which the cost of supply
is negligible in many cases. Moreover, the Working fluids of these systems are
environmentally friendly .The overall performance of the absorption cycle in terms
of refrigerating effect per unit of energy input generally poor, however, waste heat
such as that rejected from a power can be used to achieve better overall energy
utilization. Ammonia/water (NHs/H,O) systems are widely used where lower
temperature is required. However, Water/lithium bromide (H,0/LiBr) systems are

also widely used where moderate temperatures are required (e.g. air conditioning).
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1.2 Motivation:

With considering AC system of conventional automobile, powered by internal
combustion engine is utilized the engine developed power to drive the compressor.
This may take around 15 to 20% of engine power to drive the piston or rotary
compressor. Approximately it consumes of 20% total fuel consumption on the other
hand the R12 used as refrigerant (Or R134a) and it is affected to ozone layer depletion.

However many passenger vehicle engine utilizes only about 35% of total energy and
rests are lost to various form of energy losses. If one is adding conventional air
conditioning system to automobile, it further utilizes about 15% to 20% of the total
energy. Therefore most of existing automobile becomes uneconomical and less
efficient. In addition conventional air conditioner is causes to decreases the life time of
engine also. Hence considering of the above factors in this research introduce an
alternative solution for automobiles AC system as based on absorption refrigeration

cycle using exhaust waste heat of the engine.

The advantages of this system over conventional air-conditioning system are that, it
does not affect original design of the whole system. But overall fuel consumption of
engine significant amount reduction & therefore, the running of the engine efficiently
and economically. On the other hand it showed comparatively less environmental

pollution.

Furthermore life time of engine optimized due to less load capacity of engine. Another
difference between absorption systems and conventional vapor compression systems is
the working fluid used. Most vapor compression systems commonly use
chlorofluorocarbon refrigerants (CFC s), because of their thermophysical properties. It
is through the restricted use of CFC s, due to depletion of the ozone layer that will

make absorption systems more prominent.
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1.3 Objective:

The objective of this work is to develop a refrigeration system which will provide the

cooling effect that is cheaper & energy saver than the existing refrigeration system.
As it has no moving parts, its maintenance & repair cost is less.

Vapor compression refrigeration system uses mechanical energy from engine

whereas vapor absorption refrigeration system uses waste heat or renewable energy.

Its objective is to ensure that countries like Bangladesh where energy shortage is a

great problem can get the benefit of this refrigeration system.

Preservation of foods, fruits & other things that need cold storing during summer

season while traveling will be easier by using this VAR system.

It can also be used to cool the space inside a car by utilizing waste heat & exhaust

gases from engine.
To develop a refrigeration system that will not produce any greenhouse gases.

To provide cabin cooling in the passenger vehicle by minimizing temperature few

degrees from atmospheric temperature.
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Chapter Two

Literature review

2.1. Introduction
2.2. History
2.3. Types of VARS

2.4. Basic Principal of Absorption



Page |16

2.1 Introduction

Widespread efforts are currently underway to utilize available energy resources efficiently by
minimizing waste energy and develop replacements for the traditionally refrigerants (CFCs and
HCFCs), which contribute to ozone depletion and greenhouse warming. Absorption chillers
which are heat-powered refrigeration systems have got more and more attention, due to the
recognition of rational utilization of energy and the concerns about ecological problem. Vapor
Absorption Refrigeration Systems (VARS) belong to the class of vapor cycles similar to vapor
compression refrigeration systems. However, unlike vapor compression refrigeration systems,
the required input to absorption systems is in the form of heat. Hence these systems are also
called as heat operated or thermal energy driven systems. Since conventional absorption systems
use liquids for absorption of refrigerant, these are also sometimes called as wet absorption
systems. Similar to vapor compression refrigeration systems, vapor absorption refrigeration
systems have also been commercialized and are widely used in various refrigeration and air
conditioning applications. Since these systems run on low-grade thermal energy, they are
preferred when low-grade energy such as waste heat or solar energy is available. Since
conventional absorption systems use natural refrigerants such as water or ammonia they are

environment friendly.

2.2 History

The early development of an absorption cycle dates back to the 1700’s. It was known that ice
could be produced by an evaporation of pure water from a vessel contained within an evacuated

container in the presence of sulfuric acid.

In 1810, ice could be made from water in a vessel, which was connected to another vessel
containing sulfuric acid. As the acid absorbed water vapor, causing a reduction of temperature,
layers of ice were formed on the water surface. The major problems of this system were
corrosion and leakage of air into the vacuum vessel. In 1859, Ferdinand Carre introduced a novel
machine using water/ammonia as the fluid. This machine took out a US patent in 1860. Machines
based on this patent were used to make ice and store food. It was used as a basic design in the

early age of refrigeration development.
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Figure 1: VARS from 1950s

In the 1950’s, a system using lithium bromide/water as the working fluid was introduced
for industrial applications. A few years later, a double-effect absorption system was
introduced and has been used as an industrial standard for a high performance heat-

operated refrigeration cycle.

2.3. Types of VARS:

o Absorption heat transformer
o Multi-effect absorption refrigeration cycle

o Absorption refrigeration cycle with GAX

o Absorption refrigeration cycle with an absorber heat recovery
o Half-effect absorption refrigeration cycle

o Combined vapor absorption-compression cycle

o Sorption-resorption cycle

o Combined ejector absorption refrigeration cycle

o Osmotic membrane absorption cycle



Page |18

o Self-circulation absorption system using LiBr/water

2.4 Basic Principal of Absorption:

When a solute such as lithium bromide salt is dissolved in a solvent such as water, the boiling
point of the solvent (water) is elevated. On the other hand, if the temperature of the solution
(solvent + solute) is held constant, then the effect of dissolving the solute is to reduce the vapor
pressure of the solvent below that of the saturation pressure of pure solvent at that temperature. If
the solute itself has some vapor pressure (i.e., volatile solute) then the total pressure exerted over
the solution is the sum total of the partial pressures of solute and solvent. If the solute is non-
volatile (e.g. lithium bromide salt) or if the boiling point difference between the solution and
solvent is large (> 300°C), then the total pressure exerted over the solution will be almost equal
to the vapor pressure of the solvent only. In the simplest absorption refrigeration system,
refrigeration is obtained by connecting two vessels, with one vessel containing pure solvent and

the other containing a solution.

Since the pressure is almost equal in both the vessels at equilibrium, the temperature of the
solution will be higher than that of the pure solvent. This means that if the solution is at ambient
temperature, then the pure solvent will be at a temperature lower than the ambient. Hence
refrigeration effect is produced at the vessel containing pure solvent due to this temperature
difference. The solvent evaporates due to heat transfer from the surroundings, flows to the vessel
containing solution and is absorbed by the solution. This process is continued as long as the
composition and temperature of the solution are maintained and liquid solvent is available in the

container.

For example, Fig 2.4.1 shows an arrangement, which consists of two vessels A and B connected
to each other through a connecting pipe and a valve. Vessel A is filled with pure water, while
vessel B is filled with a solution containing on mass basis 50 percent of water and 50 percent
lithium bromide (LiBr salt). Initially the valve connecting these two vessels is closed, and both
vessels are at thermal equilibrium with the surroundings, which is at 30° C. At 30°C, the
saturation pressure of water is 4.24 kPa, and the equilibrium vapor pressure of water-lithium
bromide solution (50: 50 by mass) at 30°C is 1.22 kPa.
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Thus at initial equilibrium condition, the pressure in vessel A is 4.24 kPa, while it is 1.22 kPa in
vessel B. Now the valve between vessels A and B is opened. Initially due to pressure difference
water vapor will flow from vessel A to vessel B, and this vapor will be absorbed by the solution
in vessel B. Since absorption in this case is exothermic, heat will be released in vessel B.

a) Initial condition

£
Ry
Valve closed
4.24 kPa 122 kPa
E:E:E- Water at 30°C E:E E: 50% LiBr soln. at 30"C -
A
Water vapour
—  »
£
R
b) Refrigeration Valve open
1.22 kPa 1.22 kPa
T Waterat10°C  50% LiBr soln. at 30°C

Water vapour

£) Regeneration

o

Valve open

T,>T,>T,

Figure 2 : Basic principle of vapor absorption systems

Now suppose by some means the concentration and temperature of vessel B are maintained
constant at 50 % and 30°C, respectively. Then at equilibrium, the pressure in the entire system
(vessels A and B) will be 1.22 kPa (equilibrium pressure of 50 % LiBr solution at 30°C). The
temperature of water in vessel A will be the saturation temperature corresponding to 1.22 kPa,

which is equal to about 10°C, as shown in the figure. Since the water temperature in A is lower
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than the surroundings, a refrigeration effect (Q¢) can produced by transferring heat from the

surroundings to water at 10°C.

Due to this heat transfer, water vaporizes in A, flows to B and is absorbed by the solution in B.

The exothermic heat of absorption (Qa) is rejected to the surroundings.

Now for the above process to continue there should always be pure water in vessel A and vessel
B must be maintained always at 50 percent concentration and 30°C. This is not possible in a
closed system such as the one shown in Fig 2. In a closed system with finite sized reservoirs,
gradually the amount of water in A decreases and the solution in B becomes diluted with water.
As a result, the system pressure and temperature of water in A increase with time. Hence the
refrigeration effect at A reduces gradually due to the reduced temperature difference between the
surroundings and water. Thus refrigeration produced by systems using only two vessels is
intermittent in nature. In these systems, after a period, the refrigeration process has to be stopped
and both the vessels A and B have to be brought back to their original condition. This requires
removal of water absorbed in B and adding it back to vessel A in liquid form, i.e., a process of
regeneration as shown in Fig.2(c).

Assume that before regeneration is carried out, the valve between A and B is closed and both A
and B are brought in thermal equilibrium with the surroundings (30°C), then during the
regeneration process, heat at high temperature Ty is supplied to the dilute LiBr solution in B, as a
result water vapor is generated in B. The vapor generated in B is condensed into pure water in A
by rejecting heat of condensation to the surroundings. This process has to be continued till all the
water absorbed during the refrigeration process (2(b)) is transferred back to A. Then to bring the
system back to its original condition, the valve has to be closed and solution in vessel B has to be
cooled to 30°C. If we assume a steady-flow process of regeneration and neglect temperature
difference for heat transfer, then the temperature of water in A will be 30°C and pressure inside
the system will be 4.24 kPa. Then the temperature in vessel B, T4 depends on the concentration
of solution in B. The amount of heat transferred during refrigeration and regeneration depends on
the properties of solution and the operating conditions. It can be seen that the output from this
system is the refrigeration obtained Q. and the input is heat supplied to vessel B during vapour

regeneration process, Q.
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The system described may be called as an Intermittent Absorption Refrigeration System. The
solvent is the refrigerant and the solute is called as absorbent. These simple systems can be used
to provide refrigeration using renewable energy such as solar energy in remote and rural areas.
As already explained, these systems provided refrigeration intermittently, if solar energy is used
for regenerating the refrigerant, then regeneration process can be carried out during the day and

refrigeration can be produced during the night.

Though the intermittent absorption refrigeration systems discussed above are simple in design
and inexpensive, they are not useful in applications that require continuous refrigeration.
Continuous refrigeration can be obtained by having a modified system with two pairs of vessels
A and B and additional expansion valves and a solution pump.

__________® ____________________ _@)_

Exp.device

Fvanorator

Mechanical Thermal
compression compression

2) VCRS b) VARS

Figure 3 : Comparison of Vapor compression (VCRS) and Vapor Absorption
refrigeration system (VARS)

Figure 3 (a) and (b) show a continuous output vapor compression refrigeration system and a
continuous output vapor absorption refrigeration system. As shown in the figure in a continuous

absorption system, low temperature and low pressure refrigerant with low quality enters the
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evaporator and vaporizes by producing useful refrigeration Qe . From the evaporator, the low

temperature, low pressure refrigerant vapor enters the absorber where it comes in contact with a
solution that is weak in refrigerant. The weak solution absorbs the refrigerant and becomes

strong in refrigerant. The heat of absorption is rejected to the external heat sink at TO.

The solution that is now rich in refrigerant is pumped to high pressure using a solution pump

and fed to the generator. In the generator heat at high temperature Tg is supplied,as a result

refrigerant vapor is generated at high pressure. This high pressure vapor is then condensed in the
condenser by rejecting heat of condensation to the external heat sink at TO. The condensed

refrigerant liquid is then throttled in the expansion device and is then fed to the evaporator to

complete the refrigerant cycle.

On the solution side, the hot, high-pressure solution that is weak in refrigerant is throttled to the
absorber pressure in the solution expansion valve and fed to the absorber where it comes in
contact with the refrigerant vapor from evaporator.Thus continuous refrigeration is produced at
evaporator, while heat at high temperature is continuously supplied to the generator. Heat

rejection to the external heat sink takes place at absorber and condenser.

A small amount of mechanical energy is required to run the solution pump. If we neglect
pressure drops, then the absorption system operates between the condenser and evaporator
pressures. Pressure in absorber is same as the pressure in evaporator and pressure in generator is

same as the pressure in condenser.

It can be seen from Fig. 3, that as far as the condenser, expansion valve and evaporators are
concerned both compression and absorption systems are identical. However, the difference lies
in the way the refrigerant is compressed to condenser pressure. In vapor compression
refrigeration systems the vapor is compressed mechanically using the compressor, where as in
absorption system the vapor is first converted into a liquid and then the liquid is pumped to
condenser pressure using the solution pump. Since for the same pressure difference, work input
required to pump a liquid (solution) is much less than the work required for compressing a
vapor due to very small specific volume of liquid, the mechanical energy required to operate
vapor absorption refrigeration system is much less than that required to operate a compression
system. However, the absorption system requires a relatively large amount of low-grade thermal

energy at generator temperature to generate refrigerant vapor from the solution in generator.
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Thus while the energy input is in the form of mechanical energy in vapor compression
refrigeration systems, it is mainly in the form of thermal energy in case of absorption systems.
The solution pump work is often negligible compared to the generator heat input. Thus the
COPs for compression and absorption systems are given by:

COPycrs = Qe/Wc (2.4.1)

COPVARS = Qe/(Qg + Wp) = Qe/Qg (2.4.2)

Thus absorption systems are advantageous where a large quantity of low-grade thermal energy is
available freely at required temperature. However, it will be seen that for the refrigeration and
heat rejection temperatures, the COP of vapor compression refrigeration system will be much
higher than the COP of an absorption system as a high grade mechanical energy is used in the
former, while a low-grade thermal energy is used in the latter. However, comparing these
systems based on COPs is not fully justified, as mechanical energy is more expensive than

thermal energy.

Hence, sometimes the second law (or exergetic) efficiency is used to compare different
refrigeration systems. It is seen that the second law (or exergetic) efficiency of absorption system

is of the same order as that of a compression system.
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3.1 Working fluid for absorption refrigeration system

Performance of an absorption refrigeration system is critically dependent on the chemical and
thermodynamic properties of the working fluid. A fundamental requirement of
absorbent/refrigerant combination is that, in liquid phase, they must have a margin of miscibility
within the operating temperature range of the cycle. The mixture should also be chemically
stable, non-toxic, and non-explosive. In addition to these requirements, the following are

desirable.

e The elevation of boiling (the difference in boiling point between the pure refrigerant and
the mixture at the same pressure) should be as large as possible.

e Refrigerant should have high heat of vaporization and high concentration within the
absorbent in order to maintain low circulation rate between the generator and the absorber

per unit of cooling capacity.

refrigerant separation process

absorption process

Figure 4 : A continuous absorption refrigeration cycle composes of two processes

mentioned in the earlier figure
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e Transport properties that inexhaustnce heat and mass transfer, e.g., viscosity, thermal
conductivity, and diffusion coefficient should be favorable.
e Both refrigerant and absorbent should be non-corrosive, environmental friendly and low-

cost.

Many working fluids are suggested in literature. A survey of absorption fluids provided by
Marcriss suggests that, there are some 40 refrigerant compounds and 200 absorbent compounds

available. However, the most common working fluids are Water/NH3 and LiBr/water.

Since the invention of an absorption refrigeration system, water NH3 has been widely used for
both cooling and heating purposes. Both NH3(refrigerant) and water (absorbent) are highly stable
for a wide range of operating temperature and pressure. NH; has a high latent heat of
vaporization, which is necessary for efficient performance of the system. It can be used for low
temperature applications, as the freezing point of NHj3 is 77 degree centigrade. Since both NH3
and water are volatile, the cycle requires a rectifier to strip away water that normally evaporates
with NHs. Without a rectifier, the water would accumulate in the evaporator and offset the

system performance.

The use of LiBr-water for absorption refrigeration systems began around 1930.Two outstanding
features of LiBr-water are non-volatility absorbent of LiBr (the need of a rectifier is eliminated)
and extremely high heat of vaporization of water (refrigerant). However, using water as a
refrigerant limits the low temperature application to that above 0 degree centigrade. As water is
the refrigerant, the system must be operated under vacuum conditions. At high concentrations,
the solution is prone to crystallization. It is also corrosive to some metal and expensive. Some
additive may be added to LiBr-water as a corrosion inhibitor or to improve heat mass transfer

performance.

Although LiBr-water and water/NH3; have been widely used for many years and their properties
are well known, much extensive research has been carried out to investigate new working fluids.
Fluorocarbon refrigerant based working fluids have been studied. R22 and R21 have been widely
suggested because of their favorable solubility with number of organic solvents. The two
solvents, which have stood out are Dimethyl Ether of Tetraethylene Glycol (DMETEG) and
Dimethyl Formamide (DMF).

A binary mixture using inorganic salt absorbent such as LiBr-water or NaOH-water may be the

most successful working for an absorption refrigeration system. However, at high concentration
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such as at high temperature, the solution is prone to crystallization. It was found that the addition
of a second salt as in a ternary mixture such as LiBr+ZnBry/water can improve the solubility of

the solution. Various ternary mixtures have been tested for using with an absorption system.

Though there are many refrigerants and absorbents which can be used in a vapor absorption
refrigeration system we are using LiBr-Water solution in this project we are using water as

refrigerant and Lithium bromide as absorbent.

3.2 System Description

Vapor absorption refrigeration systems using water-lithium bromide pair are extensively used in
large capacity air conditioning systems. In these systems water is used as refrigerant and a
solution of lithium bromide in water is used as absorbent. Since water is used as refrigerant,
using these systems it is not possible to provide refrigeration at sub-zero temperatures. Hence it
is used only in applications requiring refrigeration at temperatures above 0°c. Hence these
systems are used for air conditioning applications. The analysis of this system is relatively easy
as the vapor generated in the generator is almost pure refrigerant (water), unlike ammonia-water

systems where both ammonia and water vapor are generated in the generator.
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Figure 5 : LiBr-water vapor absorption system
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Process 5-6-7. The water vapors from the evaporator pass through absorber. Strong Lithium

bromide solution is spread on this water vapor. . This makes the solution weak.

Process 7-8-9-1 The solution is pumped to Generator passing through a heat exchanger. . This
solution is now heated to disperse weak and Strong lithium bromide solutions. . The additional

heat supply is done in Generator.

Process 10-11-12 the strong Solution is processed through a heat exchanger and expansion valve

to absorber. This solution is sprayed on the water vapor coming from evaporator.

Process 1-2-3 The weak solution is passed through Condenser where it is cooled and condensed.

The refrigerant heat exchanger loses some more heat to the vapor passing to absorber.

Process 3-4-5 The condensed solution is passed through expansion device resulting in high
pressure drop. . This low pressure solution absorbs heat from the material in order to vaporize.

This vapor is again fed as in process 5-6-7.

3.3 Properties of water-lithium bromide solutions

3.3.1 Composition:

The composition of water-lithium bromide solutions can be expressed either in mass fraction (&)
or mole fraction (x). For water-lithium bromide solutions, the mass fraction § is defined as the

ratio of mass of anhydrous lithium bromide to the total mass of solution, i.e.
§=m_/(m_+mw) (3.3.1a)

Where mLand m, is the mass of anhydrous lithium bromide and water in solution, respectively.

The composition can also be expressed in terms of mole fraction of lithium bromide as:

X=n/ (n.tnw) (3.3.1b)
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where n. and n,,are the number of moles of anhydrous lithium bromide and water in solution,
respectively. The number moles of lithium bromide and water can easily be obtained from their
respective masses in solution and molecular weights, thus;

nL:mL/ML and nW:mwlMW (331C)

where ML (= 86.8 kg/kmol) and MW (= 18.0 kg/kmol) are the molecular weights of anhydrous

lithium bromide and water respectively.

3.3.2 Vapor pressure of water-lithium bromide solutions

Applying Raoult’s law, the vapor pressure of water-lithium bromide solution with the vapor

pressure exerted by lithium bromide being negligibly small is given by:
P= (1-X)PW

where PW is the saturation pressure of pure water at the same temperature as that of the solution

and x is the mole fraction of lithium bromide in solution. It is observed that Raoult’s law is only
approximately correct for very dilute solutions of water lithium bromide (i.e., as x — 0). Strong
aqueous solutions of water-lithium bromide are found to deviate strongly from Raoult’s law in a

negative manner.

(0]
For example, at 50 percent mass fraction of lithium bromide and 25 C, Raoult’s law predicts a

vapor pressure of 26.2 mbar, whereas actual measurements show that it is only 8.5 mbar.

The ratio of actual vapor pressure to that predicted by Raoult’s law is known as activity

coefficient. For the above example, the activity coefficient is 0.324.

The vapor pressure data of water-lithium bromide solutions can be very conveniently represented
in a Duhring plot. In a Duhring plot, the temperature of the solution is plotted as abscissa on a
linear scale, the saturation temperature of pure water is plotted as ordinate on the right hand side
(linear scale) and the pressure on a logarithmic scale is plotted as ordinate on the left hand side.
The plot shows the pressure-temperature values for various constant concentration lines

(isosters), which are linear on Dihring plot. Figures 15.1 show the Diihring plot. The Dihring
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plot can be used for finding the vapor pressure data and also for plotting the operating cycle.
Figure 15.2 shows the water-lithium bromide based absorption refrigeration system on Dihring
plot. Other types of charts showing vapor pressure data for water-lithium bromide systems are
also available in literature. Figure 15.3 shows another chart wherein the mass fraction of lithium
bromide is plotted on abscissa, while saturation temperature of pure water and vapor pressure are
plotted as ordinates. Also shown are lines of constant solution temperature on the chart. Pressure-

temperature-composition data are also available in the form of empirical equations.
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Figure 8: Pressure-Temperature-Concentration diagram for H2O-LiBr solution

3.3.3 Enthalpy of water-lithium bromide solutions

Since strong water-lithium bromide solution deviates from ideal solution behavior, it is observed
that when water and anhydrous lithium bromide at same temperature are mixed adiabatically, the
temperature of the solution increases considerably. This indicates that the mixing is an
exothermic process with a negative heat of mixing. Hence the specific enthalpy of the solution is

given by:
h=%&h, + (1 =&) hy + Ahpyy (3.4.33)

where hL and hW are the specific enthalpies of pure lithium bromide and water, respectively at the

same temperature. Figure 15.4 shows a chart giving the specific enthalpy-temperature-mass

fraction data for water-lithium bromide solutions. The chart is drawn by taking reference

enthalpy of 0 kJ/kg for liquid water at OOC and solid anhydrous lithium bromide salt at 2500.
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Figure 9: Enthalpy —Temperature - Concentration diagram for H20O-LiBr solution
3.3.4 Enthalpy values for pure water (liquid and superheated vapor)

The enthalpy of pure water vapour and liquid at different temperatures and pressures can be

obtained from pure water property data. For all practical purposes, liquid water enthalpy, hWquuid

at any temperature T can be obtained from the equation:

hW,quuid =4.19 (T-Trer) ki’kg (3.3.4.a)
where T " is the reference temperature, OOC.

The water vapor generated in the generator of water-lithium bromide system is in super-heated
condition as the generator temperature is much higher than the saturation water temperature at
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that pressure. The enthalpy of super-heated water vapor, hWsup at low pressures and temperature

T can be obtained approximately by the equation:

hysup = 2501 + 1.88 (T — Tref ) (3.3.4.b)

3.3.5 Crystallization

The pressure-temperature-mass fraction and enthalpy-temperature-mass fraction charts (Fig 8
and 9) show lines marked as crystallization in the lower right section. The region to the right and
below these crystallization lines indicates solidification of LiBr salt. In the crystallization region
a two-phase mixture (slush) of water-lithium bromide solution and crystals of pure LiBr exist in
equilibrium. The water-lithium bromide system should operate away from the crystallization
region as the formation of solid crystals can block the pipes and valves. Crystallization can occur
when the hot solution rich in LiBr salt is cooled in the solution heat exchanger to low
temperatures. To avoid this condenser pressure reduction below a certain value due to say, low
cooling water temperature in the condenser should be avoided. Hence in commercial systems, the
condenser pressure is artificially maintained high even though the temperature of the available
heat sink is low. This actually reduces the performance of the system, but is necessary for proper
operation of the system.It should be noted from the property charts that the entire water-lithium

bromide system operates under vacuum.

3.4 Practical problems in water-lithium bromide systems

Practical problems typical to water-lithium bromide systems are:

1. Crystallization
2. Air leakage, and
3. Pressure drops

As mentioned before to prevent crystallization the condenser pressure has to be maintained at
certain level, irrespective of cooling water temperature. This can be done by regulating the flow
rate of cooling water to the condenser. Additives are also added in practical systems to inhibit
crystallization. Since the entire system operates under vacuum, outside air leaks into the system.

Hence an air purging system is used in practical systems. Normally a two-stage ejector type
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purging system is used to remove air from the system. Since the operating pressures are very
small and specific volume of vapor is very high, pressure drops due to friction should be

minimized. This is done by using twin- and single-drum arrangements in commercial systems.
3.5 Utilization of waste heat by LiBr vapor absorption

Most of new automobile engines used all over the world utilize about 30 — 35% of the available
energy for developing power. With considering AC system of conventional automobile, powered
by internal combustion engine is utilized the engine developed power to drive the compressor.
This may take around 15 to 20% of engine power to drive the piston or rotary compressor.
Approximately it consumes of 20% total fuel consumption on the other hand the R12 used as

refrigerant (Or R134a) and it is affected to ozone layer depletion.
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Figure 10 : distribution of engine heat energy in the system

In addition conventional air conditioner is causes to decreases the life time of engine
also. Hence considering of the above factors an alternative solution for automobiles
AC system as based on LiBr-water based absorption refrigeration cycle using exhaust
waste heat of the engine which is almost 33 % of heat energy. The advantages of this
system over conventional air-conditioning system are that it does not affect original
design the whole system. But overall fuel consumption of engine significant amount
reduction & therefore, the running of the engine efficiently and economically. On the
other hand it showed comparatively less environmental pollution. Furthermore life

time of engine optimized due to less load capacity of engine.
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Here exhaust waste heat is used as power source and it may not consume engine
developed power for cooling the vehicle’s cabin. On the other hand in this design water is
used as a refrigerant. It reduces the environmental impact. Existing components other
than the compressor can be used as usual with this modification. However an economical

heat exchanger/generator has introduced to proper functioning of the system.

3.6 Advantages of VARS

e As there is no moving part in the entire system, the operation is essentially quite and
subjected to a very little wear.

e The load variation does not effect the performance of a vapor absorption system.

e Absorption system may be designed to use any readily available source of thermal energy
such as process steam, hot exhaust from furnaces and solar energy; therefore they can be
used in places where electric power is hard to obtain or is very expensive.

e In here pump is used for pumping refrigerant absorbent solution, which consumes less
power.

e Maintenance cost is low as because of absence of moving part.

e In the absorption refrigeration system no refrigerant produces the greenhouse effect, so
their use won’t be stopped in future.

e No moving part except pump-motor, which is comparatively smaller than compressor
system.

e Quiet in operation, low maintenance cost.

e Can work only with thermal energy as an input.

e Can be built for huge working capacities. (even for above 1000 TR)

e Can be operated at designed C.O.P’s or even at part loads by varying generator
temperature.

e Space and automatic control requirements favor absorption system.

¢ In ammonia-water absorption refrigeration system, ammonia is used as the refrigerant,
which is easily and cheaply available.

¢ In lithium bromide system, water is used as the refrigerant, which is also available cheap.
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3.7 Advantages of Lithium bromide -Water over Ammonia-Water

e It uses water as refrigerant(boiling point 100°C) and Lithium-Bromide (boiling point
1265°C) as its absorbent

e s used in a number of air conditioning applications.

e This system is useful for applications where the temperature required is more than 32 °F
(0°C).

e Water used as the refrigerant in the absorption refrigeration system means the operating
pressures in the condenser and the evaporator must be very low.

e The system can be achieved even without installing the expansion valve in the system,
since the drop in pressure occurs due to friction in the refrigeration piping and in the
spray nozzles.

e It has lesser components than ammonia-water absorption.

3.8 Disadvantages of VARS

1) Initial capital cost:

Though the running cost of the absorption refrigeration system is much lesser than the vapor

compression system. Its initial capital cost is much higher.
2) Corrosive nature of lithium bromide:

In the lithium bromide absorption refrigeration system, lithium bromide is corrosive in nature,
which reduces the overall life of the system. In case of the ammonia system, ammonia is
corrosive to copper. In the vapor compression system copper is used with the halocarbon
refrigerants and they are quite safe thus ensuring long life of the refrigeration system. As such the
vapor compression system with reciprocating or centrifugal compressor has longer life than the

lithium bromide absorption refrigeration system.
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3) Low working pressure:

The working pressures of the absorption refrigeration cycle are very low. In case of the lithium
bromide system these pressures are so low that even the expansion valve is not required since the
drop in pressure of the refrigerant due to its flow is good enough to produce its expansion. Due to
this the refrigeration system should be sealed thoroughly so that no atmospheric gases would
enter the refrigeration system. As such the system of the compression refrigeration should also be
packed tightly, but this is to prevent the leakage of the refrigerant to the atmosphere.

4) Coefficient of Performance (COP):

The coefficient of performance of the absorption refrigeration systems is very low compared to
the vapor compression systems. For instance, the COP of the two stage lithium bromide system is
about 1.1, while that of the vapor compression system used for the air conditioning applications it
is about 4 to 5.Thus the absorption refrigeration system becomes competitive only if the ratio of
the electricity to fuel (oil, gas or coal used to generate the steam in the boiler) becomes more than
four. If this ratio is lesser there are chances that excess fuel would be required the steam.

However, if there is excess steam in the industry, this ratio may not be given importance.
5) Higher heat rejection:

In the absorption refrigeration heat has to be rejected from number of parts like condenser,
absorber, analyzer, rectifier etc. thus heat rejection factor for absorption refrigeration system is
high and it can be around 2.5. In the compression refrigeration system the heat is given up only
from the condenser, so it heat rejection factor is small, which is about 1.2. Thus the cooling tower
and pump capacities for pumping the cooling water have to be higher in case of the absorption

refrigeration system, which leads to increase in the running cost of the system
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4.1 Introduction

Various economic and ecological reasons make it necessary to look more in detail at the potential
performance improvements of refrigeration systems. More energy efficient systems have to be
developed because of stricter energy standards issued all over the world. American refrigerator
manufacturers are being forced by the government and by environmental and economic interests
to produce more energy efficient systems and to eliminate chlorofluorocarbons (CFCs). Though
in VARS there is no CFC in use, still we need to maintain various design standards to make the
system work properly. Designing of the system can vary the performance of the system. So all

the goal mentioned can only be achieved if a system is properly designed and built.

4.2 Factor affecting the system

4.2.1 Design of Solution Heat Exchanger

The efficiency of the system is greatly affected by the enthalpy of solution entering the
generator and temperature of the solution entering the absorber. Thus a proper heat exchanger is

necessary for enhancement of this refrigeration system.

4.2.2 Design of energy supplying network to the generator

The prime motive behind this project was to utilize exhaust heat energy which is released from
internal combustion engines. This can be used by many industries and manufacturing unit’s
exhaust that go unused as well. This energy should be trapped and supplied to the generator. A
proper system should be designed for this purpose.

4.2.3 Design of an water Cooled Condenser
A properly designed water cooled condenser will reduce the size of the refrigeration system
and make it compact, easy to transport and efficient.

4.2.4 Design of Generator and Absorber
Since the system is operating under high pressure, the cylinders for generator and absorber must

be selected properly so that they can withstand the pressure making the system cost effective.
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4.2.5 Evaporator Design
The contamination hazards make the evaporator the most challenging part of a
refrigeration system to Design.

Selection of the correct materials of construction:

Evaporators can be constructed either in hot dipped galvanized steel, aluminum or stainless steel.
Although combination of stainless steel pipes or copper tubes with aluminum fins are also
possible. It is important to choose a material that can withstand both the refrigerant vapor and the
chemicals needed. The large number of welds, the numerous transitions from one metal to
another, the small pipe coil etc. make the Evaporator very sensitive for the aggressive cleaning

chemicals.

e Carbon steel on a per kg basis, is lower in cost than both stainless steel and aluminum,
however carbon steel becomes brittle in temperatures below -29°C. Special allowances
must be made when designing with carbon steel below -29°C.

e Galvanized steel, carbon steel are dipped in a bath of molten zinc is also used as

material of construction for LiBr evaporator coils.

4.2.6 Evaporator Design Factors

There are 3 main factors to consider in designing an evaporator.

e Pressure Drop: The evaporator must have sufficient space for the circulation of the
refrigerant without too much pressure drop between the outlet and the inlet.

e Temperature: The evaporator must have enough surface area to absorb the required heat
load in order to ensure the temperature difference between the substances being cooled.

e Liquid and Refrigerant VVapor: The evaporator must have enough space for the liquid

refrigerant and the vapor to separate from the liquid.
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4.2.7 Capillary Tube
Since the pressure on the two sides of the capillary equalizes when the refrigeration plant is
stopped, one should not overcharge the system with the refrigerant. Due to this reason the
receiver is also not installed in the refrigeration system with the capillary. If the system is
overcharged the discharge pressure from the compressor will be high and the compressor would
get overloaded. Thus the refrigerant charge in the refrigeration and air conditioning systems with

the capillary tube is critical.

The technician should be very careful while brazing the capillary to the condenser and
the evaporator coil. Since the diameter of the capillary is very small the capillary may get
blocked if the brazing is done deep inside. Brazing the capillary requires lots of expertise and

patience.
In most of the cases, when the fresh refrigerant is charged into the refrigerator or the deep
freezers, the capillary of the system should also be changed. This is because when the machine is
stopped some particles may clog the capillary as the refrigerant leaks to the atmosphere.

4.2.8 Safety Measurements with Lithium Bromide
Lithium Bromide is a hazardous chemical that can cause fatal injury if not handled properly.
Lithium salts are psychoactive and somewhat corrosive. Heat is quickly generated when lithium

bromide is dissolved into water because it has a negative enthalpy of solution.

Potential health effects

. Inhalation: May be harmful if inhaled. Causes respiratory tract irritation.

. in: May be harmful if absorbed through skin. Causes allergic skin reaction and irritation.
o Eyes: Causes serious eye irritation.

o Ingestion: Harmful if swallowed.

Precautionary Statements

. Avoid breathing fumes, gas, mist, vapors, and spray.
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. Wash hands thoroughly after handling.

. Use only outdoors or in a well ventilated area.

. Avoid release to the environment

. Wear protective gloves / protective clothing / eye protection / face protection

o IF SWALLOWED: Rinse mouth. Do NOT induce vomiting.

. IF ON SKIN (or hair): Wash with plenty of soap and water

. IF INHALED: Remove victim to fresh air and keep at rest in a position comfortable for
breathing.

. IF IN EYES: Rinse cautiously with water for several minutes. Remove contact lenses,

if present and easy to do so.

Continue rinsing. .

. Wash contaminated clothing before reuse.

. Eliminate all ignition sources if safe to do so.

J Collect Spillage.

. Store in a well ventilated place. Keep container tightly closed.
. Store locked up.
. Dispose of contents/container in accordance with specified local, regional,

national, international regulations for disposal.

Product disposal

The generation of waste should be avoided or minimized wherever possible. Avoid dispersal of
spilled material, runoff and contact with soil, waterways, drains and sewers. Disposal of this
product, solutions and any byproducts should at all times comply with the requirements of
environmental protection and waste disposal legislation and any regional and local authority

requirements. Contact a licensed professional waste disposal service to dispose of this material.
Regulatory Information
This product has been classified in accordance with the hazard criteria of the Controlled Products

Regulations and the MSDS contain all the information required by the Controlled Products

Regulation.
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4.2.9 Condenser size:
The selection of a higher condensing head pressure is one of the best ways to reduce energy costs
to save energy in a LiBr refrigeration system. The larger condenser saves money all year round,
and offers the user a longer useful lifetime as well.

Sizing Condensers: There are three factors inexhaustncing the sizing of a condenser:
a) The total heat rejection required - the capacity of the system heat source.
b) The local climate conditions - the design wet bulb temperature

C) The design condensing temperature.

The first two factors are a given and cannot be changed. The third is a design decision between
the owner and designer.

Total Heat Rejection: Total heat rejection is based on the total compressor capacity of the Plant

including a factor for oil cooling and excluding any back up machines. The equation is:

(BHP x 2545) + (TR x 12000) = Total Heat Rejection, BTU /hr.

Wet Bulb Temperature: Evaporative condensers work by evaporating water over the
condenser‘s tube bundle cooling the refrigerant vapor inside. The temperature at which the water
will evaporate on any given day is called the wet bulb temperature. The wet bulb temperature is a
measure of the humidity in the air. If the humidity is high, the wet bulb temperature is high. The
dry bulb temperature, which is the temperature measured by a thermometer, has significantly less
effect on condenser performance. Refrigeration system designer’s size condensers using the
ASHRAE 1% wet bulb temperature for a given location. In other words, 99% of the time the wet
bulb temperature will be below that value. Typical wet bulb value for the Bangladesh is about
27°C.

Design Condensing Temperature: This is a key economic design decision. Lowering the design
condensing temperature lowers the energy consumption by the compressors. However, lowering
the design condensing temperature also increases the size and cost of the condenser, raising
installation costs. Thus, the decision is balance between initial construction cost and operating

Ccosts.
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Lowering Condensing Pressure:

There are 3 design condensing temperatures typically used for LiBr refrigeration systems.

a) 96.3°F 185 psig (older standard design)
b) 95°F 180.7 psig (newer standard design)
C) 90°F 165.9 psig (enhanced design )

Using the older standard of 96.3°F as a base, lowering the design condensing temperature has the

following effect on size, or base rating, of the condenser.

Other Considerations:

Scaling of the condenser tubes from hard water is a major factor meeting a condensers useful life.
Even the best warm water treatment will not prevent scale from eventually building up, but it will
slow it down so that it will take many years before it becomes a problem, condenser manufacturers
report that even a very thin layer of scale on tubes has a significant effect on condenser performance.
For example, with a fouling factor of 0.003 (0.036 in scale thickness) the additional energy cost per
year for a 500 ton chiller is $25,300. The larger sized condenser has a built in safety factor of
approximately 50%, allowing it to operate satisfactorily for years even with some tube scaling,
whereas the marginally sized condenser will lead to high head pressure problems much sooner.

Thus, the larger condenser will have a significantly longer useful life.
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Chapter Five

Design and implementation

5.1 Equipment required for implementing the design.
5.2 Fabrication and assembly.
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5.1 Equipment required for implementing the design.

Major Components:

5.1.1 Generator:

The purpose of the generator is to deliver the refrigerant vapor to the rest of the system. It
accomplishes this by separating refrigerant from the solution. In the generator the solution
vertically falls over horizontal tubes with high temperature energy source typically steam or hot
water flowing through the tubes. The solution absorbs heat from the warm steam or water,
causing the refrigerant to boil (vaporize) and separate from the absorbent solution. As the
refrigerant is boiled away, the absorbent solution becomes more concentrated. The concentrated

absorbent solution returns to the absorber and the refrigerant vapor migrates to the condenser.

It can be seen that compared to heat input to the system at the generator, the work input to the
system is almost negligible (less than 0.5 percent). The system COP is reduced as the required
heat input to the generator increases due to heat rejection at dephlegmator. However, this cannot
be avoided as rectification of the vapor is required. However, it is possible to analyze the
rectification process to minimize the heat rejection at the dephlegmator.

Generator Condenser
Refrigerant

Vapors

- ——
LiBr e Cooling Water
. Heat Source -
Solution —

Refrigerant

Heat
Exchanger - Absorber . Evaporator
Refrigerant
Vapors
" ) T | K ) )
P -
LiBr Cooling Water Chilled Water
Sulu@\
——tt —ntt
e ] Cr =t W
E') Solution Refrigerant d: Refrigerant
Pump

Pump

Figure 11 : Major components of VARS
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Solar energy as heat source of generator

Solar energy is a very large, inexhaustible source of energy. The power from the sun intercepted
by the earth is approximately 1.8 x 10! MW which is much larger than the present
consumption rate on the earth of all commercial energy sources. Thus, in principle, solar energy
could supply all the present and future energy needs of the world on the continuing basis. This
makes it one of the most promising of the unconventional energy sources. In addition to its size,
solar energy has two other factors in its favor. First unlike fossil fuels and nuclear power, it is an
environmental clean source of energy. Second, it is free and available in adequate quantities in
almost all parts of the world where people live. However, there are many problems associated
with its use. The main problem is that it is a dilute source of energy. Even in the hottest regions
on earth, the solar radiation flux rarely exceeds | kWh/m? and the total radiation over a day is at
best about 6kWh/m?. These are low values from the point of view of technological utilization.
Consequently, large collecting areas are required in many applications and this result in excessive

Costs.

Internal combustion engines as heat source of generator

Efficiency of diesel engine is about 35-40% remaining energy go waste. Maximum energy wastes
in exhaust. In diesel engine 30-32% energy go waste in exhaust. So it is important to recover
energy from exhaust. Approximately 15% of all the electricity produced in the Whole World is
employed for refrigeration and air conditioning system. During recent years research aimed at the
development of technologies that can offer reductions in energy consumption, peak electrical
demand and energy costs without lowering the desired level of comfort conditions has intensified.
By reason that absorption refrigeration technologies have the advantage that the peaks of
requirements with the availability of the waste heat.

It is well known that energy shortage and environmental pollution have become global issues of
common concern. As the most widely used source of primary power for machinery critical to the
transportation, construction and agricultural sectors, engine has consumed more than 60% of
fossil oil. On the other hand, the amount of CO, gas released from engine, just for transportation
applications, makes up 25% of all human activity related CO, emissions. Thus, energy
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conservation on engine is one of best ways to deal with these problems since it can improve the

energy utilization efficiency of engine and reduces emissions.

Function of Generator in absorption system

In generator of absorption chillers weak solution is heated by operating steam (steam absorption
chillers), hot water or exhaust gases in indirect tired absorption chillers. While direct fired
absorption chillers are Natural gas, Diesel or Kerosene Oil Operated. Alter heating in generator
solution is concentrated and high temperature refrigerant vapors are produced. Alter generator
process in a chiller high temperature and pressure refrigerant vapors travel to condenser. A strong

solution enters absorber through heat exchanger in exchanging heat with weak solution.

5.1.2 Condenser

In systems involving heat transfer, a condenser is a device or unit used to condense a substance
from its gaseous to its liquid state, by cooling it. In so doing, the latent heat is given up by the
substance, and will transfer to the condenser coolant. Condensers are typically heat exchangers
which have various designs and come in many sizes ranging from rather small (hand held) to

very large scale.

Alter the refrigerant gas is released from the generator, it flows into the Condenser (Condensers
and Evaporators are also known as "coils™). As the electric condenser fan causes ambient air to
flow through the cooling tins of the Condenser, this flowing air absorbs heat contained in the
refrigerant that is flowing through the internal Condenser surfaces. Note again that this
condensation process takes place at the condensation temperature ("boiling point™) consistent
with the pressure 'n the Condenser. The actual condenser pressure (and therefore, temperature) is
determined by a number of factors including the rate of air flow across the condenser, its design
and physical size, the ambient air temperature and the refrigerant flow rate (compressor size and
speed).

When enough heat has been absorbed by the outside air (or, conversely, rejected by the

refrigerant), all of the refrigerant gas will become condensed from gas to liquid form at constant
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temperature. Any further heat rejected to the outside air results in the liquid refrigerant becoming

cooler than the boiling point and is known as liquid “sub cooling.”

Generally, the more sub cooling, the better because more heat is transferred to the surroundings,
and, therefore, more heat can be transferred tram the region being air conditioned. (However, sub
cooling is expensive 'n terms of condenser size and cost because additional heat transfer area is

required to transfer additional heat at a continuously decreasing temperature difference.)

Function of condenser

The purpose of condenser is to condense the refrigerant vapors. Inside the condenser, cooling
water flows through tubes and the hot refrigerant vapor fills the surrounding space. As heat
transfers from the refrigerant vapor to the water, refrigerant condenses on the tube surfaces. The
condensed liquid refrigerant collects in the bottom of the condenser before travelling to the
expansion device. The cooling water system is connected to a cooling tower.

5.1.3 Absorber

The absorber is a major component of absorption cycle systems, and its performance directly
impacts the overall size and energy supplies of these devices. Absorption cooling and heating
cycles have different absorber design requirements: in absorption cooling systems, the absorber
works close to ambient temperature, therefore, the mass transfer is the most important
phenomenon in order to reduce the generator size; on the other hand, in heat transformer
absorption systems, is important to recover the heat delivered by exothermic reactions produced

in the absorber.

The working fluid flows into the evaporator, where it evaporates at a reduced pressure and
temperature, taking heat from environment (Qgyv). The working fluid vapor from the evaporator
is absorbed at low pressure into the concentrated absorber solution in the component called
absorber. A quantity of heat (Qag) is released as much as the refrigerant vapor is absorbed. This
heat is removed by some cooling fluid (air, water or another fluid) from the absorber. The diluted

absorber solution in the absorber is pumped to energy recovery device called “economizer”. In
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this component, the concentrated absorber solution preheats the diluted absorber solution before
reaching the generator. In the generator, a part of the working fluid is vaporized from the diluted
absorber solution by addition of a quantity of heat (Qgg) at high temperature and pressure. The
working fluid vapor is condensed at high pressure and temperature in the condenser with removal
of heat (Qco) to the ambient. The working fluid liquid in the condenser is returned to the
evaporator through the expansion valve. Then the absorption cycle repeats from the evaporator.
Figure shows a schematic diagram of the described cycle. In these devices, the absorber is near to
ambient temperature, and the cooling effect occurs in the evaporator, however, the absorber
performance directly affects the energy supply to the generator, therefore, a correct absorber
design is desirable. In a cooling cycle absorber design, it is well known that the absorption of the
refrigerant vapor into the working solution is possible only when the latter is sub cooled and that
the solution, upon leaving the absorber, is still sub-cooled.

5.1.4 Evaporator

The purpose of the evaporator is to remove unwanted heat from the product, via the liquid
refrigerant. The liquid refrigerant contained within the evaporator is boiling at a low pressure.
The level of this pressure is determined by two factors: The rate at which the heat is absorbed
from the product to the liquid refrigerant in the evaporator The rate at which the low pressure
vapor is removed from the evaporator by the compressor to enable the transfer of heat, the
temperature of the liquid refrigerant must be lower than the temperature of the product being
cooled Once transferred, the liquid refrigerant is drawn from the evaporator by the compressor

via the suction line. When leaving the evaporator coil the liquid refrigerant is in vapor form.

5.1.5 Expansion valve:

Expansion valves are flow-restricting devices that cause a pressure drop of the working fluid.
The valve needle remains open during steady state operation. The size of the opening or the
position of the needle is related to the pressure and temperature of the evaporator. There are three
main parts of the expansion valve that regulate the position of the needle. A sensor bulb, at the
end of the evaporator, monitors the temperature change of the evaporator. This change in

temperature creates a change in pressure on the diaphragm.
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For example, if the temperature in the evaporator increases, the pressure in the diaphragm
increases causing the needle to lower. Lowering the needle allows more of the working fluid into
the evaporator to absorb heat. The pressure at the inlet of the evaporator affects the position of
the needle and prevents the working fluid from flowing back into the compressor. Since the
pressure before the valve is higher than the pressure after the valve, the working fluid naturally
flows into the evaporator. The pressure at the inlet of the evaporator acts on the diaphragm. There
is also a spring providing a constant pressure closing the valve needle. The spring constantly

restricts the amount of working fluid entering the evaporator.

The pressure spring can be adjusted to increase or decrease pressure based on temperature needs.
The pressure created by the spring acts on the opening of the valve. When the pressure of the
sensor bulb acting on the diaphragm is greater than the combined pressure of the evaporator and
spring, the valve opens to increase the flow rate of the working fluid. An increase of flow rate

lowers the temperature of the evaporator and allows for more heat absorption.

Figure 12: Pressure release valves

5.1.6 DC Pump

This pump is required to pump water from absorber to generator where the necessary heat is
given as input to separate ammonia as vapor from the water. It’s specification is 15W-50Hz &
AC 220 V.

Figure 13: 12V DC Pump
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Auxiliary Components:

5.1.7 Temperature sensors:

Temperature is the most common of all physical measurements. We have temperature
measurement and control units, called thermostats, in our home heating systems, refrigerators, air
conditioners, and ovens. Temperature sensors are used on circuit boards, as part of thermal tests,
in industrial controls, and in room controls such as in calibration labs and data centers. Though
there are many types of temperature sensors, most are passive devices: Thermocouples, RTDs
(resistance temperature detectors), and thermistors. Here the sensor is required to measure the

temperature at different points of the cycle which in turns will be required to calculate the COP.

14-20V
2 0UT N

Figure 14: Temperature Sensor (LM35)

5.1.8 Copper Tube

Strong, long lasting, copper tube is the leading choice for air conditioning and refrigeration
tubing. The primary reasons for this are:

. Copper is economical. The combination of easy handling, forming and joining permits
savings in installation time, material and overall costs. Long-term performance and reliability

mean fewer callbacks, and that makes copper the ideal, cost-effective tubing material.
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o Copper is lightweight. Copper tube does not require the heavy thickness of ferrous or
threaded pipe of the same internal diameter. This means copper costs less to transport, handles

more easily and, when installed, takes less space.

Figure 15: Copper Tube

o Copper is formable. Because Copper tube can be bent and formed, it is frequently
possible to eliminate elbows and joints. Smooth bends permit the tube to follow contours and
corners or almost any angle. With soft temper tube, particularly when used for renovation or

modernization projects, much less wall and ceiling space is needed.
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Figure 16: Copper Tube
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. Copper is easy to join. Copper tube can be joined with capillary fittings. These fittings
save material and make smooth, neat, strong and leak-proof joints. No extra thickness or weight

is necessary to compensate for material removed by threading.

) Copper is safe. Copper tube will not bum or support combustion or decompose to toxic
gases. Therefore, it will not carry lire through floors, walls and ceilings. Volatile

organic compounds are not required for installation.

. Copper is dependable. Copper tube is manufactured to well-defined
composition standards and marked with permanent identification so you know exactly what it is

and who made it. It is accepted by virtually every plumbing code.

. Copper is long-lasting. It has excellent resistance to corrosion and scaling,
high mechanical strength, high-temperature resistance and lifetime resistance to UV degradation.
Copper assures long, trouble free service which translates to satisfied customers and systems that

last.

. Copper is 100% recyclable. Copper stands alone as an engineering material that can
be recycled over and over without degradation to content or properties. This combined
with copper's proven durability means that no copper used in a building today needs to enter a
landfill later.

5.1.9 Water flow sensor:

This sensor sits in line with the water line and contains a pinwheel sensor to measure how much
liquid has moved through it. There's an integrated magnetic hall effect sensor that gives an
electrical pulse with every revolution. The hall effect sensor is sealed from the water pipe and

allows the sensor to stay safe and dry.

The sensor comes with three wires: red (5-24VDC power), black (ground) and yellow (Hall
effect pulse output). By counting the pulses from the output of the sensor, we can easily calculate

water flow. Each pulse is approximately 2.25 milliliters. It needs careful calibration if better than
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10% precision is required. The pulse signal is a simple square wave so it’s quite easy to log and

convert into liters per minute using the following formula.

Pulse frequency (Hz) / 7.5 = flow rate in L/min.

Figure 17: Water Flow Sensor (top Figure 18: Water Flow Sensor

view) (isometric view)

5.1.10 Insulating tape:

Heat insulation foam tape is used to retard heat gain and prevent condensation or frost formation
on cold water plumbing, chilled water and refrigeration lines. It also reduces heat flow for hot
water plumbing, liquid heating and dual temperature piping. Heat insulation foam tape is ideal
for insulating short runs of pipes or valves and fittings where it is impractical to install tubing
insulation. The tape can be applied in multiple wraps (thickness) to meet various service

conditions.

Figure 19: Rubber Heat insulation foam tape
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5.1.11 Pipes and Hose Clamp:

Pipes of various diameters to connect pump and water flow sensor to the system.

Figure 20: Hose clamp Figure 21: Pipes

5.1.12 Pressure Gauge:

Instruments used to measure and display pressure in an integral unit are called pressure gauges or
vacuum gauges. Everyday pressure measurements, such as for vehicle tire pressure, are usually
made relative to ambient air pressure. In other cases measurements are made relative to a vacuum
or to some other specific reference. When distinguishing between these zero references, the

following terms are used:

. Absolute pressure is zero-referenced against a perfect vacuum, using an absolute scale,
so it is equal to gauge pressure plus atmospheric pressure.

. Gauge pressure is zero-referenced against ambient air pressure, so it is equal to absolute
pressure minus atmospheric pressure. Negative signs are usually omitted. To distinguish a
negative pressure, the value may be appended with the word "vacuum” or the gauge may be
labeled a "vacuum gauge." These are further divided into two subcategories: high and low
vacuum (and sometimes ultra-high vacuum). The applicable pressure ranges of many of the
techniques used to measure vacuums have an overlap. Hence, by combining several different
types of gauge, it is possible to measure system pressure continuously from 10 mbar down to
10—11 mbar.

. Differential pressure is the difference in pressure between two points.
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Figure 22: Pressure gauge

5.1.13 Nut-Bolts:
Double End Threaded Studs and nuts made of bronze were used for connecting copper tubes with

other components like generator, absorber and pressure gauge.

Figure 23: Double ended studs and nuts

5.1.14 Arduino Mega:
The Arduino Mega is a microcontroller board based on the ATmegal280. It has 54 digital

input/output pins, 16 analog inputs, 4 UARTs (hardware serial ports), a 16 MHz crystal
oscillator, a USB connection, a power jack, an ICSP header and a reset button. It contains
everything needed to support the microcontroller. We need to simply connect it to a computer
with a USB cable or power it with an AC-to-DC adapter or battery to get started. The Arduino
Mega can be powered via the USB connection or with an external power supply. The power
source is selected automatically.



Page |58

External (non-USB) power can come either from an AC-to-DC adapter (wall-wart) or battery.
The adapter can be connected by plugging a 2.1mm center-positive plug into the board's power
jack. Leads from a battery can be inserted in the Ground and Vj, pin headers of the POWER

connector.

The board can operate on an external supply of 6 to 20 volts. If supplied with less than 7V,
however, the 5V pin may supply less than five volts and the board may become unstable. If using
more than 12V, the voltage regulator may overheat and damage the board. The recommended

range by manufacturer is 7 to 12 volts.

The power pins are as follows:

o V/n: The input voltage to the Arduino board when it's using an external power source (as
opposed to 5 volts from the USB connection or other regulated power source). You can supply
voltage through this pin, or, if supplying voltage via the power jack, access it through this pin.

o 5V: The regulated power supply used to power the microcontroller and other components
on the board. This can come either from VIN via an on-board regulator, or be supplied by USB
or another regulated 5V supply.

o 3V3: A 3.3 volt supply generated by the on-board FTDI chip. Maximum current draw is
50 mA.

J GND: Ground pins.

P

i
..“ -h e '"I
= id

Figure 24: Arduino mega

5.1.15 Heater:
Though our actual plan is to utilize this system using exhaust waste heat, it was not possible to
incorporate the system with a running vehicle’s exhaust system. This will require a dedicated car

ready for us to work with all the time. So, for experimental purpose we have used a water heater
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as a supplimentary of the exhaust heat for creating water vapor. It is a 220V 6KW water heater

which can provide the heat required for vaporization in a short time.

Figure 25: 6KW Water heater

5.1.16 Lithium Bromide Anhydrous:
LiBr anhydrous was used to make the LiBr-water solution. The chemical was bought in solid

form because solutions are not transportable and may cause harm many ways if leaked. The pack
contains 500 gram Lithium Bromide Anhydrous and these can be used to make up to 20 liters of

solution.

Figure 26: Lithium Bromide Anhydrous



Page |60

5.2 Fabrication and assembly:

Since Lithium Bromide reacts with numerous kinds of metals, we made use of Copper, Bronze
and Mild Steel materials for the system. The Table below gives the summary of the materials
used for the design. Most of the connections were arc welded or fixed with nut-bolt on the
components so as to make it seamless and prevent leaks. Pipe fittings were treaded on to each

other.

Component Materials Used
Generator Mild Steel
Absorber Mild Steel
Condenser Copper
Evaporator Copper
Solution Heat Exchanger Copper
Refrigerant Heat Exchanger Copper

Table 1 : Materials Used for components and Piping

This LiBr-water air-conditioning unit has a heat exchanger put in between the generator and the
absorber. On the other hand, the fluid comes from the absorber being pumped to the generator
using a DC pump.
Based on the maximum attainable COP of the system, the components were designed using the
general equation defining the maximum heat transfer through a heat exchanger:

Q =U x A X LMTD
Where:
Q = heat transfer, kw
U = overall heat transfer coefficient, KW/m*-K

LMTD = logarithmic mean temperature difference, K
5.2.1 Generator
a. Generator with Electric Water Heater:

According to the requirements specified in the design segment, we built a 13 liter, mild steel

cylinder (it is usually used to carry refrigerants).
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Figure 27: Generator front view Figure 28: Heat insulated generator

Operations performed:

Drilling: Drilling of two holes of 1.7 cm diameter at the specific spots for the inlet and outlets
and one hole of 5.7 cm for the heater to be fixed with the collar.

Welding: Arc welding was done to weld the three joints. In the smaller holes two nuts were
welded so that the studs can be connected. On the bigger hole we welded a collar nut so that the

heater can be bolted on it.

b. Generator with Exhaust pipe assembly system:
We have designed and built another generator which can be used directly in a vehicle and the
exhaust heat can be used to vaporize the water instead of a heater. In this design we have added a
pipe of 35mm diameter through the generator tank. Also three holes were done to weld nuts on
them. The pipe was welded carefully with the tank. This generator can be put outside any exhaust
pipe as a collar along with the absorption system. This way the exhaust heat transfers to the LiBr-
water solution inside the generator directly by heat convection and conduction process and is

used for water vaporization.
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Figure 29 : Generator- Exhaust pipe setup Figure 30 : Generator- Exhaust pipe setup
(iso) (front)

5.2.2 Absorber:

Another 13 liter, mild steel cylinder similar to the generator is used for the purpose of absorber. It

was also made in the similar way to the generator.

Figure 31: Absorber
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Operations performed:

Drilling: Three holes of 1.7 cm diameter at the specific spots for the inlet and outlet were drilled
on a vertical drilling machine.

Welding: Arc welding was done to weld these three joints. Three nuts were welded so that studs
can be connected to it to connect copper wire.

5.2.3 Condenser:

As specified in the design segment, assuming the natural convection coefficient (h) to be 10
W/mK and theoretical mass flow rate (m) to be 8x10™ kg/sec, the calculated length for copper
tube was 16ft. The pipe was bent at into several turns with the help of 180 degrees bending
tool to make it compact and also to enhance the drop in pressure which eliminates the

requirements of any throttling device such as a capillary tube.

5.2.4 Evaporator and Cabin:

We made a 6mm thick plastic wood container (20x20x20 inches). This container is used as an
evaporator cabin which is empty and has enough space to keep any material that needs to be
cooled. The 1/4"™ inch copper tube is wounded in the form of a coil and sent through this
evaporator cabin. The length of the copper tube was taken 30ft to take in more heat from the

cabin.

Figure 32: Evaporator cabin
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5.2.5 Frame:

All the components are attached to a frame made of thick metal having cross section of 1 square
inch. The frame was designed in a way so that it can support all the components and their weight.

Also, wheels were attached at the bottom of the frame so that the whole setup can be mobile and

easily movable.
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Figure 34: Final frame after painting
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The evaporator is supported on the both sides of the cabin. The generator is placed on the upper

portion of the frame. The absorber is located at the bottom. The condenser is placed on top of the

cabin. The pump is fixed to the frame. The tubes coming from pump to generator and generator

to absorber was passed through a heat exchanger which was covered with heat insulation tape.

This enables us to increase the generator inlet temperature and decrease the absorber inlet

temperature which increases cycle efficiency.

Component Diameter Length
Generator 9inch 12 inch
Evaporator 0.25 inch 30 ft
Condenser 0.25 inch 16 ft
Solution Heat Exchanger 2 inch 12 inch
Absorber 9inch 12 inch

The fabricated components were then assembled and subjected to

Table 2 : Dimensions of Components

leak testing

using pressurized air after which the Lithium Bromide solution was charged to the system.

Figure 35 : Final Setup of VARS

by
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Chapter Six

6.1. Steady flow analysis of Water-Lithium Bromide Systems

6.2. Calculation
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6.1 Steady flow analysis of Water-Lithium Bromide Systems

The proper and to the point analysis of a Vapor Absorption Refrigeration system according to the
thermodynamic qualities of the system involves establishing and finding important parameters that
control the properties like enthalpy, mass flow rates, flow ratio, Heat and Mass Transfers for the
system to calculate the Coefficient of Performance (COP). The values which were found and
verified by the calculations are then used for the design of the system. The thermodynamic
equations have been derived in terms of mass flow rates and enthalpy by applying mass and energy
balance for each component. Then the actual system conditions like temperature, pressures and
enthalpies are substituted in the equations to finally obtain the COP value for the system.
Figure (6.1) shows the schematic of the system indicating various state points. A steady flow
analysis of the system is carried out with the following assumptions:
I.  Steady state and steady flow
Il.  Changes in potential and kinetic energies across each component are negligible
1. No pressure drops due to friction
IV.  Only pure refrigerant boils in the generator.

The nomenclature followed is:

m= mass flow rate of refrigerant, kg/s

mss= mass flow rate of strong solution (rich in LiBr), kg/s
mys = mass flow rate of weak solution (weak in LiBr), kg/s

Qe {

7t
— | —

>~ J

E
N4

Figure 36: Schematic of LiBr-water system
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A: Absorber; C: Condenser; E: Evaporator; G: Generator; P: Solution pump
SHX: Solution HX; ER: Refrigerant Expansion valve;
ES: Solution Expansion valve

The circulation ratio (A) is defined as the ratio of strong solution flow rate to

refrigerant flow rate. It is given by:

A =mg/M (6.1a)
This implies that the strong solution flow rate is given by:

Mss =Am (6.1b)
The analysis is carried out by applying mass and energy balance across each
component.

Condenser:

m;=my;=m (6.1c)

Qc=m (h1-hy (6.1d)

Pe = Peat (Te) (6.1e)

where TC is the condenser temperature.

Expansion valve (refrigerant):

M, = M3 =m (6.11)
hz = hs (6.19)
Evaporator:
M3= My =M (6.1h)
Qc=m (h4- hy) (6.1i)
Pe=Psat (Te) (6.1))

where Te is the evaporator temperature.

Absorber:

From heat balance:

Qa = mhg+ mgshio - Myshs

From total mass balance:
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m + Mgs = Mys
And, Mg =m A

S0, Mys = (1+A) m (6.1K)
For mass balance for pure water:

m + (1 =& )mes = (1 — §ys)Myys

A = Sws [(&ss — Sws) (6.11)
Q, = mhy + Amhyy — (1 + A)mhsg (6.1m)
Or, Qq = m[(hy — hs)+ A(hyo — hs) (6.1n)

The first term in the above equation m(h, -hs)represents the enthalpy change of water
as changes its state from vapor at state 4 to liquid at state 5. The second term m A
(h10-hs) represents the sensible heat transferred as solution at state 10 is cooled to
solution at state 5.

Solution pump:

M5 = Mg = Mys (6.10)

W, = mys(he — hs) = (1 + 1) m(hs — hs) (6.1p)
However, if we assume the solution to be incompressible, then:

Wy = (1 + D)mvso1(ps — ps) = (1 + Dmuse (e — Pe) (6.10)

Where v, is the specific volume of the solution, which can be taken to be

3
approximately equal to 0.00055m /kg. Even though the solution pump work is small
it is still required in the selection of suitable pump.

Solution heat exchanger:

Me = M7 =Mys (6.1r)
Mg= Mg = Mgs (6.1s)

Heat transfer rate in the solution heat exchanger, Qux is given by:
ux = (1 + A)m(h; — hg) = Am(hg — ho) (6.1t)

From heat balance Qnx = Mys (7 - hg)
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Generator:

From heat balance:

Qg = mhy + Mgshg - Myshy

mz; =mg+m; (6.1u)
Heat input to the generator is given by:

Qg = mhy + Amhg — (1 + A)mh, (6.1v)
Or,Q, = m[(hy — hy) + A(hg — h;)] (6.1w)

In the above equation the 1% term on the RHS m (h;-hy) represents energy required to
generate water vapor at state 1 from solution at state 7 and the 2" term mA(hg-hy)

represents the sensible heat required to heat the solution from state 7 to state 8.

Solution expansion valve:

My = M0 = Mys (6.1x)
hg = hyo
The COP of the system is given by:
COP=Q¢/ (Qg + Wp) = Qe/ Qq (6.1y)

6.2 Calculation

6.2.1 Theoretical Calculation:

Evaporator Temperature, T4= 22°C

Condenser Temperature, T, = 50°C

Absorber Temperature, Ts= 30°C

Generator Temperature, T;=70°C

At 50°C temperature saturation pressure is 12.34Kpa (from Table: 6)

At 22°C temperature saturation pressure is 2.642Kpa (from Table: 6)
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At 12.34 Kpa vapor pressure corresponding generator temperature 70°C the

percentage of LiBr in solution is 47% ( from figure: 8)

At 2.642Kpa vapor pressure corresponding absorber temperature 40°C the percentage

of LiBr in solution is 40% (from figure: 8)
Total mass flow balance, mys = mg+m
LiBr Balance: Mysx1i = Mgsx2

here x; = 40% and x, = 47.2%

as, mys = 0.055kg/s

S0, 0.055x 0.40 = mgs x 0.472

mss = 0.046kg/s

So, m =0.055 - 0.046 = 0.009kg/s

Here, h; = h of saturated liquid at 50°C temperature = 218.62kJ/kg (from Table 6)
hs = h of saturated vapor at 22°C temperature = 2541.8kJ/kg (from Table 6)

S0, Qe = m (h4-h3)

or, Qe = 0.009(2541.8-218.62)

Qe = 21KW

Mws = W5 = W = Wy = 0.055kg/s

Mss = Wg = Wy = 0.046kg/s

m = w; = W, = wz = wy = 0.009kg/s

hs = hg = h at 30°C at x of 40% = -125kJ/kg (figure 9)

h;=h at 70°Cand x of 47.2 % = -60 KJ/kg (from figure 9)



hg=h at 70°C and x of 47.2 % = -60 KJ/kg (from figure 9)
h; = h of saturated vapor at 70°C = 2626.9 KJ/kg (from Table 6)
h, = h of saturated liquid at 50°C = 209.26KJ/kg (from Table 6)

h, = h of saturated vapor at 22°C = 2541.8KJ/kg (from Table 6)

Heat transfer across condenser Q. = m(h;-h,)
Or Q.= 0.009(2626.9-209.26)
=21.75KW
Heat transfer across solution heat ex changer Qnx = mys(h7-he)
Or Qpy = 0.055(-60+125)
or Qux = 3.575KW
Qnx = Mss(hg-h1p)
3.575 = 0.046(-60-hyo)
hio=-137.71 KJ/kg
Heat load across generator Qg = mhy + mgshg - myshy
Qy=0.009 x 2626.9 + 0.046 (-60) - 0.055(-60)

Or Qg = 24.1821 KW

Heat Transfer across absorber Q,= mhy + Mgh1g - Mygshe
or Q,=0.009%2541.84+0.046(-137.71)-0.055(-125)
Q4=23.4169KW

COP=Q¢/Qq
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=21/24.1821

=0.87

6.2.2 Data Table
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Observation m, My, M, Generator Condenser Absorber Evaporator
No mass mass mass Temperature Temperature Temperature Temperature
flow | flow | flow T4(°C) To(°C) TA(°C) To(°C)
rate of | rate of | rate of
refriger | weak | strong
ant, solutio | solution
kals n, :
kals kals
1 0.013 | 0.055 | 0.042 65.3 52.7 29.3 34.7
2 0.0135 | 0.055 | 0.0415 66.3 54.6 31.5 33.6
3 0.0148 | 0.055 | 0.0402 67.6 55.5 32.6 32.9
4 0.0155 | 0.055 | 0.0395 68.2 56.8 33.7 31.4
5 0.0166 | 0.055 | 0.0384 68.9 57.9 34.5 30.7
Table 3 : Data table
Practical Qe Qq Qa Qc Qnx COP
Observation Heat transfer | Heat transfer | Heat transfer | Heat transfer | Heat transfer (Q/Qy)
No in evaporator | in generator in absorber in condenser in heat
KW KW KW KW exchanger
KW
1 30.4964 36.048 34.3528 31.17 2.585 0.84
2 31.5063 36.315 35.53 32.3082 5.06 0.85
3 34.48 39.7528 38.87 35.33 3.3 0.855
4 35.96775 40.4581 40.455 36.984 3.85 0.889
5 38.43398 45.0939 43.786 39.60 3.52 0.8524

Table 4 :

Calculated values
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Experimental Calculation:

Using 100 g Libr in 2kg of water
Observation no :1

Evaporator Temperature, T,= 34.7°C

Condenser Temperature, T,= 52.7°C
Absorber Temperature, Ts=29.3°C

Generator Temperature, T1=65.3°C

Here, hs=h of saturated liquid at 52.7°C temperature = 218.62kJ/kg (from Table 6)
h,=h of saturated vapor at 34.7°C temperature = 2564.5 kJ/kg (from Table 6)

So, Heat transfer across evaporator Q.=m (hs-hs)
or, Q.= 0.009(2564.5-218.62)
Qe=30.4964KW

Mus= W5= W= W= 0.055kg/s

Mgs= Wg= W1p= 0042kg/5

m= w1= W= W3= W= 0.013kg/s

hs=he=h at 29.3°C at x of 40.2%= -125kJ/kg (from figure 9)
h,=h at 65.3°C and x of 47.2 %= -78 KJ/kg (from figure 9)

hg=h at 65.3°C and x of 47.2 %= -78 KJ/kg (from figure 9)
h;=h of saturated vapor at 65.3°C =2618 KJ/kg (from Table 6)
h,=h of saturated liquid at 52.7°c=219.62KJ/kg (from Table 6)

h,=h of saturated vapor at 34.7°c=2565 KJ/kg (from Table 6)

Heat transfer across condenser Qc=m(h;-h,)

Or Q.=0.013(2618-219.62) =31.17 KW

Heat transfer across solution heat ex changer Qnx = mys(h7-he)
Or Qny=.055(-78+125)

or Qnx= 3.575KW

th:mss(hB‘hlo)
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3.575=.046(-78-hy)

hio=-137.71 KJ/kg

Heat load across generator Qg=mh;+msshg -mysh,
Qy=0.013 %2618 +0.042 (-78)-0.055(-78)

Or Q4=36.048 KW

Heat Transfer across absorber Q,= mhy+ mgshio- mysshs
or Q;=0.013%2564.5+0.042(-139.54)-0.055(-125)
Q4=34.3528KW
COP=Q./Qq

=30/36.048

=0.84

Observation no :2
Evaporator Temperature, T,= 33.6°C

Condenser Temperature, T,= 54.6°C
Absorber Temperature, Ts= 31.5°C

Generator Temperature, T1=66.3°C

Here, hs=h of saturated liquid at 54.°C6 temperature = 228.4kJ/kg (from Table 6)
hs=h of saturated vapor at 33.6°C temperature = 2562.2 kJ/kg (from Table 6)

So, Heat transfer across evaporator Q.=m (hs-h3)
or, Qe=0.009(2562.2-228.4)
Qe=31.5063KW

Muws=Ws=We=W;=0.055kg/s

Mss=Wg=W10=0.0415kg/s

m=w;=w,=wW3=w,=0.0135kg/s

hs=hs=h at 31.5°C at x of 40.7%= -162kJ/kg (from figure 9)
h;=h at 66.3°C and x of 43 %= -70 KJ/kg (from figure 9)



hg=h at 65.3°C and x of 43 %= -70 KJ/kg (from figure 9)
h;=h of saturated vapor at 66.3°c =2620.2 KJ/kg (from Table 6)
ho=h of saturated liquid at 54.6°.c=227KJ/kg (from Table 6)
hs=h of saturated vapor at 33.6°c=2562 KJ/kg (from Table 6)
Heat transfer across condenser Q.=m(h;-hy)
0rQ.=0.013(2620.2-227)
=32.3082 KW
Heat transfer across solution heat ex changer Qnx = mys(h7-he)
Or Qnx=.055(-70+162)
or Qnx= 5.06KW
Qn=Mss(hg-h1o)
5.06=.0415(-70-hyp)

h10=-191.92 KJ/kg

Heat load across generator Qg=mh;+msshg -Myshz
Qy=0.0135 x2620.2 +0.0415 (-70)-0.055(-70)
Or Q4=37.315 KW
Heat Transfer across absorber Q.= mhs+ mgshig- Mysshs
or Q,=0.0135x2562+0.0415(-191.92)-0.055(-162)
Qa=35.53KW
COP=Q¢/Qq

=31.5063/36.315

=0.85
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Observation no :3
Evaporator Temperature, T4= 32.9°C

Condenser Temperature, T,= 55.5°C
Absorber Temperature, Ts= 32.6°C

Generator Temperature, T1=67.6°C

Here, hs=h of saturated liquid at 55.5°C temperature = 230.98kJ/kg (from Table 6)
h,=h of saturated vapor at 32.9°C temperature = 2561 kJ/kg (from Table 6)

So, Heat transfer across evaporator Q.=m (hs-hs)
or, Q.= 0.0148(2561-230.98)
Q.=34.48KW

Muws=W5=We=W;=0.055kg/s

mss:W8:W1020.0402kg/S

m=w;=w,=w3=w,=0.0148Kkg/s

hs=he=h at 32.6°C at x of 40.4%= -125kJ/kg (from figure 9)
h,=h at 67.6°C and x of 44 %= -65 KJ/kg (from figure 9)

hg=h at 67.6°C and x of 44 %= -65 KJ/kg (from figure 9)
h;=h of saturated vapor at 67.6°C =2621 KJ/kg (from Table 6)
h,=h of saturated liquid at 55.5°c=233.4KJ/kg (from Table 6)

hs=h of saturated vapor at 32.9°c=2562 KJ/kg (from Table 6)

Heat transfer across condenser Qc=m(h;-h,)

0OrQ.=0.0148(2621-233.4)

=35.33 KW

Heat transfer across solution heat ex changer Qnx = mys(h7-he)
Or Qny=.055(-65+125)
or Qpx= 3.3KW

Qnx=Mss(hg-h1o)

3.3=.0402(-65-hyo)

hio=-147.08 KJ/kg
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Heat load across generator Qg=mh;+msshg -myshz
Q,=0.0148x2621 +0.0402 (-65)-0.055(-65)
Or Q,=39.7528 KW
Heat Transfer across absorber Q.= mhy+ mgshig- Mysshs
or Q,=0.0148x2562+0.0402(-147.08)-0.055(-125)
Q4=38.87TKW
COP=Q¢/Qq

=34.48/39.7528

=0.855

Observation no :4
Evaporator Temperature, T4= 31.4°C

Condenser Temperature, T,= 56.8°C
Absorber Temperature, Ts= 33.7°C

Generator Temperature, T1=68.2°C

Here, h3=h of saturated liquid at 56.8°C temperature = 237.8kJ/kg (from Table 6)
hs=h of saturated vapor at 31.4°C temperature = 2558 kJ/kg (from Table 6)

So, Heat transfer across evaporator Q.=m (hs-hs)
or, Q.= 0.0155(2558-237.8)
Qe=35.96775KW

Muws=Ws=Wg=W;=0.055kg/s

Mss=Wg=W10=0.0395kg/s

m=w;=w,=wW3;=w,=0.0155kg/s

hs=he=h at 33.7°C at x of 40.1%= -122kJ/kg (from figure 9)
h;=h at 68.2°C and x of 42 %= -52 KJ/kg (from figure 9)

hg=h at 68.2°C and x of 42 %= -52 KJ/kg (from figure 9)
h;=h of saturated vapor at 68.°c2 =2623 KJ/kg (from Table 6)
h,=h of saturated liquid at 56.8°c=237.3KJ/kg (from Table 6)

h,s=h of saturated vapor at 31.4°c=2558 KJ/kg (from Table 6)



Heat transfer across condenser Q.=m(h;-hy)
OrQ.=.0155(2623-237.3)
=36.984 KW
Heat transfer across solution heat ex changer Qnx = mys(h7-he)
Or Qny=.055(-52+122)
or Qnx= 3.85 KW
Qn=Mss (hg-h1o)
3.85=.0395(-52-h;)
hio=-149.46 KJ/kg
Heat load across generator Qg=mh;+msshg -myshz
Q,=0.0155x2558+0.0395 (-149.46)-0.055(-122)
Or Q,=40.455 KW
Heat Transfer across absorber Q,= mhy+ mgshio- mysshs
or Q,=0.0155%2558.2+0.0395(-52)-0.055(-52)
Q.= 40.4581KW
COP=Q¢/Qq
=35.96775/40.4581

=0.889

Observation no :5
Evaporator Temperature, T,= 30.7°C

Condenser Temperature, T,= 57.9°C
Absorber Temperature, Ts= 34.5°C

Generator Temperature, T1=68.9°C
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Here, hs=h of saturated liquid at 57.9°C temperature = 242.3kJ/kg (from Table 6)

h,s=h of saturated vapor at 30.7°C temperature = 2557.6 kJ/kg (from Table 6)

So, Heat transfer across evaporator Q.=m (hs-hs)
or, Q.= 0.0166(2557.6-242.3)



Qe=38.43398KW

Muws=W5=We=W,=0.055kg/s

Mss=Wg=W10=0.0384kg/s

m=w;=wW,=wW3;=w,=0.0166kg/s

hs=hs=h at 34.5°C at x of 40.25%= -156kJ/kg (from figure 9)
hr;=h at 68.9°C and x of 41.2 %= -92 KJ/kg (from figure 9)

hg=h at 68.9°C and x of 41.2 %= -92 KJ/kg (from figure 9)
h,;=h of saturated vapor at 68.9°c =2624.5 KJ/kg (from Table 6)
h,=h of saturated liquid at 57.9°c=238 KJ/kg (from Table 6)
h,s=h of saturated vapor at 30.7°c=2557.9 KJ/kg (from Table 6)
Heat transfer across condenser Q.=m(h;-hy)
0OrQ.=.0166(2624.5-238.4)
=39.60 KW
Heat transfer across solution heat ex changer Qnx = mys(h7-he)
Or Qpy=.055(-92+156)
or Qnx= 3.52 KW
Qnx=Mss (hg-h1o)
3.52=.0384(-92-hy)
hio= -183.67 KJ/kg
Heat load across generator Qg=mh;+msshg -myshz
Q,=0.0166x2624.5+0.0384 (-92)-0.055(-92)
Or Q4=45.0939 KW
Heat Transfer across absorber Q,= mhy+ mgshio- Mysshs
or Q,=0.0166x2557.9+0.0395(-183.67)-0.055(-156)
Qa= 43.786KW
COP=Q./Qq
=38.43/45.0939 = 0.8524
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7.1 Result and Observation:
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1. Observing the generator temperature vs COP graph we can see that COP
increases with the increase of temperature but after a certain point COP goes

downwards due to technical problems.

Generator temperature Tg °C COP
65.3 0.84
66.3 0.85
67.6 0.855
68.2 0.889
68.9 0.8524

Table 5 : Generator Temperature vs COP

09

088

084

Generator temperature vs COP

/

/\
\

\ = COP

67 67.5 68

Figure 37 : Generator Temperature vs COP graph

2. Observing the Evaporator temperature vs COP graph we can see that COP
increases upto a certain point but then starts decreasing as expected

theoretically.
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Figure 38 : Evaporator Temperature vs COP graph

3. Absorber temperature vs COP graph shows that COP increases with absorber

temperature as expected and after a certain point starts decreasing due to
technical limitations.
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Figure 39 : Absorber Temperature vs COP graph

4. Condenser temperature vs COP graph shows that COP increases with

Condenser temperature as expected and after a certain point starts decreasing
due to technical limitations.
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Condenser temperature vs COP
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Figure 40 : Condenser Temperature vs COP graph

5. Heat transfer increases with the increase of generator temperature.

Heat Transfer in KW

Heat Transfer vs generator temperature
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Figure 41 : Heat transfer Vs Generator temperature graph

6. Heat transfer decreases with the increase of Evaporator temperature.
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Heat Transfer vs Evaporator temperature
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Figure 42 : Heat transfer vs Evaporator temperature graph
7. Heat transfer increases with the increase of Absorber temperature.
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Figure 43 : Heat transfer vs Absorber temperature graph

8. Heat transfer increases with the increase of Condenser temperature.
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Heat Transfer vs Condenser temperature
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Figure 44 : Heat transfer vs Condenser temperature graph

7.2 Discussion

There are some faults in the construction of the refrigeration system, that's why we didn't get the

desired output in the evaporator. We had to modify the generator case several times.

e We are using the LiBr solution and it’s very corrosive to metal thus it creates scale on the
surface of metal. For this reason a hygroscopic chemical LiCr (lithium Chromate) need to be
used for preventing the corrosion of the copper tubes.

e During operation of the system the pressure rise in the generator containing the heat
exchangers coils was a limitation to reach stable conditions. This was due to external leaks
into the system through the gasket parts and the instrumentation used to make internal
measurements.

e The fabrication of the system has deviated from the design of the system. Water and
sometimes vapor leaks from various joints of the system. Thus it has not been completely
leak proof.

e When the high pressure water vapor enters to the condenser, it takes too much time to
convert into high pressure water. So enough pressure has not dropped for phase changing.

e There is not enough space or length for the heat exchanger between the absorber and

generator.
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In this project a 12volt DC pump is used and its flow rate is 55ml/sec which is actually not
sufficient for delivering desired flow of the strong solution to the generator. So higher flow
rate of the pump is required for obtaining the necessary flow rate.

Non return valve or one way valve need to be used otherwise the solution from absorber
may enter to the evaporator and the refrigerant vapor from the generator can enter into the
generator inlet.

We have used manual pressure gauge for controlling the pressure but in practical use this
controlling must be done automatically for maximum cooling effect of the system.

All the copper tubes were formed by hand without any precise machinery. This caused
various dents and unwanted curves which increased the flow resistance of the fluid.

The cabin needs to be completely heat insulated to measure the accurate cooling effect. As
our cabin was not heat insulated, the atmospheric temperature affected the cooling effect
data.

7.3 Application of the system

In this project vapor absorption refrigeration (VAR) system is applied in the vehicle by using the waste

heat of the exhaust gas and the heat of the exhaust gas is the energy source of the system. This

provides an alternative to the conventional vapor compression refrigeration system where the compressor

runs by the internal combustion engine. There are some other applications of vapor absorption

refrigeration system.

c N o g M w D

Food Preservation

Cold storage

Fertilizer and pesticide plants.
Refineries and Chemical plants
Meat and fish processing.
Dairies, ice and ice cream plants.
Freeze drying.

Brine cooling

Our project, on the other hand, was to use VARS as a supplementary of VCRS in

automobiles. This system is scalable and can be used in almost all category vehicles starting
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from Sedan to Trucks. This type of system is especially applicable in tropical country like

Bangladesh, where the weather is typically warm most the time of a year.

7.4 Conclusion

An absorption refrigeration cycle employing a lithium bromide-water solution as the working fluid
has been investigated in this work for purpose of cooling of a vehicle’s cabin. A low temperature
heat source for absorption cooling units has been also examined. At first, theoretical absorption
refrigeration systems were described and fully analyzed using both the first law and the second law
of thermodynamics. An aqueous LiBr absorption cooling cycle, with hot water as a heat source and
cooling water as a heat sink was then designed and fabricated. The optimization study of the cycle
was made in relation to the parameter of solution heat exchanger effectiveness, and operating
temperatures of the generator, condenser, absorber and evaporator as well as to the temperatures of
the environment and the external fluids (hot water, cooling water and chilled water). To accomplish
this objective, temperature sensors, flow sensors, pressure gauge, pressure release valve and a
controlling unit (Arduino) are used to get various data for calculating the COP of the system. The
results of this study were then used to fix a practical thermodynamic cycle of operation. This, in
conjunction with mass and energy balances, enabled the calculation of the heat transfer areas in the
cycle components from appropriate heat transfer coefficients has been calculated. As a result the
generator, condenser, evaporator, absorber and solution pump have been designed. The mechanical
design of an experimental absorption refrigeration rig was then carried out and the fabrication of
system heat exchangers. Finally, a review of the system for absorption cooling has been presented
and methodologies have been discussed. Numerical results have been obtained for the performance
of supplying heat with a water heater to the absorption refrigeration system. Based on the results of

the investigations performed in this study, the concluding remarks are as follows.

Absorption refrigeration cycles can be analyzed and modelled by using the second law of
thermodynamics. The thermodynamic efficiency based on the lost work concept, as used in this
research, is a. simple way of evaluating the energy usage of absorption cooling cycles. It indicates
how much heat can be removed from the cooling load by an actual absorption refrigeration process
compared to the quantity of heat that would be removed by a totally reversible absorption cycle
accepting heating and cooling inputs at the same temperature levels.
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COP and thermodynamic efficiency has been calculated with respect to a small cabin having a
dimension of 20*20*20 and the result of its parametric variation for a LiBr-water cooling cycle
show that there are many ways at hand for designing an improved and more efficient system. The
different modifications which can be made to reduce the system lost work and increase the second
law efficiency have been discussed in chapter 5. The findings of the theoretical evaluation of LiBr -
water absorption refrigeration cycles have been used to define a practical thermodynamic cycle
operation. After fabrication of the total system with traditional drilling, cutting and welding
techniques it was found that hermeticity of LiBr-water absorption units is difficult to achieve unless
special care is taken in the design of static seals and in the machining of grooves which receive the

seals.

7.5 Future Scopes

1. During operation of the system the pressure rise in the generator containing the heat
exchangers coils was a limitation to reach stable conditions. This was due to external leaks
into the system through the gasket parts and the instrumentation used to make internal
measurements.

2. Further work is required in order to verify the results of the theoretical analysis and
optimization of a LiBr-water absorption refrigeration system for cooling the vehicle cabin.
Experimental data need to be accumulated correctly to calculate system capacity, COP,
second law efficiency, heat fluxes and heat transfer coefficients in the various components.

3. Research needs to be done to try to reduce the temperature differences between the internal
and external fluids in the absorption cycle without considerable increase in heat transfer
areas and/or in mass flow rates.

4. Consideration should be given to the application of analysis and optimization through lost
work not only to the absorption refrigeration cycle but also to the streams of external fluids
(hot water, cooling water and possibly chilled water). These are not free sources and sinks
and therefore should be utilized with an improved and efficient operation.

5. Further theoretical and practical research is necessary to develop new absorption
refrigeration units with high efficiencies. Innovative heat transfer configurations should be
conceived and proven. Description of basic design rules which allow achieving high

efficiencies should be included. Reduction in size of heat exchangers is to be examined.|
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Appendix

Table A-1 Water: properties of liquid and saturated vapor

Specific volume, Enthalpy, Entropy,
Saturation m3/kg ki/kg Ki/kg - K
pressure,

.7C kPa Liquid Vapor Liquid  Vapor Liquid Vapor
0 0.6108 0.0010002 206.3 -0.04 2501.6 -0.0002 9.1577

2 0.7055 0.0010001 179.9 8.39 2505.2 0.0306 9.1047

4 0.8129 0.0010000 157.3 16.80 2508.9 0.0611 9.0526

6 0.9345 0.0010000 137.8 25.21 25126 0.0913 9.0015

8 1.0720 0.0010001 121.0 33.60 2516.2 0.1213 8.9513
10 1.2270 0.0010003 106.4 41.99 2519.9 0.1510 8.9020
12 14014 0.0010004 93.84 50.38 2523.6 0.1805 8.8536
14 1.5973 0.0010007 82.90 58.75 2527.2 0.2098 8.8060
16 1.8168 0.0010010 73.38 67.13 2530.9 0.2388 8.7593
18 2.062 0.0010013 65.09 75.50 2534.5 0.2677 8.7135
20 2.337 0.0010017 57.84 83.86 2538.2 0.2963 8.6684
22 2.642 0.0010022 5149 92.23 2541.8 0.3247 8.6241
24 2.982 0.0010026 45.93 100.59 2545.5 0.3530 8.5806
26 3.360 0.0010032 41.03 108.95 2549.1 0.3810 8.5379
28 3.778 0.0010037 36.73 117.31 2552.7 0.4088 8.4959
30 4.241 0.0010043 3293 125.66 2556.4 0.4365 8.4546
32 4.753 0.0010049 29.57 134.02 2560.0 0.4640 8.4140
34 5.318 0.0010056 26.60 142.38 2563.6 04913 8.3740
36 5.940 0.0010063 23.97 150.74 2567.2 0.5184 8.3348
38 6.624 0.0010070 21.63 159.09 2570.8 0.5453 8.2962
40 7.375 0.0010078 19.55 167.45 2574 4 0.5721 8.2583
42 8.198 0.0010086 17.69 175.31 25779 0.5987 8.2209
44 9.100 0.0010094 16.04 184.17 2581.5 06252 8.1842
46 10.086 0.0010103 14.56 192.53 2585.1 06514 8.1481
48 11.162 0.0010112 13.23 200.89 25886 06776 8.1125
50 12,335 0.0010121 1205 20926 25922 0.7035 8.0776
52 13613 0.0010131 10.98 21762 2595.7 0.7293 8.0432
54 15.002 0.0010140 10.02 22598 25992 0.7550 8.0093
56 16.511 0.0010150 9.159 23435 26027 0.7804 79759
58 18.147 0.0010161 8.381 242.72 2606.2 0.8058 7.9431
60 19.920 0,0010171 7679 251.09  2609.7 0.8310 7.9108
62 21.84 0.0010182 7.044 25946 26132 0.8560 7.8790
&4 2391 0.0010193 6469 26784  2616.6 0.8809 7.8477
66 26.15 0.0010205 5948 276.21 2620.1 09057 78168
68 28.56 0.0010217 5476 28459 26235 0.9303 7.7864
70 3116 0.0010228 5.046 29297 2626.9 0.9548 7.71565
72 3396 0.0010241 4.646 301.35 26303 09792 7.7270
74 36.96 0.0010253 4300 309.74 26337 1.0034 76979
76 40,19 00010266 3976 318.13 26371 1.0275 7.6693
78 43.65 0.0010279 3680 326.52 26404 1.0514 76410
80 47.36 0.0010292 3409 33492 26438 1.0753 76132
82 51.33 0.0010305 3.162 34131 2647.1 1.0990 7.5850
B4 55.57 0.0010319 2935 351.71 26504 1.1225 7.5588
86 60.11 0.0010333 297 360.12 26536 1.1460 7.5321
88 6495 0.0010347 2536 368.53 26569 1.1693 7.5058
90 70.11 0.0010361 2361 376,94  2660.1 1.1925 74799
92 75.61 0.0010376 2.200 38536 26634 1.2156 74543
94 81.46 0.0010391 2082 39378 2666.6 1.2386 74291
9 87.69 0.0010406 1.915 402.20 2669.7 1.2615 74042
98 94.30 0.0010421 1.789 41063 2672.9 1.2842 7.3796
100 101.33 0.0010437 1673 41906  2676.0 1.3069 7.3554
102 108.78 0.0010453 1.566 42750  2679.1 1.3294 7.3315
104 116.68 0.0010469 1466 43595 26822 1.3518 1.3078
106 125.04 0.0010485 1.374 444 40 2685.3 1.3742 7.2845
108 133.90 0.0010502 1.289 45285 26883 1.3964 7.2615
110 143.26 0.0010519 1.210 46132 26913 14185 7.2388
112 153,16 0.0010536 1.137 469.78 26943 14405 7.2164
114 163.62 0.0010553 1.069 47826  2697.2 1.4624 7.1942
116 174.65 0.0010571 1.005  486.74  2700.2 1.4842 7.1723
118 186.28 0.0010588 0.9463 49523  2703.1 1.5060 7.1507
120 198.54 0.0010606 0.8915 $03.72 27060 1.5276 7.1293

Table 6 : Properties of Liquid & Saturated Vapor
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