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Addendum

Question: The examiner understands that the candidate constructed a refrigeration system test rig, but
wonder why the refrigeration characteristics such as the refrigeration capacity and the COP of the
system are not presented in the thesis.

Answer: One of the major objectives of this thesis is to study the feasibility of solving the problem of
air leaking into the adsorption refrigeration system which works at vacuum pressure. In order to see
the progress of the adsorption and the cooling effect (eg, dew, frost) objectively, the evaporator is
made with glass, and it is not insulated. This arrangement, on the other hand, makes it difficult to
precisely measure the refrigeration capacity. Therefore, the experimental refrigeration capacity and
the Coefficient of Performance (COP) of the system are not presented.

Question: Some key points of heat transfer analyses on the collector/desorption bed need to be
clarified, for instance:
o  The desorption process is a problem of forced convection with variable fluid properties;
why did the candidate model the problem as a conduction problem (Egq. 4.1)?
Justification is needed in this regard.

o) Comparing Eqgs. (4.1) and (4.16), why is the term
0'T /8%

omitted? Physically, both the concentration and the temperature vary along the z-axis.

Aunswer. Yes, the desorption process is also a problem of forced convection with variable fluid
properties. But the main concern here is the fixed bed being heated by the boundary, the pipe. For a
fluid flowing at steady rate through the voids in a column, to simplify the calculation, it could be
approximately taken as a conduction problem, and one of the expressions of the effective (apparent)
bed conductivity is given by Flix and Neill (McAdams, Hear Transmission, 1954).

Yes. Eq. (4.1) is the general one. In our application, the main concern here is the fixed bed, especially
the adsorbent particles, being heated by the boundary. Since the heat (solar radiation) falling on the
pipe is the same along the axis, to simplify the calculation, it is assumed that there is no temperature
gradient in the adsorbent particle column along the z-axis. So that term

8T/ 9z*
is omitted in Eq. (4.16).

Question: The data presented in Figs 4.4 and 4.5 need to be explained because it is strange why all the
temperatures at different radial positions fall in a single linear line.

Answer:; 1 feel a little bit strange too. I think there are several reasons for the results,
» The diameter of the pipe is small.
» The effective thermal conductivity of the packed bed is high (with the gas flowing
through the bed, the temperature distribution is even radially).
> The accuracy of thermal couples is limited (+0.3°C).

Question: The definition of the temperature difference given by Eq. (5.37) lacks physical sense. The
use of log mean temperature will avoid the problem encountered by the candidate for calculating
outlet temperatures.

Answer: Yes, the log mean temperature difference is definitely a good one. The reason to use the
temperature difference defined by Eq.(5.37) is that it is simple and easy for the following calculation.
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Abstract

Te¢ solve the leaking problem faced by solar adsorption refrigeration systems currently working at
vacuum pressure, this thesis carried out a comprehensive study on the hypothesis of adjusting the
svstem’s working pressure to around atmospheric by using a selected adsorbent and introducing a

pressure adjusting gas in the system.

The first chapter presents the hypothesis of the research. Then the objectives and scopes of this

study are identified. The related previous studies are also comprehenstvely reviewed.

Chapter two firstly describes the selection of the adsorbent, the refrigerant, and the pressure-
adjusting gas. Then, the pressure - temperature - concentration relationships for Molecular Sieve
5A — Methanol, and Activated Carbon 207E — Methanol are tested, respectively. The key
thermodynamic properties (¢.g., the heat of adsorption) are also determined here in mathematical

EXpressions.

The experimental study of the system is the task of chapter 3. Activated carbon/methanol is
finally selected as the adsorbent/refrigerant pair, and helium as the pressure-adjusting agent. Then
the setting up of the indoor simulation refrigeration rig developed for working arour “he
atmospheric pressure, and the experimental procedures are described. The results of the

experiments are presented in the following chapters with the theoretical results.

Chapter 4 describes the heat transfer analvsis on the collector pipe in the heating and the
heating/desorption processes. A semi-empirical equation of the temperature variation with time in

the collector pipe is obtained.

Chapter 53 contains the energyv analysis on the cvele. The energy balance equation is firstly
extended to the situation with heat depletion. The relationship of Coefficient of Performance (COP)
of the cycle and the operation temperatures is derived and shown on figures. The COP of the
svstem without the pressure-adjusting gas is also shown in the figures for the convenience of

comparison.

Adsorption analvsis is conducted in chapter 6 since the inert gas in the system increases the
adsorption resistance for the refrigerant. Based on the analysis on the adsorption mechanisms, some
derivates (eg. the rate of adsorption and cooling) were derived and expressed in equations and

figures. The experimental data are also shown in the figures.




vii
In a complete and advanced analyvsis, the guality of energy should also be analyzed. In chapter
8, firstly the exergy for mixtures and the irreversibility are developed. Then a detailed exergy

analysis on the processes and the whole eycle is carried out.

The foregoing work is based on the constant heating flux. A simulation of the performance of
the system powered by solar radiation which changes with time is conducted in chapter 8. This
simulation can be refereed in the prototype design. An index of the useful formulae is also

presented in this chapter.
In the last chapter of thesis (chapter 9), some suggestions are presented for the prototype design.
This study shows the hypothesis proposed here can be realized and the models presented here

describe the performance of the system well. This study may be of benefit to the effects to remove

the leakiag problem faced by the systems currently working at vacuum pressure.
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1

Literature Review and Tasks of the Thesis

1.1 BACKGROUND

Energy and the environment are two of the most important issues in the current world. Nowadays
most electricity is generated by consuming fossil fuels such as coal, oil and natural gas. Not only do
fossil fuels have a limited life but their combustion emissions have serious negative impacts on our
environment such as adding to the greenhouse effect and causing acid rain. As a potential clean and

sustainable energy source, solar energy is getting more and more attention.

In many places around the world, especially in the third world countries and some rural and
isolated areas in the tropical zone, refrigeration techniques are much needed to preserve foodstuffs
and medical supplics and for air conditioning. However, the lack of infrastructure, especially the lack
of a reliable encrgy supply, and the lack of trained service personnel prevent the use of conventional
refrigeration methods. On the other hand, solar radiation is ubiquitous, and solar radiation is very
strong in the tropical zone where there is much need for refrigeration air conditioning. Solar energy
is often the only readily available energy source there, and solar-powered refrigeration technology
has the potential to store perishable food and vaccines and for air conditioning for these parts of the
world. Even in the urban areas, the use of solar energy can help to reduce the emission of the

combustion products cxhausted from the conventional power plants.
1.2 SOLAR REFRIGERATION

Refrigeration is defined as the process of extracting heat from a lower temperature heat source,
substance, or cooling medium, and transferring it to a higher emperature heat sink. A refrigeration
svstem is a combination of components and equipment connected in a sequential order to produce the
refrigeration effect. The refrigeration systems commonly used for general purposes can be classified
as vapor compression systems and sorption systems. The former are driven by mechanical

(electricat) energy and the latter are driven by thermal energy.

Normally there are two ways of refrigeration powered by solar energy. One is to convert solar
radiation to electricity by means of photovoltaic cells (ASHRAE, 1996; Kreith and West, 1997) to
run an ordinary vapor compression refrigerator. Though the small size (50 litre) PV refrigerators are

available, it is necessary to reduce the cost othenwise it is difficult to afford by the user in developing




countries if there is no financial assistance from the government or other sources. Another problem
related to PV refrigerator is that it employs a conventional compression refrigerator using HCFCs as
the refrigerants. The HCFCs still have some ozone depletion potential (ODP) and high global
warming potential (GWP), which has resulted in the global phase-out schedule (Wang, 1993). As the

alternative refrigerants are explored, new refrigeration forms are also actively exploited.

The second method uses solar thermal radiation to drive the sorption (absorption or adsorption)
refrigeration systems. Sorption refrigeration devices are heat-operated cycles. They use much less,
even no, electrical energy as compared with the vapour compression cycles. Furthermore, they can
use environmentally benign working fluids such as ammonia, methanol or water as refrigerant thus
reducing the use of HCFCs. Among them the absorption refrigeration systems such as water-fithium
bromide absorption, ammonia-water absorption and ammonia-water-hydrogen cycles (ASHRAE,
1994) have been thoroughly studied and widely used: however, it is the adsorption and solid sorption
cyvcles that have a distinct advantage in using waste heat in relatively low temperatures like that
collected by flat-plate solar collectors. Unlike the steam driven absorption chiller and the direct-fired
svstems, there is no need to consume fossti fuels. Furthermore, the supply of sunshine and the need
for refrigeration both reach maximum ievels in the same seasons. Therefore, the solar adsorption and

id sorption refrigeration seem to be the pronising refrigeration technique.
1.3 RESEARCH HYPOTHESIS

Although there have been many studies on solar refrigeration systems and some advanced systems
have been developed, unfortunately, no solar refrigeration systems or chillers have widespread
practical application. One of the shortcomings is that all the solar refrigeration systems currently
studied work either at high positive pressure ranges, such as ammonia refrigeration systems, or at
high vacuum ranges like water and methanol refrigeration systems. For example, the water svstem
usually works in the 1.24-92.5 mmHg pressure range; and the methanol system normally works at
10-400 mmHg pressure range. In refrigeration systems working at the high positive pressure ranges,
the refrigerant can escape to the environment, which not only results in the decrease of the
refrigeration performance but may also endanger the health of local people, especially for highly
toxic substances such as ammonia. For refrigeration systems working at the high vacuum ranges, the
maintenance of the high vacuom degree in the whole svstem is critical for such systems’
performance. This makes it difficult to deliver the refrigeration units to, and maintain them in, the
above mentioned remote areas where such units are in much demand. That is one of the main reasons
why to date such green refrigeration units/air conditioners have not yet been popularised
commercially. So far there has been no study addressing this problem. To solve the leakage problem

faced by the solar adsorption system current working in the vacuum pressure, a research hypothesis




3

has been put forward by the author that the working pressure of the system could be adjusted to

atmospheric by using some proper adsorbent and infroducing some pressure-adjusting gas in the

system. This thesis conducts a comprehensive study on this hypothesis,

1.4 OBJECTIVES AND SCOPES

The general objectives and scopes of this research are to:

v

justify the research hypothesis by experiment;

understand the working mechanisms of such svstems and evaluate the performance to reveal and
evaluate the factors affecting the performance of the system;

explore the possibility of implementing the idea to the vacoum adsorption refrigeration systems

powered by solar radiation.

The research includes the following specific objectives. They are to:

provide the guidelines and experience for the sclection of the suitable adsorbent / refrigerant pair
and the pressure-adjusting gas;

develop the refrigeration experimental rig which can work at about atmospheric pressure;
understand the heat transfer characteristics of the collcctor/gencrator in the heating and
heating/desorption process;

evaluate the coefficient of performance (COP) of the refrigeration system;

reveal the adsorption charactenstics for the collector/adsorption bed for the adsorption/
refrigeration process;

evaluate the exergy (availability) analysis for the components/process and the cycle of the
refrigeration system;

evaluate the performance of the refrigeration cycle powered by solar radiation by simulation; and

provide suggestions/guidelines for the design of such a prototype.

The project consisis of the following scopes.

The selection of the adsorbent, refrigerant and the pressure-adjusting gas, and the investigation of
the relationship of pressure-temperature-concentration (P-7-x) for the adsorbent/refrigerant pairs
by test.

The development of the refrigeration experimental rig working at about atmospheric pressure,
and conducting experimental tests.

The heat transfer analysis for the collector/generator for the heating and heating/desorption
process.

The first law of thermodynamics (energy) analysis of the refrigeration systen.
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» The adsorption mass transfer analysis for the collector / adsorption bed for the adsorption /
refrigeration process.

» The exergy (availability) analysis for the components/process and the cycle of the refrigeration
svsten.

¢ The simulation of the performance of the refrigeration cycle powered by sofar radiation.

» Suggestions and guidelines for the design of such a prototype.
1.5 RELATED LITERATURE REVIEW
1.5.1 Principle of Solar Adsorption Refrigeration

Almost all solid materials have the capacity to adsorb/absorb water vapor and gases by physical
and/or chemical forces. Tlie solid materials used on adsorb/absorb purpose are called the adsorbents.
The moisture or gases adsorbed/absorbed can be driven out from the adsorbent by heating, and the
cooled “dry’ adsorbents can adsorb/absorb moisture or gases again. The popular adsorbents are

some solid salts, silica-gal, zeolite, and activated carbon.

It is convenient to descnibe the adsorption refrigeration cycies in a P-7-x (Pressure-Temperature-
Concentration) diagram as shown in Figure 1.1. The ideal cycle consists of two isoster (constant-

volume) processes (1-2 and 3-4) and two isobar (constant-pressure) processes (2-3 and 4-1).

The cycle starts from state | (in the morning) as the sun rises. The temperature of the
collector/generator increases thus the pressure increases until state 2 is reached. After the
temperature of the collector/gencrator reaches the desorption threshold temperature (state 2), the
heating/generation process starts. In this process, the temperature of the collector rises, while the
pressure remains at the condenser pressure, During the isobaric process, the adsorbate is driven off
until the minimum concentration of the refrigerant (corresponding to the maximum temperature).
During this process, the generated vapour is condensed in the condenser and is collected in the

recerver/evaporator.

When the collector/adsorption bed is cocled by the ambient in the evening, the pressure in the
collector/adsorption bed decreases until the evaporating pressure (state 4). Then the adsorbent starts
to adsorb the vapour vaporised at the evaporator thus the refrigerating effect is produced. This
process ends when the concentration of adsorbate in the adsorbent reaches the maximum (state 1).

The cycle is then repeated.
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Figure 1.1 The P-7-x diagram of the ideal basic adsorption cycle

1.5.2 The Popular Adsorbent-Refrigerant Pairs
Solid Salts and the Refrigerants

Michacl Faraday in 1824 first discovered the sorption refrigeration principle (Hahre, 1988) and he
used AgCI-NH; as the working pair and got the cooling effect. But AgCl has several shortcomings

and was abandoned.

Nielsen and Worsde-Schimdt (1977) built an indeor test rig and investigated the heat and mass
transfer in the adsorption and desorption processes for Calcium-Ammonia. After detailed
investigations on NHy—CaCl, and NH;—SrCl. Nielsen (1981} concluded that solid CaCl: and
SrCl; could be used for solar refrigeration. Wors¢e-Schimdt (1979} designed a demonstration plant
for a net amount of cooling of approximately 8000 k¥ per day. The testing showed that the process
COP was 0.34 and the total solar COP was 0.096. lloeje (1985) tested a Calcium-Ammonia solar
refrigerator over the annual climate variations at Nsukka, Nigeria. He also investigated the effect of
charging pressure on COP with three different pressures and carried out the parameter analyvsis on
the performance of the NH;—CaCl, solar refrigeration. Based on his experimental work, he and his
coworkers {1993) developed a simple mathematical model and computer program to the system and

carrted out the parametric study on the system with the view to optimising the design.

A better but more expensive working pair is SrCl.-NH;. Domier, a Germany Company,
manufactured a solar refrigerator which wuses the compound material IMPEX

(80%SrCl,+20%Graphite) as the adsorbent and NH; as the adsorbate (Bansal et al., 1997). The heat
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was supplied by an evacuated solar heat pipe. The IMPEX has a high coefficient for heat and mass
transfer and a good adsorption property. The refrigeration capacity is 1.3 kWh per day. Bansal et al.
(1997) carried out the theoretical and experimental analvses to this refrigerator using the
meteorological data for Delhi. The maximum theoretical COP was 0,143, but the testing COP was
only 0.081. They thought that the weaker solar radiation due to the pollution and dust was the reason
for the low testing COP and suggested a redesign of the system according to the local meteorological
condition. Erhard and Hahne (1997) also carried out the theoretical and experimental study on the

SrCl,-NH; system and made a simulate program.
Silica-Gal and the Refrigerants

In 1930s” G. E. Hulse invented silica-gal—sulfur oxidised adsorption refrigeration system. Plank
and Kuprianoff (1960) investigated the possibility of using silica-gal-—propanone in solar
refrigeration svstems. Eggers-Lura (1978) designed an adsorption refrigeration system. Sakoda and
Suzukin (1984) investigated the silica-gal—ivater adsorption system for solar cooling. Sakoda and
Suzuki (1986) built a small silica-gal-—water cooling unit and proposed a simple model which can
interpret the experimental results well. Their sensitivity study showed that the heat transfer area
between the adsorbent packed bed and its container had a considerable effect on the COP and they
suggested that the heat transfer area should be approximately 0.4 m*/kg adsorbent to obtain the solar
thermal COP of 0.4, Kluppel and Gurgel (1988) reported a solar cooled drinking fountain using
silica gel — water pair with an average COP of 0.07. Cho and Kim (1992) developed a test set and a
simulation code to study the effects of component heat transfer rate on the cooling capacity of a
silica-gal—water adsorption cooling machine. Watable and Yanadori (1994) studied the cooling
characteristic of silica gal—ecthanol. Tanaka et al. (1983) carried out an experimental study on a
compact silica-gal—water refrigeration system which was thought to have a better performance than
the traditional ones. There also have been several cvcles proposed to reduce heat inherent in batch-
cyvcie operation and hence improve ¢yvcie erficiency. Saha et al. {1995) investigated analyvtically the
performance of a three-stage silica-gal—water adsorption chiller to use the near-ambient
temperature waste heat between 55 ar:d 47°7  nd experimentally, by Saha and Kashiwagi (1997).
Boelman et al. (1997) studied the influence of thermal capacitance and heat exchanger UA-valued on
the cooling capacity, power density, and COP of a silica gel-water chiller. Alam et al. (2000)
investigated the effect of heat exchanger design on the system performance of silica gel adsorption

refrigeration svstems.




Zeolite (and Zeolite Molecular Sieves) and Refrigerants

The possibility of using the zeolite-water pair was studied as early as 1974 (Techerncv, 1974).
Techemev (1974, 19?8;. 1982, 1984) studied solar cooling with zeolite, and he built and tested a
small cooling cabinet with the volume of 100 dm?. Meunier and Mischler (1979) and Guilleminot et
al. {1980) also reported the application of zeolite. Guilleminot and Meunier (1981) tested a small
cqurimcnta! unit. Monnier and Dupont (1982) carried out the numerical optimization and field
testing for a zeolite-water close cycle solar refrigeration. Grenier et al. (1988) built a large
experimentu solar adsorption cold store with the area of the collectors 0.8m” and the velume of the
cooling space 12 m*. In Guilleminot’s and Grenier's cases, the net solar COP was about 0.1, the
efficiency of the collectors was approximately 0.33 and the cvcle COP was also 0.33. Hinotani and
Kanatani (1983) made a small experimental apparatus to obtain fundamental data for the design of
the Zeolite-Water solar refrigeration system. The performance of the system was simulated with an
cvacuated glass tube collector with heat pipe. The COP of the system was from 0.02 to 0.05. After
aging test on several metals, it was suggested copper should be used for further industrial
development. These results showed that the Zeolite-Water could be used either in the small or the

large refrigeration systems.

Shelton et al. (1989) conducted a ramp wave analysis of a solid — vapour heat pump using-g
zeolite—ammonia pair. The heat transfer fluid is circulated to reduce the heat rcquired from the

external source by heat recovery.

Hajji et al. (1991) carried out a dynamic analysis for a solar adsorption refrigerator using zeolite
13X-water and Chabazite-methanol as working pairs. Zhu et al. (1992) investigated experimentally
the 13X zeolite ~ water chiller. Chang and Roux (1993) carried out a thermodynamic analysis for a

solar zeolite refrigeration system.

The Zeopower Company produced a Zeolite-Water solar refiigerator a long time ago (Tchemev,
1979). It was reported that the system could produce 9.8 kg ice per day per m® of collector area for a
total solar input of 20 MJ/m* under the tvpical climatic condition of Boston. Later, the Zeopower
Company developed another sol.:ar Zeolite-Water solar refrigerator for the domestic and recreational
markets (Tchemey, 1984) which could produce about 0.9 kWh for each square meter of collector

with a solar input of 6 kWh and the efficiency is 13% according to the report.

In order to improve the efficiency of adsorption refrigeration, Tan and Wang (1998) researched
the double effect cascade adsorption systems using silica-water/zeolite-water and zeolite-

water/zeolite-water respectively.




Activated Carbon and Refrigerants

Pons and Guilleminot (1986) desigried an activated caroon-methanol solar adsorption ice maker and
built a prototype in Orsay. The solar collector was 6 m” in area and contained 130 kg of A.C., the
condenser was air-cooled and the evaporator had a net production of 30-35 kg ice per sunny day.
The net solar COP was 0.12. Pons and Grenier (1987) presented the experimental data from this
prototype. The measured net solar COP was 0.12 when the incident solar energy Q, was 22 M¥/m’
and 0.1 when Q; was 19 MJ/m’. Based on the P-T-x data determined by Sridhar (1987), Exell (1987)
designed and fabricatzd a charcoal-methano! ice maker. The solar collector was 0.97 m® and
contained 18 kg charcoal. 2.5 kg ice at -1 to -3°C could be produced for a good day. Passos and

scebedo (1989) presented an analytical model for the solar adsorption cooling cycle using the
activated carbon-methanol pair. Medini et al. (1991) set up a non-valve active carbon-methanol solar
ice maker with the 0.8 m collection surface with a view te build an industrial machine. This machine
produced 4 kg of ice per day in summer. With a collection efficiency of .41, it is possibie to obiain
a gross solar COP of 0.15. However, because of insufficient insulation of the ice banL the net COP
obtained was half that value. Tan et al. (1992) studied an active carbon-methanol solar ice maker
with the collector area 1.1 m® and the refrigerator volume 103 litres. The maximum net COP of the
machine was .15 and the experimental value was about 0.11. Boubakri et al. (1992) reported their
experimental study of three charcoal-methanol ice makers with the collecto-condese (assembly of
solar collector and condenser in a unique component) operated in Agadir, Morocco. They obtained a
nominal production of 4 kg of ice per square meter collector for 60% of the period of the experiment.
The net solar COP was between 0.08 and 0.12. Huang et al. (1992) built a prototype of solar
powered ice maker (no valve cycie and air natural cooling). The results showed that the this
refrigerator could produce 4.5 kg ice per day in winter and 2-3 kg ice per day in summer. The net
solar COP was 0.1-0.12 and 0.08 respectively. Critoph (1994) built and tested an active carbon-
ammonia solar refrigerator for vaccine cooling. The collector was 1.4 m® and contains 17 kg of
carbon. It is possible 10 produce up te 4 kg of ice per day in a diurnal cycle. Bentayeb et al. (1995)
introduced a model which took account of the real operation for an activated carbon-methanol solar
refrigerator. Their numerical simulation showed that the behaviour of the refrigerator is different
from one climate to the other. Critoph (1996) presented the results of heat transfer tests on a carbon-
ammonia experimental generator together with future plans for a one ton per day solar ice maker. Hu
(1996) presented some further applications of the program developed and validated before in the
investigation of the non-valve carbon-methanoi solar refrigerator. Follin et al. (1996) studied the
infiuence of microporous characteristics of activated carbon on the performance of an adsorption
cycie for refrigeration. Chen et al. (1997) studied the activated carbon ~ ethanol refrigeration system

and showed that ethanol could be a substitute for methanol. Wang et al. (1997) investigated the
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feasibility of using active carbon fibre (ACF) as the adsorbent in adsorption refrigeration and found
that ACF-methanol has good potential as an adsorption refrigeration pair. Li and Sumathy {1999)
built a solar ice maker using activated carbon and meihanol with an exposed area of 0.92 m® anvi
about 4-5 kg icc- could be produced with the COP of about 0.1-0.12. Wang et al. (1999) developed
an activated carbon-methanol adsorption refrigerator using spiral plate heat exchangers as
absorbers, and more than 2.6 kg ice per day per kg activated carbon with a COP of 0.13 can be
obtained. Li et al. (2000) designed an adsorption bed for activated carbon — methanol refrigeration

system.

Douss and Meunier (1989) proposed a cascading adsorption cycle in which an active carbon-
methanol cycle is topped by a zeolite-water cvele. This arrangement makes it possible to obtain, for

example, both steam and ice with reduced heat nput from the external source.

Grenier and Pons (1983} pointed that the COP of activated carbon-methanol system was higher
than those of zeolite sieves—water systems at about 120°C. Meunier et al. (1986) compared
synthetic zeolite—water, synthetic zeolite—methanol, and charcoal-methanol combinations and
found that the activated-charcoal-methanol gave a better COP generally, but that the zeolite—water
svstemi was betler when the difference between the nighttime ambient temperature and the
evaporating temperature was particularly high. After comparing AC35-methanol with zeoiite 13X-
water, Meunier suggested that the zeolite combination would be superior only when the temperature
lift (adsorption—evaporating temperature) exceeded 45°C. But the comparison was based on the
heat input. Taking account of the collector efficiency which decreases with increasing temperature,

the churcoal-methanol combination nught be superior at even higher temperature lifts.

Owng to the differences in the raw material used, the activated condition (activated temperature,
etc.), process employed and the degree of activated (activated time, etc.), the properties of the
activated carbon such as porosity, pore size, and surface area for adsorption vary from one
application to another. The adsorption propertics for individual particular activated charcoal and

methano! combination are normally tested in laboratorics.

Sridhar (1987), Eltom and Sayigh (1994), Passos et al. (1986), Grenier and Pons (1983), and Hu
and Exell (1993) tested the adsorption capacities for different charcoals. Based on his COP
calculation of ideal cycles, Hu (1993) pointed out that the charcoal 207E4 from UK was suitable for
ice making for tropical areas (high peak collector temperature). Hu (1998) also studied the thermal

dccomposition of methanol in solar powered adsorption refrigeration systems.
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2

Working Substance: The Selection and the Adsorption
Equilibrium

Before considering e solar adsorption refrigeration system, the adsorbent/refrigerant working pair
must be selected and its adsorption property evaluated. The adsorbent we are searching for shouid
have selective adsorption property in addition 1o the other general adsorption properties required. In
this chapter, the possible working pairs and the pressure-adjusting agent were selected from general
considerations, and the adsorption properties for the working pairs were tested. The adsorption
equilibrium was described by Dubinin and Astakhov {D-A4) equation, and the test data (pressure P,
temperature 7, and concentration x} were expressed in the InP — -1/T chart. Some of the
thermodynamics of adsorption (the heat of adsorption and the desorption and the adsomption
threshold temperatures) for the following analvses were also conducted n this chapter. The heat of
adsorption was detcrmined by employing the Clausius-Clapervon equation, while the desorption and
the adsorption threshold temperatures were determined by three approaches. It is shown that the D-A

Eguation and Simplified Pressure Equation approach is simple and accurate.

2.1 THE PRELIMINARY SELECTION FOR ADSORBENT, REFRIGERANT AND
PRESSURE-ADJUSTING AGENT FOR OUR PURPOSE

The selection of the working substance for our purposes, i.c., to make the system work at about

atmospheric pressure, should be based on the two sets of properties required:

o  The general adsorptive properties, i.e., in solar application temperature range, it needs to work
well,

¢  The adsorbent should have selective adsorption property, i.e., it should not adsorb t+  :-essure-

adjusting agent.

The adsorbent used in industry usually has a micro-porous structure. An ideal adsorbent for
refriguration should meet the following requirements: The specific surface area should be large and
there should be the micropores; The adsorption capacity should be large; The adsorption force
should be small and the regeneration temperature should be low; The heat of adsorption should te
small; There is no reaction with the adsorbate; The velocity of adsorption should be quick so it is
easy to achieve the adsorption equilibrium; The specific heat should be small and conduction heat

transfer higi. so to quicken the adsorption/desorption processes; High hardness or resistance to
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abrasion; The flow resistance for gases should be small; Being able to be regenerated and reused

many times; Easy to available; Cheap; etc.

An ideal refrigerant for adsorption refrigeration should meet the following requirements. High
enthalpy of evaporation at the required evaporator temperature; Low freezing temperature;
Relatively high critical temperatures; Positive evaporating pressure; Relatively low condensing
pressure; Good heat transfer characteristics; Low water solubility; Inertness and stability;
Mamflammability; Nonexplosive when :aived with air; Nontoxicity; Nopirritability; Noncorrosive;

Relauve low cost; Be easy 0 detect in case of leaks.

It 1s almost impossible to find an adsorbent and a refrigerant to satisfy all the above-mentioned
requirements. The most used adsorbent in refrigeration is silica gel, zeolite, and activated carbon and

the most used refrigerants are ammonia, water, and methanol.

2.1.1 The Refrigerant — Methanol

We would like our new refrigerator to have the potential of making ice, so methanol is chosen as the

refrigerant. The advantages of using methanol as the refrigerant are:

» It can evaporate at a temperature below 0°C (its Melting Point is -93.9°C);

» [ts molecule is small (4 A) and it can be easily adsorbed in micropores with the diameter lcss
than 20 A;

s Its normal boiling point (65°C) is higher than room temperature, which means the methanol
refrigeration system always works at pressures lower than atmospheric. It 1s the leakage
problem of this kind of systems that this research is aimed to solve.

o Its enthalpy of vaporisation is significant {about 1100 kJ/kg), so a good COP of its cycle may
be expected.

¢  Non-irritability.

+  Non-corrosive.

2.1.2 The Pressure-adjusting Agent — Some Inert Gases

It is known that the saturation temperature of vapour in a gas mixture depends only on the vapour’s
partial pressure and would not be affected by the presence of the other gases. Therefore, some gas
may be filled in the svstem to raisc the pressure of the system to atmospheric pressure. In order to

achieve this goal some points should be met.
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Firstly the gas should not react with the rest of the svstem (the machine matenal, the adsorbent,
and the adsorbate), Thus some inert gas may be a good choice. Secondly, in order to act as the
pressure-adjusting agency, the gas should not be condensed in the working temperature range nor

adsorbed by the adsorbent. Inert gases such as Hehum and Argon meet these requirements.
2,1.3 The Adsorbent — Molecular Sieves and Activated Carbon

The adsorbent for our jroposes should have a selective adsorption property. That is to say, the

adsorbent should adsorb the refrigerant only and should not adsorb the pressure-adjusting gas.

The molecular sieves have an excellent property for selective adsorption, Zeolite Molecular
Sieves (MSs) are highlv porous dehydrated crystalline zeolite. The pores are precisely uniform in
diameter and of molecnlar dimensions. Therefore, thev adsorb selectively only those molecules which
are small enough to enter the pore system. That is why they are called molecular sieves. Besides,
their adsorptive performance is strongly affected by the polarity, the polarizability, the bond
chaszeter, and the molecular weight of the adsorbed substance. The “Sieving”™ action, and the high
aftinity for a certain adsorbate give them their unigque properties as molecular adsorbent. Therefore,
zeolite molecular sievss are the first materials selected naturally as the adsorbent for our purposc.

Since the critical molecular diameter of methanol is 0.44 nm, the pore diameter of the adsorbent
selected should be greater than that value, so the adsorbent can adsorb the vapour molecules of the
refrigerant, the methanol. 34 MS (pore diameter 0.5 nm) and /34" MS (pore diameter 1.0 nm) meet

this requirement.

I is also true that the diameters of the inert gases are smaller than the pore diameter of the chosen
adsorbent (the critical molecular diameter of argon is 0.38 nm and helium is 0.2 nm), but their
polarities and molecular weights determiine that they can be displaced by methanol. Here Helum, a
weaker affinity inert gas, is chosen as the pressurc-adjusting agency. Argon wili also be tried in the

experiment to sce the effect of the density (molecular weight) of the gas on the ¢yeling.

Carbon has been known throughout history as an adsorbent, and it has been well documented that
Activated Carbon (carbonaceous material like coal, lignite, wood, nut shell, petroleum and
sometimes synthetic high polvmers thermal decomposed and then activated with steam or carbon
dioxide at elevated temperature 700-1000°C) and methanol pair has an excellent refrigeration

performance. The advantages of using activated carbon as the adsorbent are:

¢  Activated Carbon has a significant capacity of adsorption.
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» Activated Carbon + Methanol can work at as high as 130°C without decomposition. Hence
Activated Carbon + Methanol seems to be a suitable pair for a solar refrigeration system
working at the temperature range that the flat-plate collectors can reach.
o  Activated Carbon can be made to suit particular applications by varying the activation time and
temperature, etc.
o  Activated Carbon can be manufactured easily by local indusiry.

s Activated Carbon is cheap.

All the above-mentioned advantages show that the Activated Carbon + Methanol seems to be a

good pair for solar refrigeration with the flat-plate collectors.

Carbon Molecular Sieve (CMS) is an interesting form as of activated carbon since it not only
retains the advantages of the activated carbon, e.g., high adsorption capacity and easy desorption,
but also has a uniform and narrow micropore size distribution. Both of the characteristics seem to be
important for our purpose. As for the zeolite molecular sieve, it is the difference of the affinities of
the gas and the vapour to the adsorbent, rather than the “sieving action” of the adsorbént, decides the
priority of the adsorption. Fottunately, inert gases are hardly adsorbed by common adsorbents in the
normal temperature range. Therefore, some inert gas can be used in the system as the carrier gas,

and activated carbon, rather than carbon molecular sieve, as the adsorbent.
2.2 SOME THEORETICAL BACKGROUND
2.2.1 The Physical and Chemical Properties of Pure Methanol

The vapour pressure P (Pa) of methano! in a limited temperature range can be described by Antoine

equation (Beublik et al, 1973; see also Cheng and Kung, 1994)

log P = 10.20587 - 1582.271/(T - 33.424) 2.1}
288.0 K< T <356.8 K, error < 0.06%

with an error less than 0.06%. For a wider range of temperature, Dauber and Danner (1984)
suggested
InP=10993-7471.3/T-13.9881In7+0.015281 T (2.2)
1756 K<T<3126K, error< 1%
For saturated density of methanol liquid p; (kg/m’), Dauber and Danner (1984) suggested

In ps=3.6541 + 1.62055 [1 + (1 - 77512.63)*'"7) (2.3)
1756 K<T<312.6K, error< 1%
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‘Based on the table given by Liley (1982), Exeli et al. (1987) computed the properties of methanol

as a function of temperature from the regression formulas:

Saturation vapour pressure m bar:

InP, = 12.6973-4024.37.T-87582.885/7° (2.4)
250K <T<3327.5K with maximum error of 2.9%

337.5K<T<420K with maximum error of 0.1%

Saturated density of methanol liquid g (kg/m’) with maximum error of 0.25%:

P25 = 937.911-0.0582677-0.001459T° (2.5)

Since the equations regressed by Exell et al. (1987) are simple and also precise in the part of the

temperature range in our application, they will be used mainly in this research.
2.2.2. Isotherm Adsorption Equation: D-A Equation

The widely used description of activated carbon adsorption is the D-A equation which was developed
by Dubinin and Astakhov (1970) from the potential theory originally put forward by Polanyi, and
Berenyi. This equation is also used for other adsorbents such as molecular sieves in adsorption
refrigeration analysis. The basis of the potential theory of adsorption is that at the surface of the
solid adsorbent the molecules of the gas are compressed by the forces of attraction acting from the
surface to a certain distance into the surrounding space. Therefore, in micropores comparabie to the
size of adsorbate molecule, the adsorbate molecules are attracted by the wall surrounding the
micropores and start to fill the micropore volumetrically. Dubinin (1960} studied the adsorption

characteristic curve and derived the following equation {Dubinin - Radushkevich equation)

W =g'p = Woexpl-ke /) (2.6)

where ¥ is the volume filled by the adsorbate, ¢ is the amount adsorbed and p is the density of the
adsorbed phase, W, is the maximum volume of the adsorbate adsorbed by the adsorbent, m/kg
adsorbent; & is a parameter which depends upon the number and size distribution of micros, i.e., that
1s a function of the structures of the adsorbent only and its value does not depend on the adsorbate.
The difference in adsorption properties of different vapours from those of the standard vapor
(normally benzene) is accounted by an affinity coefficient 8 which characterise the polarizability of
the adsorbate and is a function of adsorbate only, £is the adsorption potential which is defined as the
difference in free energy between the adsorbed phase and the saturated liquid. For one mole of an

ideal gas
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&= AF =/ VdP = -RNn(P/P,) 2.7

where AF is the free energy change, R is the gas constant, T is the absolute temperature of the
adsorbent/adsorbate, P; is the saturated vapour pressure of the adsorbate at temperature T, and P is

the equilibrium gas-phase partial pressure of the adsorbate;

Substituting for £into Eq. (2.6), the Dubinin-Radushkevich (D-R) equation is written as

W = Wexp(-D{TIn(P/P)Y") | (2.3)

where D=kR*/% and W, and D are determined by experimental measurement.

Eq. (2.8) 1s valid for temperature sufficiently below the critical temperature 7, (7<0.87,). For
methanol 7,=239°C.

Since it was found experimentatly that for some substances were were deviations from the above
expression, Dubinin and Astakhov (1970) introduced an improved and more general form of the D-R
equation, which is called the D-4 equation, to fit the experimental data better. The D-4 equation

contains a third variable » and the form 1s

W = Woexp{-D{Tin(P,P)]"} (2.92)

or
x = xpexp{-D{TIn(P,'P)}"} (2.9b)

where n i5 usually betwveen 1 and 3, and equals 2 in the D-R equation, and x is the mass

concentration.

Taking logarithms we obtain the lincar form

InW = [nWo-D{Tn(P,P))" (2.10)

The parameters ¥, and D can be determined experimentally by plotting In# vs {TIn(P,/P)}" for a

vanety of values of » from measurements of ¥, T and P.

The introduction of the new parameter » helps to improve the fit but it does not necessarily have
any direct physical meaning (Critoph, 1988). Pons and Grenier (1936) also pointed out that the D-4
equation is not thermodynamically correct near saturation because the predicted heat of adsorption
does not tend to the heat of vaporisation of the adsorbate. The D-4 equation is known to deviate
from experimental data for very small and very large values of /. They suggested a linear potential

expression which does not have this defect but it is not necessary for the work in this study-.
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2.2.3. Isotherm Adsorption Equation: InP — -1/T Equation

The saturation pressure P; of the refrigerant can be approximately expressed as a function of

temperature as following (Smith, 1996)

InP;=A-BT (2.11)

where 4 and B are constants.

For methanol, according to Eq.(2.4), 4 and B can be determined by following expressions:

(a) at a state with temperature T

A =12.6973 + 87582.885/1° (2.12a)

and
B =4024.37+ 175165.77T (2.13a)

and (b) in a process the average A and B

A =126973+87582885/(T: T.) - (2.12b)

and
B = 402437+ 87582.885(1 1, ~ 1'T,) (2.13b)

where 7; and 7, are the lower and the upper temperatures in the range the saturation methanol

experiencing in the process.
Simularly, the pressure-temperature relationship of an adsorbate can also be simply expressed as
InP = b¥-1/T) + a (2.14)

To determine a and b (the intercept and the slope for a constant mass concentration line on the

In? vs -1, T diagram, respectively), rewrite D-4 equation In# = InW,-D(T1n(P,/P))" as

InP = c*-1T)+InP; (2.15)

where ¢ = (In(Wo W)y D)'™ = (In{xyx) D)™ and x is the mass of the adsorbate adsorbed.

Substitute Eq. (2.11) into Eq. (2.15), we have Eq. (2.14) (WP = b*(-1/T)+ a), and

b=c+B=(In(W, W) D) "+B,and a = 4 (2.16)




17

With a series of @ and 4, a set of lines for a particular adsorbate/adsorbent pair can be drawn in

the InP —--1T t diagram. The parameters W,, D, n, and thus b are determined by adsorption test.
In order to make the diagram more readable, the pressure P rather than InP is denoted in the y-axial
and 7T in the x-axial along with -//T in practice. Fig. 1.1. shows such a diagram and an ideal

adsorption refrigeration cycle in the diagram schematically.
2.2.4 Heat of Adsorption — Clausius-Claperyon Equation

Under the assumption that the specific volume of the gas 1s much greater than that of the liquid, the
specific volume of the liquid is negligible, and if the pressure is low enough so the gas can be treated
as the ideal gas, the equilibrium vapour-liquid phase transformation for a pure fluid can be expressed

by Clausius-Claperyon equation (Smith, et al. 1996)

dnP,/dT = hg /RT* (2.17)

where /1, is the latent enthalpy of the liquid to vapour phase transformation.

The Clausius-Claperyon equation is also applicable to gas adsorption equilibrium. The analogous

equation :‘or adsorption is (Smith, 1996)

(BnP/BT), = hoq /RT° (2.18)
where the subscript x signifies that the derivative is taken at constant concentration adsorbed and A
is the isosteric (constant volume) heat of adsorption and is a function of the concentration v, the

mass of refrigerant adsorbed per unit mass of adsorbent.

Rewrite the Eq (2.17) and (2.18), we get

din P
L L 2.19
% = AN (2.19)
and
h, = EhP g (2.20)
8(-1/T) ).

which mean that A, and 4. can be obtained from the slopes of the equilibrium lines for the pure

refrigerant and for a constant concentration x on the InP vs -/-T diagram.

' A thermally isolated system can be put into a state of negative temperature. If temperature were defined as
the negative reciprocal of the conventional temperature, ie, New temperature 8= -1/ Old temperature T,

temperature would vary smoothly from minus infinity (what we now called absolute zero) through zero, and
on to plus infinity (Atkins, 1994). '
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Comparing Eq. (2.20) with Eq. (2.14), it is easy to see

h,=bxR (2.21)

That is to say that the heat of adsorption 4,4 is just the multiplication of the slope & of a constant

concentration line on InP vs (-1/T) diagram and the gas constant R.

2.2.5 The Desorption and the Adsorption Threshold Temperatures

In Fig. 1.1, 7; and T, are the threshold temperatures at which the desorption and adsorption starts

respectively, P, is the condensar pressure and P, is the evaporator pressure, respectively.

It is difficult to measure the threshold temperatures experimentally. Nevertheless, it can be

deternuned by three theoretical approaches.

By Clausius-Claperyon Equation

Integration of Eq. (2.17) from state e to ¢, and Eq. (2.18) from state 1 to 2

A (2.22)
Pe re RT-
and
In LE_T —-*——-(had)x'"“ dTl (2.23)
P n RT? ‘

Since the values of /1.5 and 5, only change a littie in the integration temperature ranges, they may

be supposed to be constants, or thought as the average values over the temperature range. Therefore

InP, ~In P, = [-l— - -TL];% /R 2.24)
and
WP ~InP, = [-Tl— - —1-](% ) /R (2.25)
1 2

E () (2.26)

Similarly
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) (2.27)

By D-A Equation and Pressure Equation

We have shown that the D-4 equation can be rewritten as Eq. (2.15) and the saturation pressure P

of the refrigerant can be evaluated by Eq (2.4). The general form for Eq (2.4) can be expressed as

InP, = Ag+ A,/ T+A>T° (2.28)

where Ay A;. and 4 are constants.

Combining Eq. (2.15) and Eq. (2.28) vields

(Ag- IMPYT? <(c-ADT + 4> =0 (2.29)
Thus
A Aﬁ
c=(A, +=L+<=~InP)T 2.30
(4, A ) (2.30)
and
-4)x -A) -44.,(4,-In P
;o (e-A)E(c=4) ~44:(4, ~In P) 231
2(A, —InP) )
and the larger value should be taken respectively for 7.
The desorption threshold temperature 7% is given by
c. —A)tJlc, —A) -44,(4, -InP,
T,=( o =AY~ - ) (2.32)
- 2(4, -In P.)
where ¢, = (4, +i+£3; -InP)T,.
) !
The adsorption threshold temperature 77
(. —A)Et e, —A) -44,(4,~InP)
T.‘ = Xyiis ! J n ] 2350 (233)
2{4,-InP))
where ¢, = (4, +i;¥-+£%-— InP)T,.
3 1

The larger value should be taken respectively for T> and 7.




87582.883, it is calculated that 7-=337.39 K and 7,=332.32 K.

By D-A Equation and the Simplified Pressure Equation

Eq. (2.14) (InP = b¥(-1/T)+ a) can be rewritten as

T =bAa-nP)

That means
Ti = b(xpa)a) - In)

and
> = b{xpar) (ay - InP))

Therefore
a-inP
T =—1—"¢ T,
T oa-hnf
Simitarly, we have
—-InP.
T-I - as n ¢ Tg,
a,-InpP,

where a E =4 ( T;) .

application.

Considering a; =~ as, from Eq. (2.37) and (2.38), it can be seen that

I,IT, = Ty/T,

and 7.

where P, and P. is the evaporator and the condenser pressure, respectively, and a,=A(1).
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For example, if 71=293.15 K (20°C), 75=383.15 K (110°C), 7.=268.15 K (-5°C), and 7,=308.15
K (35 °C). in case of methanol, InP,=-3.5287, InP=-1.2848, 4,=12.6973, 4,=-4024.377, A,=-

(2.34)

(2.35)

(2.37)

For example, if 71=293.15 K (20°C), 73=383.15 K (110°C), 7,=268.15 K (-5°C), and 7,=308.15
K (35°C), in case of mcthanol, InP=-3.5287, InP.=-1.2848, &=13.7155, and a,=13.2939, then
T-=337 K, and 7,=332.04 K, which is almost the same as that from the pressure equation (337.39K

and 332.32K, respectively). Therefore, the simplified pressure equation is precise enough for our

(2.39)

Tlus is the relationship of the four temperatures widely used by other literatures. It is rather
simple in form, but it should be pointed out that it is only an approximate expression (most of the

literatures have not made it clear). Eq. (2.37) and (2.38) will be used in this thesis to determine 7-
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2.3 TEST OF ADSORPTION PROPERTY (P-T-x)

2.3.1 The Test Rig for P-T-x Relationship Test

As mentioned above, the P-T-x (pressure, temperature, and concentration) diagram for the working
pair (adsorbent/adsorbate) is a powerful and convenient tool for analysing a particular adsorption
refrigeration cycle. The test rig used to investigate the P-T-x relationship for the adsorbent/adsorbate

pairs at Monash University is shown in Fig, 2.1

T™v
YACLUM
——

T

METHANDL
FLASE

3oV

POWER  Jlmmem—es ; o =
SUPPLY : - N

Figure 2.1 The test rig for the P-T-x relationship

2.3.2 Experimental Procedures

This test measures the changes in pressure P for given changes of 7' for fixed concentrations x. The

procedures are

1) Put the desorbed adsorbent sample in the pressure-monitored vessel (the short cylindrical vessel).
2) Charge the adsorbate (methanol) ir:to the graduated glass tube (the long methanol flask).

3} Heat and Vacuun the adsorbent sample to remove gases from the adsorbent.

4) Vacur:.i the adsorbate tube to remove gases from the adsorbate space.

5) Let the adsorbent adsorb a certain amount (volume) of adsorbate.

6) Heat the pressure-monitored vessel from the initial (ambient) temperature to 50°C (the maximum

temperature of the pressure sensor) by step of 5°C. The time step is set by 15 minutes (this time
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step is enough for the adsorption equilibrium to sct up from one state to the next state). When the

maximum temperature is reached, let the pressure vessel cool down to the ambient temperature.

7) Repeat step 6 three times to obtain average values for one concentration.

8) Repeat step 5 io 7 for other concentrations.

2.3.3 Experiment Data Process: SA Molecula: Sieve — Met!isnol

The first working pair was 5A molecular sieve and methanol. The test data are listed in tablel.

Table 1 P-T.x Data of 5A Molecular Sieve — Methanol Adsorption

W (Ikg)

0.048066

0.065344

0.07279

0.08126

0.086792

0.089443

0.091952

Ps (kPa)

P (kPa)

0.79046

0.025455

0.110299

0.209834

0.440721

0.637866

1.608008

4.038168

12.87508

0.037052

0.156582

0.294633

0.611043

0.946485

2.180762

5391182

16.76695

0.033225

0.21956

0.408779

0.837466

1.287721

2.925751

7.123953

21.63405

0.07551

0.304288

0.560749

1.135297

1.733335

3.885254

932232

27.66992

0.105361

0.417058

0.760977

1.523148

2.2799582

5.109547

12.08716

35.09601

0.146748

0.563624

1.022193

2.023446

3.047867

6.657925

15.53495

44.1639

0.20126!

0.75946

1 359788

2.662987

3.985452

8.599.¢

19.30047

35.15763

0.273223

1.010041

1.79222

3.473342

5.166206

1:.915374

25.03788

By varying the value of n, a linear relationship of In¥ and {FIn(PyP))" with the best correlation

coefficient r was obtained. For the 5A molecular sieve and methanol, when #=2.34, /=0.997, The D-

A Representation is shown bellow:.

Figure 2.2 The D-A Kepresentation for 5A molecular sieve and nethanol
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From the D-A Representation, it was found that and W,=9.3817x10" m’/(kg adsorbent) and
D=0.0018172*10", Therefore

InP = [B+2032.1116(-In}¥-9.2809)""*|(-1:T)+4 (2.40a)

or
InP = [B+2032.1116(-lnx-2.5748)"**|(-1.T)+4 (2.40b)

where x=pW and p= py.scy = 817.378 ke/m*(Eq. 2.5).

The P-T-x (pressure, temperature, and concntration) relationship is shown in the InP— -17T

chart as Figure 2.5.
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Figure 2.3 The P-T-x relationship chart for 5A MS and Methanol

From the InP— -//T diagram, it can be seen that in the temperature range the flat-plate solar
adsorption refrigeration system working (eg, 20-110°C), the concentration change is not large. For
example, taking the evaporator temperature 7,=-3°C, the condenser temperature 7.:=33°C, the
morning teperature (the temperature of the collector in the beginning of the heating) 7,=20°C, and
the peak temperature 75=110°C, the maxitium concentration is about 0.063, the minimum
concentration is about 0.041, and the change of the concentration is only about 0.024. That means
ihat 3A molecular sieve and methanol is not a good working pair for solar refrigeration. The

activated carbon may be a better adsorbent for our purpose.
2.3.4 Experiment Data Process: Activated Carbon 207E4 — Methanol

Bzeud on the results of the adsorptive tests of Hu and Excell (1993). charcoa! 207E4 pellet was

chosen as the adsorbent for th: next test. The test data are listed in table 2.




Table 2 P-T-x Data of activated carbon 207E4 — Methanol Adsorption
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T (K)

W (Vkg)

0.035786

0.071688

0.11757

0.137061

0.206101

0.275371

0.335187

Ps (kPa)

P (kPa)

288.15

9.79046

9.531104

9.593498

9.629752

9.661348

9.706761

9.744977

9.764135

293.15

12.87508

12.33975

12.62044

12.66732

12.70817

12.76688

12.81629

12.84105

(o)

98.15

16.76695

16.33745

16.44084

16.50088

16.55321

16.6284

16.69167

16.72338

03.1

L]
W)
Lhe

21.63405

21.08894

21.22015

21.29636

2136277

2145821

21.5385

21.537875

122
o
@
ot
/]

27.66992

26.9839

27.14905

27.24498

27.32856

27.44866

27.5497

27.60034

LS
—
(TR
—
e

35.09601

34.2396

34.44579

34.56556

34.6699

34.81983

34.94595

35.00916

AFe ]
St
pﬁ
—
Lh

44,1639

43.10295

43.35843

43.50681

43.63608

43.82181

43.97804

4403634

(3 ]
28]
¥
[a—
L

35.15765

LW

53.83285

54.1671

34.34939

54.50857

54.73698

54.9291

55.02538

Adjusting the value for » to maximise the lincarity of the relationship of In¥ ws. [TIn(PyP))".

Since n=1.34, the correlation coefficient is 0.9967. The D-A Representation is shown in Fig. 2.4.

Figure 2.4 The D-A Representation for Activated Carbon 207E and Methanol

11%%

7.5

-8
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15

y =-0.1496x - 7.915
RZ=0.9935
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From the D-A Representation, it is found that D=0.14962, .07 and W, =0.365%x10™ m’/(kg

adsorbent). Therefore

or

where p = py.sey = 817.378 kg/m’(Eq. 2.5).

InP = [B+715.2952(-InW-7.915)""*Y] (-1:7)+4

InP = [B+715.2952(-In¢-1.209)"" (-1 1)+ 4

The InP—-/:T chart expression of the above relationship is shown in Fig. 2.5.

(2.41a)

(2.41b)
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Figure 2.5 The P-T-x relationship chart for Activated Carbon 207E and Methano!

From the InP~— -1.T diagram, it can be seen that in the temperature range the flat-plate solar
adsorption refrigeration systems, the concentration change is large. For example, taking the
evaporator temperature T,=-5°C, the condenser temperature 7,=35°C, the moming temperature (the
temperature of the collector in the beginning of the heating) 71=20°C, and the peak temperature
7=110°C. the maximum concentration is about 0.18, the minimum concentration is about 0.0636,
and the change of the concentration is about 0.1164! That means that activated carbon 207E and

methanol is an excellent working pair for solar refrigeration.
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The Experimental Study of the Adsorption Refrigeration
System Working at near Atmospheric Pressure

In the preceding chapter, the adsorbent/refrigeration pairs (Molecular Sieves/Methanol and Activated
Carbon/Methano!) were selected and the adsorption property was tested. In this chapter, the
refrigeration experiment is described. Firstly, no pressure-adjusting gas was used in the system. This
experiment determined the working pair which is suitablc for the refrigeration cycle. Then, the
working pair is used in the refrigeration experiment with pressure-adjusting gas. The experimental
rig working around atmospheric pressure was thus developed from first principles and experimental
trials. The experimental results carried out ii: the expeiimental rig are presented in the following

chapters with the theoretical results.

3.1 REFRIGERATION OBSERVATION (WITHOUT PRESSURE-ADJUSTING GAS)

The theoretical judgment from the investigation of the P-T-v diagrams in the last chapter indicated
that 5A MS and methano! is a poor working pair, while Activated carbon 207E4 and methanol is an
excellent working pair, for solar refrigeration. For refrigeration application, analysis from the P-T-x
diagram is nsufficient, and refrigeration cycle experiments should be carried out. Firstly, no
pressure-adjusting gas was charged in the refrigeration systent. If a working pair does not work in
the refrigeration cycle even without the pressure-adjusting gas, it must be eliminated. The
adsorbent/refrigerant pairs passing this test {i.c., withcut the pressure-adjusting gas) will be tested
further in the refrigeration system charged with pressure-adjusting gas in the next steps. In this
section, several MSs and methanol, and activated carbon arnd methanol are used in the refrigeration

experiment, respectively.
3.1.1 The Refrigeration Observation Rig

The sketch of the refrigeration rig at this stage is shown in Fig. 3.1. The main components

and equipment of the rig are as follows:

a. Container A. This spherical container is used to contain the adsorbent and it acts as the
adsorption bed/generator. The temperature of the adsorbent is-maintained by the Thenmoiine

Thermal Convection Bath.
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Fig. 3.1 The sketch of the refrigeration observation ng

b. Column B. This cylindrical container acts as the evaporator/condenser. It is composed of an
inner tube and an outer tube. The refrigerant is in the inner tube which is calibrated in
millilitres. The refrigerant can be maintained at a constant temperature by circuiting the
constant temperature water through the “chanr 21” between the two walls and through the

Thermoline Precision Refrigerated/Circulator.

¢. Thermoline Thermal Convection Bath (was not shown in Fig.3.1). This is used to control and
maintain the temperature of the adsorbent evenly by submerging the container A in the oil. 'Ihe
bath can only be used for heating and the nominal temperature range is 0-100°C. The maximum
temperature of the bath is 115°C, which is about the same value as the flat-plate solar collector
can achieve. OQil (*Repco” Motor Qil SAE 20W-30), rather than water, is used for this
application as the oil allows the temperature te rise more than 100°C without vaporisation and

the good conductivity of oil makes the temperature distribute more evenly.

d. Thermoline Precision Refrigerated/Circulator (was not shown in Fig.3.1). This equipment is
used to control the water at the desired temperatures and make the water circulate in the channel
of coutainer B thus to control the temperature of the refrigerant (methanol) at the desired

temperatures.
The whole system was constructed from glass. There are two reasons for this. Firstly if the
methano! container is transparent, the process of the adsorption could be ‘seen’. Secondly glass is
casier to process than metal and it is also easier to make the components/system airtight.

3.1.2 Molecular sieve 5A —- methanol

The refrigeration experiment showed that molecular sieve 34 could adsorb methanol readily.

However, it was found that there was hardly any condensation during the desorption process even
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though the desorption temperature is set at as high as 110°C (the temperature the normal flat-plate
solar collect can achieve). The reason may be that the bond between MS 5A and methanol is too
strong so that it is nearly impossible to desorb methanol from MS 3A in the normal temperature

range the flat-plate solar collect can achieve. So molecular sieve 5A was excluded.
3.1.3 Molecular sieve 13X — methanol

It has been reported that molecular sieve 13X and water can work well for air conditioning,
The pore diameter of MS 13X is 1 nm, far larger than that of MS 5A (0.5 nm). Therefore, it
should be easier to drive out the adsorbate from MS 13X than from MS 5A. MS 13X and
methano] was also tried. Unfortunately, it was also found that there was hardly any
condensation during the desorption process even though the desorption temperature is set

at as high as 110°C too. So molecular sieve 13X was excluded.
3.1.4 Activated Carbon 207E4 —Methanol

The next candidate of the adsorption/refrigeration pair is activated carbon/methanol. Based
on the reasons mentioned by Hu (1992), activated carbon 207E4 pellet is chosen as the

adsorbent in our next refrigeration observation. The system using activated carbon and methanol

works satisfactorily in the test rig (Fig. 3.1).

From the above work, it can be seen that even though an adsorbent can adsorb an_adsorbate,
there is no guarantee that the pair is suitable for solar refrigeration purposes. In order to save the
trouble to measure the P-7-x relationship for a pair which may turn out to be unsuitable, the
refrigeration observation experiment with no pressurc-adjusting gas miayv be conducted first. If it
works, then the P-T-x relationship of this pair will be tested, and the refrigeration effects with
pressure-adjusting gas will be tried. By this way, the unworkable pair can be eliminated readily, and
a suitable working pair can be selected. That is why we did not test molecular sieves 13X /methanol

adsorption characteristics in the previous chapter.

In view of the investigation and observation results we have obtained, the following work would

focus on the study of activated carbon-methanol as the adsorbent-refrigerant pair.
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3.2 REFRIGERATION OBSERVATION (WITH PRESSURE-ADJUSTING GAS) — THE
DEVELOPMENT OF THE WORKABLE REFRIGERATION TEST RIG

3.2.1 The Observation in the Old Test Rig

In the following experiment, activated carbon 207E4/methanol was selected to as the
‘adsorptiom’refﬁgerant working pair. Firstly, the refrigeration observation experiment with pressure-
adjusting gas was carried out in the same experiment rig as shown in Fig. 3.1. The first pressure-
adjusting gas charged in the system was Argon. It was found that, with Argon, the
desorption/condensing process worked, but the adsorption/evaporating process was too slow. Helium
was tried as the pressure-adjusting gas then with the wish that the lighter gas may occupy the upper
part of the rig and leave the space close to the adsorption bed for the refrigerant vapour, but there is
almost no difference in the adsorption/evaporating rates between Argon and Helium. It was
suspected that the inert gas blocked the adsorption of methanol vapour. This means that the
experiment rig shown in Fig. 3.1 is not suitable for the refrigeration experiment with the pressure-
adjusting gas; Therefore, the refrigeration experiment rig was modified several times and a new

experiment rig is developed as described below.
3.2.2 The New Experiment Rig

Photograph 3.1 shows the workable vision of the refrigeration rig which is also schematically shown

in Fig. 3.1.

Compared with Fig. 3.1, some modifications have been made. The modifications and the new

instrument and components in the rig are

a) A stainless steel cylindrical column A takes the place of the spherical glass container A in the
previous rig. The cylindrical shape is the common shape of a sclar collector. To heat the
adsorption bed/regenerator {column A) evenly, a heating mat is wrapped around it. Stainless
steel, rather than glass, is used as the material of the shell to ensure that there is no danger of
breaking. The stream (gas and/or vapour) enters from the bottom and leaves it from the top.
This direction of flow is in accordance with the direction of the natural convection. A set 6f
thermocouples is inserted into the pockets (was not shown in the figure) to measure the

temperature distribution of the bed in different depths.




Photograph 3.1 The refrigeration experimental rig
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Figure 3.2 The schematic of the refrigeration experimental rig

b) The addition of a pipe connecting column A and column B at the bottoms of each component to
provide/complete the path for the gases circulating within the system To reduce the adsorption
mass transfer resistance further, a small circulation fan is instailed in the connection tube, and

a round hood with an elliptical shaped opening is put in the evaporator (colurn B).

¢) The Heating Mat and the Monitor. The heating mat is monitored and controlled by tiie
EUROTHERM Model 94. This set is used to heat and maintain the temperature of the
adsorption bed. It is only used for heating.
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d) The Circulating Fan. The fan 1s used to make the gas and vapour circulate. The fan used here is
MULTICOMP, 40mm, 12V and is supplied by Famnell Electronic Components Pty Ltd.

¢) The Pressure Gauge. The pressure of the system is measured by an Active Strain Gauge, ASG-
2000-NW16, D357-28-000, and is displayed by an Active Digital Display, ADD D395-36-000.
The ASG and the ADD are connected by the adaptor cable D400-03-060.

f) Thermoline Precision Refrigerated/Circulator. The same s used in Fig 3.1.

Except the adsorption bed/regenerator (column A), the components and connecting tubes in the

experiment rig were constructed in glass based on the same reasons as int section 3.1.

Before the test rig was assembled, all the fittings were cleaned very carefullv several times with
absolute ethanol (C,H:OH) to get rid of any dirt and grease. After drving, different
greases/compounds were used in different connections to seal them. These greases/compounds are
*Apiezon L, ‘Apiezon Q’, and Dow Coming High Vacuum Grease. The ‘Apiezon L’ was thinly
coated on the coupling surfaces of the fittings working in the low temperature districts. The ‘Apiezon
Q" was covered on the external surfaces of the fittings if necessary. Dow Coming High Vacuum
Grease was thinly coated on the coupling surfaces of the fittings working in the high temperature
areas. Though Dow Coming High Vacuum Grease can provide a steady seal and work betier at high
temperatures, it is harder to clean off when the glass is recyeled. Therefore, it is only used for the

fittings where it is necessary.

Before the experiment was conducted, the assembled system was examined several times to
ensure airtightness. Each time, the svstem was vacuumed then closed and left for one week to sce the
pressure change of the svsiem. After the leaking fittings were detected and the feaking problem was

solved by proper cleaning and careful reassembling the fittings, the experiment was started.

3.3 THE EXPERIMENT PROCEDURES

3.3.1 The Refrigeration Observation Experiment Procedures and Results

Each time after the experiment rig being modified, the observation experiment is conducted. The
purpose of this observation is to see whether the modified refrigeration rig works with an inert gas in

the system. The procedures of this experiment in the new experiment rig are

a) Regenerate the adsorbent. Put the adsorbent in a fumace and heat it. Since the maximum
temperature the furmace in our laboratory is 230°C, the regeneration lasted 2-3 days. As soon as

the adsorbent was taken out from the furnace, isolate the regenerated adsorbent from air. Weigh
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the regenerated adsorbent with scale then and charge them into the container A. The charged
adsorption bed was then heated to about 115°C; meanwhile, it was vacuumed to regenerate the

adsorbent furthermore.

Tum off the valve to the vacuum pump for two days to see whether the loaded system is still in
a good vacuum condition. Owing to the reassembly of the loaded container, the airtightness of

the tested system might be affected, therefore, so it is necessary to check it again.

If the system is not absolutely airtight, the most likely site for a leak is the container A’s

connection. Detach the connection, clean both of the male and female connections, and resemble

the connection again, Then vacuum the system and repeat stzp b until the svstem s made

airtight again.

After making the system airtight, isolate the adsorption bed by closing the valves and open the
valve to the methanol container and vacuum the container. This vacuuming process lasted about
3 minutes or until the methanol level dropped a litter (usually 2.5 mm, here it was about 3 ml).

The pressure of the system rises a bit due to the evaperation of methanol.

Close the valve to the vacuum pump, and open the valve to the adsorption bed to charge the
system with methanol. The methanol was maintained above 0°C with hair drier to prevent the
container from breaking owing to the cooling and to shorten the time for the charging process.
The amount of methanol charged was calculated by means of the P-T-x relationship of tl*;e
activated carbon-methano! (Corresponding to the evaporator temperature of 2°C and the
morning temperature of 20°C. The amount of methanol charged for that condition is sufficient
for the evaporator temperature equal to, and less than, 2°C, and the moming temperature equal
to, and greater than, 20°C). After charging the system with the required amount of methanol,

close the valve to isolate the methanol container from the system.

Close the valves to isolatc the adsorption bed and other related components and let the
adsorption bed cooled down to the ambient temperature. Then open the valve to the gas tank
and to the vacuum pump. Vacuum the hose and the tube between the gas tank and the system
for 30 minutes and then close the valve to the vacuum pump. Charge Helium to the system to

about one atmospheric pressure.

Heat the bed to start the desorption/condensing process. The temperature of the bed (column A)
was set at 100°C with the heating mat to simulate the solar collector at its peak temperature.
The column B acted as condenser now (in the refrigeration process late, it would act as
evaporator). The condenser temperature was set at 35°C (for typical ambient temperature) by
circulating the cooling water cooled and circulated by the Thermoline Precision
Refrigerated/Circulator around Column B. The fan was also tumed on to help the condensation.

This process was conducted until the level of the methanol condensed could not increase any
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more (about thres hours from our previous experiment). Then twin off valves to isolate the bed

and let the bed cool down to the ambient temperature.
Drain the water from the channel in container B (condenser/evaporator).
Open valves to the bed and turn on the fan to start the adsorption/refrigeration process.

Change the flow rate of the fan by adjusting the power input (the vaives were fully open) and

repeat the steps g to i. T . flow rates of the fan corresponding to ihe different power inputs

were measured in advance.
Compare the observation results to find a favourable flow rate.

Using Helium as the pressure-adjusting gas, in one set of the axperiment, the system’s pressure
was between 1.013—1.29 bar in the whole cycle. I this case, the superficial velocity of the bed
was 0.3 m/s, and ice and frost (cooling effect) could be observed at the surface of the column B
(near the bottom, Photograph 3.2).

The ice and frost
formed here

Photograph 3.2 The ice and frost formed at the surface of the column B

The experiment shown that adsorption refrigeration system using activated carbon-methanol as

the working pair, and inert gas, the pressure-balancing agent does work. The introduction of the inert

gas, no doubt, increases the mass transfer resistance for methanol diffusion. The investigation of the

mass transfer mechanism in this case is the task of Chapter 6.




3.3.2 The Refrigeration Experiment Procedures (for Readings’ Taking)

After the observation experiment, the refrigeration experiment was conducted using the foliowing

procedures.

a) Let all the refrigerant in the evaporator in the observation experiment to be evaporated and
adsorbed by the bed.

b) Heat the bed with the heating mat at the heat flux about 821 W/m® (the typical solar irradiance).

c) When the temperature of the central line of the bed reaches the desorption threshold temperature
(which was calculated by the imethod in chapter 2), tum on the fan to help the condensation of
the refrigerant (the superficial velocity of the bed was 0.3 mvs). Heat the bed (column A) to the
temperature of 75, 83, 93, and 105°C, in the different experiments, respectively, to simulate
different peak temperatures in the flat-plate solar collector. Actually, this peak temperature
range was founded to be favourable for the coefficient of perfoﬁnancc of the system from
theoretical analysis (chapter 5). The column B acted as condenser now. The condenser
temperature was set at 30, 35, and 40°C, respectively (some typical values), by circulating the
cooling water cooled and circulated by the Thermoline Precision Refrigerated/Circulator around
Column B. This process was continued until the bed released the theoretical amount of tI'_ne

refrigerant (measured by the graduation on the condenser, column B).
d} Turn off valves to isolate the bed and let the bed being cooled down to the ambient temperature.
¢) Open valves to the bed and tumn on the fan to start the adsorption/refrigeration process.

f) Mantain the evaporator temperature by adjusting the temperature and the flow rate of the
cooling water cooled and circulated by the Thermoline Precision Refrigerated/Circulator. Since
the Thermoline Precision Refrigerated/Circulator was supposed to cool and circulate water, the
evaporator temperature was maintained at 2°C here. (With antifreeze solutions, the evaporator

temperature could be maintained below 0°C.)

Take the readings at certain time intervals in the heating processes. In the adsorption process,
since the adsorption rate changes with time, to get a good record of the adsorption rate, the times
corresponding to the methano! level interval, rather than the methanol levels, are recorded. The

results are described in following chapters with the theoretical data.
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Heat Transfer Analysis on the Collector/Desorption Bed
in the Heating Processes

This chapter describes the heat transfer analysis on the collector/bed in the heating processes. The
purpose of this analysis is to investigate the temperature distribution with position and tire in the
collector tube in the heating and the heating/desorption processes to provide information for other
analvses (eg, performance analysis and mass transfer analvsis). The physical and mathematical
models are proposed and the effective (apparent) parameters for the desorption bed are determined.
Then, the numerical solution is obtained, and it is compared with the experimental data. By this way,
a semi-empirical equation is obtained. Part of the work of this chapter has already been published

(Publication 14},

4.1 PHYSICAL AND MATHEMATICAL MODELS
Physical Model

Historically, there are two kinds of models in analysing the heat and mass transfer in

carbon/methanol bed:

(1). Uniform temperature model.  The bed porous mass diffusion controlled the kinetics of the
sorption (Ruthven and Lee, 1981). It was assumed that both the thermal conductivity of the
individual adsorbent particle and the effective thermal conductivity of the particle bed were
large enough to maintain a uniform temperature throughout the entire adsorbent sample. This

assumption is valid when the adsorption bed is very conipact and the adsorbent is in thin slabs;

(2). Uniform pressure model.  The bed heat conduction controls the kinetics of the sorption
(Guileminot and Meunier, 1987). It was assumed that (a) pressure was uniform in the reactor,
which is valid when thick beds of high porosity are used, and (b) the heterogeneous medium was
regarded as an equivalent continuous medium. In this model, all mass transfer resistances wefc
neglected. Based on the uniform pressure model, Passos (1989) developed a similar model by

introducii.g a linear driving force equation to account for the resistance to mass transfer.

Both of the above-mentioned models have some applications but neither of them is very suitable

to our case. Another model is needed.
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The collector is composed with a set of paralle] tubes charged with the cylindrical adsorbent (AC)
pellets. The mixture of the adsorbate (methanol) vapour and the inert gas is forced through the bed _
by 2 fan to enhance the heat and mass transfer. Neglecting the side-effect of the collector casing,

every tube is in identical condition. Thus, only one needs be analysed.

In the collector tubes, there are three heat transfer mechanisms: (a) conduction by the solid and

the gases; (b) convection of the gases; and (c) the heat pipe effect associated with the mass transfer.

The so-called heat pipe effect is that during the heating desorption process a portion of the
desorbed adsorbate (methanol) vapour, which is originally adsorbed in the adsorbent in the liquid
form, migrates form the outer hotter zones (or lavers) of the bed and re-adsorbed by the inner colder

adsorbent zones (or layers). |

The following assumptions were made.

(1). There is no temperature gradient along the axis of the tube, since the sun shine falling on the

tube is the same along the axis.

(2). The adsorbent/adsorbate are in local thermodynamic equilibrium.
(3). The specific heat of the adsorbed species is the same as the bulk liquid adsorbate. -

(4). There is no circumferential temperature gradient, since the heat conductivity of the metal pipe is

much higher than that of the adsorbent bed.
Mathematical Model

The general three-dimensional heat-conduction equation in cylindrical coordinates is derived by
Holman (1997) and Croft and Liliey (1977). It is
a T 1 13T &, 0, -

— =gt 0 A (4.1)
a ac rd répy & p

where 7 is the temperature, 1 is the time, p is the density of the material, kg/m’, ¢ is the specific heat
of material, J/ikg’C, the quauiity & = &'pc is called the thermal diffusivity of the material, m*/s, while
k is the thermal conductivity of the material, Q.‘_ 1s the rate at which energy is generated per unit

volume of the material, W/n?’, and #, ¢ and z are radial, circumferential and axial coordinates.

" In heat transfer books,  is commonly used to represent time. In order to make the symbol consistent in

this thesis ¢, rather than 7 is used to represent time here.
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For the adsorption bed, ¥ is the composite thermal conductivity and pc is also a composite

quantity. They are discussed below.
4.2 SOME COMPOSITE QUANTITIES OF THE COLLECTOR/DESORPTION BED
4.2.1 The Volumetric Heat Capacity pc.

Since the quantity of pc of gases is much lower than that of the adsorbent solid and the liquid

adsorbed, it can be neglected. Therefore

pe = me/V 2 (Mug Caa T MEYV = (Mo Cog + XMV

= polCaatx¢) = (1 - &)p(Caa+Xcy) (4.2a)

where p, is bed density, the density based on the whole volume including the bed porosity (interpellet
void), p, is the particle density, and ¢ is the adsorption bed porosity (interpeilet void fraction). For
activated carbon, p, = 0.6-1.0 g/om® ((0.6-1.0)x10° kg/m’), and &=0.35-0.6. p, is usuaily supplied
by the manufacturer. If there is no data for ¢ it can be determined by other quantities which are easy
to measure. For example, for the activated carbon we used, with the known mass and volune, takin_g

pp=0.78 g/em’, it was founded £=0.42.

Taking p, = 0.78x10* kg/m’, and £=0.42, c,s =1000 }/kg/°C, and ¢, =81.17 J/mol/K =2536.56
3/kg/K (Cheng and Kung, 1994), we have

pe = 452.4+1147.54x kJf m*°C) (4.2b)
4.2.2 The Effective Thermal Conductivity of Packed Bed with Still Fluid, kyo

The effective thermal conductivity of packed bed can be expressed as

2k In(k /&
oo 2 T2 7R {1 (km/kg '1] @)
TR e\ T g T B pe

(Mohamad et al, 1994, Rohsenow, 1998) where 4, is the thermal conductivity of the gas teeming in

the interpellet voidage and k,, is the effective (apparent) thermal conductivity for the porous particle.

The effective (apparent) particle conductivity k. The effective particle conductivity of the

adsorption particle which consists of the solid material with the conductivity &, and the fluids teemed
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in the intraparticle voidage with the effective (apparent) conductivity ks, according to Eucken

(Jakob, 1938; Kaviany, 1995), can be expressed as

3, -k,)
=k |1~ s fe 44
Ko k’[l (k,-ka)ﬂzkﬁk;)/s,,] @9

where g, is the pellet porosity, and g, = 0.5-0.6 for activated carbon.

If the fluid in the pore is still, its effective (apparent) conductivity 4y can be evaluated from
consideration of the conductivity of the liquid adsorbed and the vapour teemed in the rest of the pore
and the proper approximation of the shape of the pore. However, the fluid may migrate when it is
heated, which increases the heat transfer rate significantly. As an approximation, the conductivity of

the liquid can be taken as the effective conductivity.

Taking & =kg sgemmonot = 0.203 W/m/K (Cheng and Kung, 1994), k, =1.6 W/m/K (Incropear and
DeWitt , 1996), and &, =0.55, &, = 0.716 W/n/K from Eq. (4.3).

The thermal conducrivity of the gas teemed in the interpeliet voidage k,

In heating process 1-2, there is no methanol desorbed so the gas teemed 1n the interpellet voidage
15 only the pressure adjusting gas. According to the data given by Incropsar and DeWitt (1996), the

conductivity and viscosity of Helium, i the temperature range of the solar adsorption refrigeration

systeny, 1S

ku. = (47+0.357)/1000 W/m/°C  and 4. = (67+0.447)»x107 Ns/m’ (4.5)

For example, if we take the temperature range 7; —-7T5 as 293.15-337 K (Chapter 2), the average
thermal conductivity kg ;o= k. = 0.1573 W/m/°C.

After the temperature reaches the desorption threshold temperature, methanol is desorbed. The

heat conductivity of the gas mixture can be approximated by

ko = Y (ke /35, 0,) (4.6)

TP 12 PRt
YoM
o, =L 1+ M| ) (L (4.7)
8 Mj Au_; AJIi

where x;, 4, and M; are the mole fraction, the viscosity, and the mole weight of the ith species (Bird,

in which

¢t al, 1960). The mole fraction of the ith species can be determined as follows.
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In this process, the partial pressure of the methanol vapour is the saturation pressure
corresponding to the condenser temperature, If the condenser temperature is 33 °C, Prren 35c=0.2767

bar (Eq (2.4)). The partial pressure of Helium is determined as follows.

In the process of charging methanol, the evaporating temperature was maintained above 0°C
(chapter 3). Taking it as 2°C, the partial pressunz of methanol is the saturated pressure at this
temperature (0.0457 bar). In the process of charging Helium, if the environment temperature is 20
°C and the total pressure of the system is one atmosphere, ie, 1.013235 bar, the partial pressure of
helium is 0.96755 bar. At the condenser temperature of 35°C in the condensing process, the partial
pressure of helium is Pye3sc = Pyesoc X (308.13) / (293.15) = 1.017056 bar. The total pressure in the

condensing process is 1.29376 bar.
Th}zrefore, the mole fraction of the two species Xyren= Prren/P=0.214, and xg, = 0.786.

For methanol, k,zs,=0.0157 W/m/°C (Cheng and Kung, 1994). For helium, in the temperature
range 337-383.15 K (Chapter 2) the average thermal conductivity kg, = 0.173 W/m/°C from Eg.
(4.5). So for the gas mixture k; = k. = 0.0886 W/m/°C from Eq. (4.6).

Therefore, according to Eq. (4.3), the effective thermal conductivity of the place in the packed
bed before and after the desorption threshold temperature is ky.0;.2~ 0.38 W/ny/°C (in process 1-2)
and kp.02.5 & 0.28 W/m/°C (in process 2-3), respectively.

Alternatively, &u.of k, can be correlated by plotting it against £/ k, for various void fractions by
Schumann and Voss (McAdams, 1954) where £; is the thermal conductivity of the solid particle. The

results from the two approaches are coincident.
4.2.3 The Effective Thermal Conductivity of Packed Bed with Fluid Flow, &y,

When a fluid flows at steady rate through the voids in the column, the equation for the effective
(apparent) bed conductivity of the adsorption bed, which consists of the adsorbent porous pellet
having the apparent conductivity &, and interpellet voidage teemed with gases of conductivity &,

was given by Felix and Neill (McAdams, 1954). In SI system, it can be expressed as

ko 03048k, )" Du
"’L=—-——{7{2‘-J [3.65+0.0106 *""} . @y
B

A D, . £v
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for cylindrical packing flowed heated and cooled air upward through voids, where D; is the inside
diameter of tube, D, is the diameter of particle, u,is the superficial velocity based on the total cross
section without particles respectively, v is the kinematic viscosity of fluid, and ¢ is the adsorption

bed porosity.
The kinematic viscosity of fluid

After the temperature along the centre line of the bed reaches the desorption threshold temperature,
there is methanol desorbed. The kinematic viscosity of the mixture 1S Vi =timix /Limix Where gini and

Pmix are the viscosity and the density of the mixture, respectively.

The viscosity of the gas mixture can be approximately by (Bird, et al, 1960)

X U = e, /3 x,0,) (4.9)

The viscosity g of methanol vapour at 25°C is 96.1x107 Ns/m* (Cheng and Kung, 1994), and the
average value of y of Helium in the temperature range 337-383.15 K (chapter 2) can be taken as

f31e¥225.433x 107 Ns/m® (Eq. 4.3). So the viscosity of the mixture i =156.739x107 Ns/m’.

The density of the mixture which can be expressed as p=py. +oue and p, = P/(RT). Taking the
values for Py and Py, we have pyesse = 0.2767x10° / (8134/32) / (308.15) = 0.3456 kg/n’, and
Pressc =1.01706x10% /7 (8134/4) / (308.15) =0.1588 kg/m’. In the heating bed, taking the average
temperature as the reference temperature, we have p;=p,35cx308.15/7 5. If the average temperature
is taken as 360.08 K, gy = 0.29577 kg/m’, and py. = 0.1359 kg/m’, and p = 0.43165 kg/m®,

Therefore, the kinematic viscosity of the MixXture Vs = v =i /Omix =363.105x107 m*s.

Taking D, = 48.5%10° m, D, = 4*10° m, =042, k,, = 0.716 W/m/K, k.5 = 0.0886 W/m/K,
va.; = 363.105%107 m¥/s into Eq. (4.8), we have ky, 403 =3.21 Wn/K for 1, =0.3 nv/s.

43 SOLUTION APPROACHES — FINITE-DIFFERENCE FORMULATIONS FOR
CYLINDRICAL REGION

Analytic Approach Vs. Numerical Approach

There are two approaches in solving the heat-conduction equations. One is analytic and the other one

is numerical (Gebhart, 1993). The analytic technique (Carslaw and Jaeger, 1939) is based on
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generating solutions in mathematical form. The relevant differential equations, subject to idealised

boundary and initial conditions, often results in a definite solution; However, an important limitation
of the analytical technique is that solutions commonly result only for very simple or idealised
geometric regions and initial and boundary conditions. On the other hand, numerical methods provide

a very suitable and convenient alternative, In this thesis, numerical methods are adopted.
The Finite-Difiference Representation Vs. the Finite-Element Representation

There are two commonly-used numerical methods for heat transfer analysis: one is the finite-
difference representation, the other is the finite-element representation. The finite-difference method
(Croft and Lilley, 1977) converts the partial differential equations, the PDE, and the bounding
conditions, BC, into the finite-difference equations solved at individual grid points. The finite-
element method also represents the region of calculation by finite subdivisions. However, there is
much Hexibilit}' in the choice of the grid in finite-element analysis. Therefore, trregular regions and
complicated boundary conditions may be analysed almost as simply as very regular ones. The finite
element itself comprises a group of closed associated nodal points, and interrelates all of the
constituent nodal points. In our case, the geometry is simple enough to use the finite-difference

representation.
Finite-Difference Formulations for Cylindrical Region

For an internal node at constant and uniform conductivity premise, the finite-difference equation in

implicit form at time level p corresponding to Eq. (4.1} is

TP +Tel —arel
1 [(1__2'];)7:1,;:}* +[1+_LJ7;£;:}.# _27:};2!]_!- i, fk=1 [WR T3 1,j.k
i 2 J
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Figure 4.1 The representation of two-dimensional temperature fields in cylindrical region.




At node 0 (the centre line of the cyvlindrical bed),

Figure 4.2 The representation of two-dimensional temperature fields in cylindrical region

and the finite-difference equation is

p+l p+l p+l 5 p+l pl fo
T Pl _ T pl ) + To,o,k-l + TO.O.k+l B 21;).0.1— Qn-,o _ To.o,k - To,o.&-
1Ljkx 0,0,k

4
_(_&_}T( ) s ‘(4.11)

The surface (the boundary) and the region tmmediately inside it of the cylindrical geometry are
shown in Fig. (4.3)
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) Z

. A

.........

Figure 4.3 Numerical formulation at curved bounding surfaces of a cylindrical region

There are five conductive paths affecting the surface region of 7. They are from Zy.;55, Tosots,
Tiser.5s Tosser, and Tg0p. In addition, surface flux Q'a,{_,_,',) and convection loading at the surface are
included, as Q‘,_(SM}RAgéAz and #(T.-T;,)RAPAz. The distributed source flux Q‘._(m_,) arises in the

volume element RAPAzAr/2, The backward-difference energy balance for the surface point (s.5,5) is
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44 HEAT TRANSFER ANALYSIS ON THE COLLECTOR/DESORPTION BED IN
HEATING AND HEATING/DESORPTION PROCESSES

As mentioned above, the heating process can be divided into two steps. In the first step {(from state 1
to 2), there is no adsorbate desorbed theoretically, so the heat effect is zero and the density of the
pellet is approximately constant. In the second step (from state 2 to 3), the adsorbate is desorbed, so

the heat effect, the changes of the density and the apparent thermal conductivity of the pellet, and the

effect of convention must be taken into account.
4.4.1 The Governing Equations and Conditions

From state 1 to 2, the heat conduction equation can be simplified as

a 8T 16T, _ad, & R
A gL rely ac . (4.13)
a G ER)

The mitial condition is

Tro)y=T, 4.14)
and the boundary condition is
r=0, a . 0 (4.13a)
ar
. . iT, -
=Ry, 0., =0y0 ~ M., Cory f?“—’& (4.15b)

where m., c.,. and T, is the mass, the specific heat and the temperature of the collector/generator.
From state 2 to 3, the heat conduction equation is

T @l L, 1,9 ad o O (4.16)
P 3

and the boundary conditions are in the same form as in step 1.
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The so-called heat sink
. hud(m, x)dz d
Q‘. _la ( d. =(1_g)p?hﬂ,’_’£
AV dat 4.17)

=—(1-£)p,nRDx, (A~ 10 P,y T{(A~n P,)T - B]" exp{-Di(A~In P, )T—B]”}ig-

It is difficult to get the analytic solutions for all of these equations.
4.4.2 The Numerical Solutions

Using finite-difference methods, we can get the numerical solutions for the energy equations for the
two heating steps. There are two finite-difference schemes: the explicit scheme and the implicit
scheme. Although the former offers computational convenience, it suffers from limitations on the
selection of the increment of time and results in a very large numbers of time intervals. To reduce the

amount of computation time, the Iatter is employed in the analysis carried out here.

To simplify the expressions of the finite~difference equations, introducing the finite-difference

form of the Fourier nuinber which is defined as

Fo = abt Aar) (4.18)

In step 1, the finite-difference equations in implicit form are

(1 + 4FO)T{ ~4FoTP =T 4.19)
- (1 - —l-)FoT,f;' +(1+2Fo)T ' -~ (1 + -l—_)FoT,f{’ =TF (4.20)
2i 2
-1 | 2A! N pel
= 2FoTH + (4 + 2F0)T! =T} + ——Q7; (4.21)
pehr
where
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where 4 is the area of the contact, A=22R,/, and R, is the contact thermal resistance per area. So Eq.

{4.21) can be expressed as

LR k ’ clg 2

<

—2FoTr + [l +2Fo + 2Fo —Q—]T,”" YN L (4.23)

From Eq (4.22), we also have
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Eqgs. (4.19), (4.20), (4.23), and (4.24) can be used to solve temperature distribution in this
heating step.

When the temperature of a place in the bed reaches the desorption threshold temperature, step 2
starts at this place. Since there is refrigerant desorbed, the properties at the point will change with
the time, and when the fan runs, a further change of the properties at the point will take place.
Therefore, the changing properties should be used in the evaluation for this step. To simplify the
calculation, the thermal conductivity & in the following finite-difference equations and Fourier
number Fo is taken as two constant values according to the temperature of the centre line of the
heating bed (one is for the points where the temperature is equal to or greater than, but the
temperature of the centre line is less than, the desorption threshold temperature, and the other is after
the temperature of the centre line reaching the desorption threshold temperature), The finite-

difference equations in this step are

(1+4Fo)TY" - 4FoTP =T + (‘3; y FoQ?, ' (4.23)

—[1--2‘-7)1?07;{,“4-(“ 2Fo)T P — ( l]FoT"“ T,.P+£§;L);Fagg; (4.26)
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To save the energy used in the heating process 1-2 so as to improve the Coefficient of the
Performance (COP) of the system, the fan is switched on only when the temperature of the centre

line of the bed reaches the desorption threshold temperature 7». 7> can be determined theoretically
(chapter 2).

For example, in our case the adsorption bed, /=0.53 m and Ry=2.425x107 m. If T,= 2°C, T.
=35°C, T; = 20°C, T3 =110°C, and the activated carbor/methano! we tested is used as the working
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pair. the values for the numerical analysis can be obtained. Substituting kpeq;.2 = 0.38 W/m/°C (fan
off in step 1-2). Kpenss = 0.28 W/m/°C for the points, if there is any, where the temperature is equal
to or greater than, but the temperature of the centre line is less than, the desorption threshold

temperature, and £,,, =3.21 W/m/K (fan is on after the temperature of the centre line reaching the

desorption threshold temperature), pe=452+1147.5x kKJm’l°C, megeeq = 0.95x460 = 437 J/K, &=
042, p, = 0.78x10°kg/m’, O, =8214,/ =821x 2R,/, n=1.34, D=14.962x107, xp=0.298 kg / (kg

adsorbent), P. =Pifenanor, 35c¢=0.2767 bar, and Rc = 5x107/ (kg tkoeq) into the above equations and

solving them, the results are shown in Figure 4.4.
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Figure 4.4 The temperature distribution of the heating processes in the bed (£=0.33 m and #,=0.3
m/s). T, is the temperature of the collector/generator, T, Tgy-, and T, is the temperature of the

surface, the half radius, and the centre Jine of the bed, respectively.

From the figure, it can be seen that the temperature distribution in the bed 1s rather even, and no
matter how complicated and different in the two heating steps, the temperature of the bed is linearly
proportional to the time and the linear relationship is the same in the whole heating process {(step |
and step 2} with the constant heating flux on the collector, This relationship is useful in determining

the heating time for the two heating steps.
4.5 THE THEORETICAL SOLUTIONS CONPARED TO THE EXPERIMENTAL DATA
To justify the theoretical results, it is necessary to compare them with the corresponding tested data.

The theoretica! and the tested temperatures with space and time in the heating processes are shown in
Fig. 4.5,
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It can be seen from Fig. 4.5 that the temperature distribution in the bed is really even, and the

temperature of the bed is indeed linearly proportional to the time and the linearly relationship is the
same in the whole heating process (step 1 and step 2) with the constant heating flux on the collector.
However, the temperature of the bed is a little lower than that anticipated theoretically. The reason is
that it was assumed the bed is well insulated (adiabatic) so there is no heat exchange between the
bed/heating mat and the environment in the theoretical analysis, while actually there is heat lost from
the bed/heating mat to the environment. Since the heat loss from the bed/heating mat may differ from

one case t another, the no-heat-loss model is used preferably.

400 i . T
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Figure 4.5 The experimental temperature distribution of the heating processes in the bed (£=0.53 m
and 1,;=0.3 my/s). Ty is the temperature of the collector/generator, Try», and Ty is the temperature of

the middle radius. and the centre line of the bed, respectively.

Further investigation shows that the intercept should be the value of the initial temperature which
is taken as 293.15K in the theoretical analysis and test. So the temperature (K) — time (minute)

relationship in the bed in our case can be expressed as

T=023t+T

initrad

(4.30)
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The First Law Analysis on the Solar Adsorption
Refrigeration Cycle

In this chapter, the first law analysis (energy analysis) of the solar adsorption refrigeration cycle is
described. The first law of thermodynamics is briefly reviewed and extended to the situation with
heat generation/depletion m the system. Based on the first law, the detailed energy analysis on the
heating and refrigeration processes is carried out. The Coefficient of Performance (COP) of the cycle
is derived in equation and is also plotted on figures. Part of the work of this chapter has already been

published (Publication 16).

5.1 CONSERVATION OF ENERGY PRINCIPLES
Energy Balance without Heat Generation/Depletion in the System

The conservation of energy for a closed system which is stationary in differential form is (Wark and

Richards 1999; or Moran and Shapiro, 1993)

80 + oW =dU (5.1)

where O and W represent heat and work interactions, respectively, and U is the internal energy of the
substance. The heat transfer into the system is taken to be positive and the work done on the system
is considered as positive which is the convention recommended by the international Union of Pure
and Applied Chemistry (Smith et al, 1996). The symbol &is employed to indicate that the term refers
to an incremental amount of a quantity which is not a property, while ¢ denotes the incremental

change of a property.

For a control volume which remains fixed in space, the energy balance in the differential form is
(Wark, 1993)

80 + OW = Sh+V22+g2).dm, - Xh+Ve/2+gzy.dm; + dUs (5.2)

where the subscripts i and e represent infet and exit states.




Energy Balance with Heat Generation/Depletion in the System

For a control volume with heat generation or depletion, the energy balance in the differential form
should be

80 + SW = Bh+V/2+gz),dm, - Sh+V/2+gz)dm; + 80"+ dUey (5.3)

where O is the heat depleted (positive) or heat generated (negative).
Internal Energy and Enthalpy

For ideal gases
dU =mdu =me,. dT and dh =c, dT (5.4)

L9

For incompressible materials (liquid and solid)

Ch=Cp=cC, adU =mdu=mcdl', and dh=cdl+vdp (5.5)
5.2 ENERGY ANALYSIS ON PROCESSES AND THE CYCLE
5.2.1 Heating Process 1—2

In the heating process 1—2, the temperature of the adsorbent/adsorbate (eg. activated
carbon/methanol) is increased from 7 to T5: However, there is no adsorbate (methanol) desorbed
from the adsorbent (activated carbon) theoretically so the concentration in this process is constant at
Xmae. 1O minimise the energy used, the fan is not switched on so the pressure-adjusting gas is not

circulated,

In this case, the collector and the collected space can be taken as a closed system. Since there is

no work done, from the first law (Eq. 5.1), we have

80 = dU (5.6a)
or
Q]_: = 4U (56b)

That is to say that the heat used in this process O;.; is the increase of the internal energy of the
system, The increase of the internal energy of the system is the sum of the increases of the internal
energy of the solar collector/generator and the adsorbent (a), the refrigerant (b), and the pressure

adjusting gas (c) (denoted with the subscript ¢/g, ad, r, and pr, respectively). Since there is no phase
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changes in the substances being heated, the change of the inteinal energy is the sensible heat heating

the solar collector/generator tubes, the adsorbent, the refrigerunt, and the pressure adjusting gas.

a. The internal energy changes (the sensible heat) of the solar collector/generator tubes and the

adsorbent

dUHg,I—? + dUaa'.l-R = (mci'gcrfg +mad'cad)dT (573)
and

AU, s +AU,, ., -___J;T, (m, ¢, +madcad)dT=(”1cfscn‘x +m, XTI, =T,)  (5.7b)

where /7 and ¢ represents mass and specific heat, respectively, and Cog

in the temperature range,

and ¢, can be taken constant

The mass and the specific heat of the collector depend on the amount and the material used. In
our case, Mep= 0.95 kg and ¢.,~460 kJ/kg K.

The mass of the adsorbent (activated carbon pellets) in the co]leétor pipe with radius R,

=2.425x10° m, and length L;=0.53 m in our case is 0 325151 kg. Alternatively,

maa= ppV=(I - p¥ =n(l - Yp,RiL, (5.8)

where £ is the fixed bed porosity and £~0.35-0.6 for activated carbon pellet bed, p,

the pellet and p, ~ 0.6-1.0 g/em® for activated carbon pellet.

is the density of

Taking £0.42, p,=0.78x10" kg/m’, Ry=2.425x10" m, and L,=0.53 m,
May=0.325131 kg.

we also have

b. The internal energy change (the sensible heat) of the refrigerant

aU, =d(mu )= m.c, dr {3.92)
and

2 2 =
AU, , = J: dim )= m,._[! ¢, dar (5.9b)
where the subscript r represents refrigerant.
The mass of the refrigerant is given by

”1;- = ﬁ?adxmﬂ\- (5. 10)

WhETe X oy is the maximum concentration of the refrigerant in the adsorbent,




The concentration of the refrigerant adsorbed

Substituting Eq. (2.11) into Eq. (2.9b), we have

x = xgexp{-D[(A-InP) T-B]" } (3.11)

where 4 and B can be determined by Eq. (3.15a) and Eq. (2.13a), respectively.

Hence, the maximum concentration X, ¢an be determined by

Smx = XoeXp{-D[(A(T))nP) T)-B(T)]" } (5.12)

The specific heat of the refrigerant

-

Strictly speaking, the refrigerant in the adsorbent pores is in both liquid and vapour states.
However, it is mainly liquid. Therefore, it is reasonable to assume that the refrigerant adsorbed is in
liquid, and there is little difference between the constant-volume specific heat ¢, and the constant-

pressure specific heat ¢, ie,

C\'_r = CF’,- = Cf (5. 1 3)

Since the refrigerant is in saturated liquid state here, the subscript # is dropped out and the

subscript fis used to represent the saturated liquid refrigerant.

Specific heat is usually given by an empirical equation; one of the simplest expressions of

practical value is (Smith, 1996)

Fp/§=a+51'+yT: (5.14a)

where E"p is molar heat capacity at constant pressure.

‘The mass heat capacity at constant pressure can be expressed as

¢, =¢,IM=a'+pT+yT’ (5.14b)

The mean specific heat for heat calculation, €,_,, is defined as

1 T
C_,=—|'cdl {5.15)
o —mjf-
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C,_, is usually simply expressed as € when it is not necessary to specify the temperature range. So

the mean mass heat capacity at constant pressure €, is calculated as

r! TS !

chdT fr (@' + BT +yT?dT T AT TP4TT+T
c =2 = =a'+p 1 z+y ! 122 2
f T,-T T,-1, 2 3

More often, ¢,_, and 7> - T appear in the form of ¢,_, (> - T}), and

e, T, 1) =a'l, - T+ A T+ 53 - 1)

For methanol, the liquid heat capacity is (Daubert and Danner, 1984)

¢, =107.6-0.3806T + 0.0009797 Jimol/K

1756 K<T<400K, error<1%

Alternatively, the heat capacity of methanol in kl/kg/K is

¢, =3.3625-0.01 189373 +0.00003059%"* kilkglK

So for methanol the mean specific heat is

E,.., =3.3625-0.005946875(T; + T, ) +0.0000101977(T;" + ;T + T

and
1Ty ~T,) =3.3625(T, - T,) — 0.005946875(T," —7,1) +0.000010197%7,” - T,)

Hence the change of the internal energy of the refrigerant (methanol)

AU‘r.l--z = madxm&‘&af.l-l (‘Tl - Tl)

where X, and C.|_, can be determined by Eqgs. (5.12) and (5.18a), respectively.

¢ The internal energy change (the sensible heat) of the pressure-adjusting gas

The pressure-adjusting gas is heated in a constant-volume process, so

AU, = tty, €, pr dT
and
AUpr.I-.? = 4/;2 Mpy Cypr dTl = My Copr (T.? - TI)

(5.16a)

(5.16b)

(5.17a)

(5.17)

(5.182)

(5.18b)

(5.9¢)

(3.19a)

(5.19b)
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where ¢, is the constant-volume specific heat of the pressure-adjusting gas. Since an inert gas is
used as the pressure-adjusting gas, and the inert gas is in the perfect gas (ideal gas with constant
specific heats, Kotas, 1995) state in the pressure and the temperature ranges of the refrigeration

system, the specific heat is constant.

For Helium,

e = 5.193 KIi(kgK) (ASHRAE, 1997), R =2.077 (van Wylen, 1993),
and gy = Cpp— R=3.116 kI/(kgK) (5.20)

The mass of the pressure-adjusting gas 1s

- Pperr _ (Pl - Pf )VFf - (P2 - )VP"

= = = (5.21a)
RprT RprTl Rpr TZ

m

L

where V), is the volume occupied by the pressure-adjusting gas, Py, is the partial pressure of the
adjusting gas, P, is the pressure of the system at temperature T3, P, is the evaporator pressure which
can be taken as the partial pressure of the refrigerant vapour at 7, P» is the pressure of the system at
temperature 7, and P, is the condenser pressure which can be taken as the partial pressure of the

refrigerant vapour at 7>

Since the pressure-adjusting gas is not ad -had by the adsorbent, the volume occupied by the
pressure-adjusting gas is the difference between the volume of the fixed bed ¥, (=nR,L,) and the

volume occupied by the adsorbent particles ¥, ie,

VP"’ =V, - VP = gV, (522)
Since the amount of the gas charged could be adjusted readily before the heating process starts,
state I is chosen for the calculation. So

_A-R)dhy (5.21b)

]
o
R, 1|

(The calculation shows that compared with other terms, the internal energy change (the sensible

heat) of the pressure-adjusting gas can be neglected.)

Therefore, the total heat used in this process, Qcyy -2

c,

rv v, pr

OCM,I—Z = (n?c;‘gcc:r‘g +m Cy + 1 X Cryn +ﬂ?p

= max ™ J -2

)i -T,) (5.23)

where T, Yo, C /-2 My are determined by Eq. (2.37), (5.12), (5.18a), (5.21), respectively.,




5.2.2 Heating Process 2—3 (Desorption Period)

When the temperature of the adsorbent/refrigerant reaches T, the desorption starts. In the process
2—3 the temperature of the adsorbent/refrigerant continually increases to the maximum temperature
T; (corresponding to the minimum concentration x,:,). During this temperature-rising process, the
refrigerant 1s driven off continuously but the partial pressure of the refrigerant vapour in the system
remains constant at the condenser pressure P.. To improve the condensation heat transfer, the fan
has to be turned on. Thus, the mixture of the desorbed refrigerant vapour and the inert gas is forced
through the bed. Taking the collector/generator as the control volume (CV), the energy balance in the

differential form is

X =Zh.dm,- Thidm; + 80" + dUgy (5.24)

It can be seen that the energy balance for this process comprises the following components: (a)
the change of the energy of the streams exiting and entering the CV; (b) the heat depleted; and (c) the
increment of the energy of the CV. The last term consists of the increases of the internal energy of
the collector/generator, the adsorbent, and the refrigerant adsorbed in the adsorbent from 7> to T,

(denoted with the subscript ¢/g. ad. and r respectively).
a. The change of the energy of the streams exiting and entering the CV

In this process, the stream exiting the CV is the mixture of the refrigerant vapour desorbed and the
pressure-adjusting gas (denoted with the subscript pr). Supposing the refrigerant vapour is
condensed completely in the condenser, the stream entering the CV then 1s the pressure-adjusting gas

only. Hence

Zhedm, - Zhidm; = hyedmye + (hpredy, - Hpidnipes) (3.23)

i¢, the change of the energy of ths stream is the sum of the change of the enthalpy of the pressure-

adjusting gas (the item in the parentheses) and the enthalpy leaving the CV with the refrigerant.
The change of the enthalpy of the pressure-adjusting gas

Since there is no change of the mass of the pressure-adjusting gas from the inlet to the outlet of the

CV, dmyr.. = dmy,; = dm,. The change of the enthalpy of the adjusting gas is

M= P At ~ P iy = (e = Hprs) Gty (5.263)

or in the rate format
AH =(h, ., ~h

pr pr.e prd

it,, (5.26b)




where 77, is the mass rate of the gas passing though the CV

The mass rate can be determined by

m, =pV, =Riup (5.27)

where p is the density of the gas, Vp, is the volume flow rate, R; is the radius of the bed, u; is the

superficial velocity and is usually kept constant.

According to the data given by Incropera and DeWitt (1996), the thermophysical properties of
helium gas varies with temperature approximately linearly in the temperature range of the flat-plate
solar adsorption refrigeration system and p = 0.2843-0,0004067

-

Assume a constant mass flow rate of the pressure-adjusting gas, the change of the enthalpy of

the adjusting gas is

d(wp*‘)zmprcp,pr(Tc -T':)prdt (5.283)
and
AH oy =te, (T, -T), dt (5.285)

where T; and T, are the temperatures of the stream flows in and out the CV, 7 is the time variable,

and ¢, is the constant pressure specific heat. For helium treated as a perfect gas, ¢,,r = 5.193
kl/kgK.

Neglecting the energy loss to the environment, the heat transferred to the gas should be equal to

the energy absorbed by the gas, ie,
Q=hA,T,-T,)=m,c, T, -T), (5.29)
where /1 is the average heat transfer coefficient, A, is the total heating area, T, is the temperature of

the pellets and it i¢ -3+ .4 - < 3¢ the same along the axis direction in the bed (chapter 4), and 7, is

the temperature - i pressaig-o: L »sting gas.
The heat tr o por coggiiciesr b

A large amount of experimental inforination in packed beds has been analysed to arrive at the

following empirical correlation (Yoshida et al. 1962; see also Bird et al. 1960)

Ju =0.91Re™ (Re<50) (5.30)

e T AR S oz e




Here

Ju Y pr3  and  Re=-—2

e, avy

where Ay, 1s the local heat trans%r coefficient, ¢ is the solid particle surface area per unit bed

volume, vis the viscosity, and  is the shape factor (=0.91 for cvlindric particles).
The solid particle surface area per unit bed volume a is the sum of the surface area of all pellets
Ay, ie, a= nA, in which » is the nuraber of the particles per bed volume and 4, is the surface area of

a pellet.

The number of the particles

pete_(-6)  (-2) (5.32)
. Vv, =L, L,
So
_ R +1L -
a=nd =828 50R% L20R [ y=2(1- )Lt e (5.33)
¢ ’IR;’LP g mr RPLP

For example, in the case of &0.42, Rp=2x10'3m and L,,=6x10’3m, a=173m’ (Eq. 5.33).

The viscosity v and Prandti number Pr can also be expressed as according to the data given by

Incropera and DeWitt (1996), v=(-109+0.777)x10" m¥/s and Pr = 0.695-5x10°*7.

The average heat transfer coefficient. The heat transfer coefficient changes with the temperature
which changes along the bed. The local heat transfer coefficient is rather difficult to evaluate since it
demands on the temperature distribution of the heated gas in the bed which is the quantity to be
caleulated. So the determination of the local heat transfer coefficient needs many trials. Fortunately,
the change of the heat transfer coefficient with temperature is rather small, for example, according to
the related equations the ratio of the heat transfer coefficients corresponding to 110°C and 35°C is
about 0.95. So a local heat transfer coefficient can be used as the average heat transfer coefficient

for the whole bed length, ie, Axhy,..
The total heating area A

The total heating area A, should be the sum of the surface area of pellets A, and the area of the

collector exposed to the gas Ay, i€, A = Ap, + Aey.

The surface area of pellers in the bed is the sum of the surface area of all » pellets 4,




.. .. R +L <
A,, =nd, =aV, = 7R L, =2x(1~ e)R;L, 21—+ (3.34)

B R,L

PR

and the area of the collector exposed 1o the gas

A, = 2R, L, (5.35)
Therefore :
.. R, +I, 3
Ap=d,, +4, =270~ OR}L, ~E—2+2R, L, (3.36) 1
#op
For example, in our case £=0.42, R, = 2x10° m, L, = 6x10° m, Ry=2.425x10° m, and L,=0.53
m, then A =0.838 m’”,
The temperature difference T,-T,,
Strictly speaking, the average temperature difference is some sort of mean temperature difference. _";:
To ensure the temperature of the exiting stream is no greater than the temperature of the heating ;fi
bed', take the average temperature difference as
AT =T, -T,, (5.37) !
So that
7 - m,e, T, +h4,T, (5.38)
o m,c, +hA,, ]
* I we take the average temperature difference as
T . +7T " !
T",'-'T‘FJr ::TP'——-----------------—'pr 3 £ (3) 1
By substituting Eq (a) into Eq (6.29), we have \;
4 r W Ty QT, = T,,) ®)
pres 2iit ¢, +hd, ‘

Substituting the values of the parameters in the above equation, it is found that Tp,, > T,, an absurd

resuli. The reasons for this dilemma may be the improper model in the calculation of the heat transfer
coefficient and/or the use of contacting area (In the model, the whole surface area of the solid is used as the o

contacting area between the gas and the solid. For the cylindrical pellet bed, the end-to-end contact between

the pellets reduces the area exposed to the gas and not all the exposed area acts as the heating area).
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(Substituting the values of the parameters into the above equation, it is found that 7.

approaches 7. This result is reasonable and understandable since the contacting area of the gas and

the heating particles in the bed is huge.)

Therefore
d(aH ) z—————-ﬁ:izi”:’:;; @, -1, ) (5.28¢)
and
AH .= 7O M jT, T, )t (5.284)

m,c, +ha,,

For £=0.53 m and u, =0.3 n/s, from heat transfer analysis (chapter 4), T, = 0.237 + 1, where

1s the heating time in this process, in minutes. If 7 is in seconds

. T, =(0.23/60) + 1| (5.3%a)

There are two approaches to solve Eq. (5.28d). One is to substitute Eq. (5.39a) into Eq. (3.28d)
and integrate it from the time ¢, to ;. The other is to substitute dr in Eq. (5.28d) with 47}, and
integrate it from the temperature 75> to 7,3 Since calculations of the thermal energy used in
heating processes are usually based on temperature, it is preferable to use temperature as the

variable, so the latter approach is used here.

Differentiating this equation and rearrange it

dr=(60/0.23)dT, (5.39b)

Substituting Eq. (5.39b) into Eq. (5.28), we have

60 ¢, hA,

d(aH )}~ r,-T,,ydT (5.28¢)
(AH,) 023 s ¢, +hAm( p T,
and
60 m.vrcp’prhAm T;: "‘Tz: 5
. ~T, (T =T, (5.28f)
Al gz 0.23 11 ¢, . +hAw,[ 2 Ty =12 )]
The enthalpy leaving the CV with the refrigerant H,,
daH,. = h..dm,. (5.40a)

The enthalpy of the unit vapour leaving the CV, h,,. The refrigerant leaving the CV is the

vapour desorbed and it can be thought to be the saturated vapour corresponding to the liquid in the

adsorbent, ie,

o A b ST :
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Hre = hg= by + hy

The enthalpy of a saturated liquid at temperature T, ke (T) , is

dh = c,dT +d(pv) (5.42a)
So .
T T X
he(T)y=h,,+ J;ocde+v(p-p°)= by +Lo(a’+ﬁ7"+y’1”)d7‘+pv—pnvo
=ho+a'(T~T,)+ !;-—(Tz -+ %(TJ‘ =T2)+ pv=pyv, (5.42b)

=ho +Crn 1 (T=T5)+ pv = po¥y

where 41,4, €7 r, P, and v are the enthalpy of the refrigerant at the reference state, the average

{ specific heat of the fluid from T, to T, the saturation pressure of the fluid corresponding to 7, and the
'_f specific volume of the saturated liquid, respectively.

: The reference state used for most of the refrigerants corresponds to the international convention
1 of 200 ki/kg for enthalpy for the saturated liguid at 0°C (ASHRAE Fundamentals, 1997), ie, T,
t B =273.15 K, and ;=200 kJ/kg. |

Similar to Eq. (5.18a), the average specific heat of the fluid from 273.15 K to T for methanol

. B & amaer = 3.3625~0.005946875(T +273.15)+ 0.0000101977(T * + 273,157 +273.15%)

The pressure and the specific volume of the saturated liquid can be determined by Eq. (2.4) and Eq.
] ’5 (2.5) for methanol. So

- pv=(10%xexp(12.6973-4024 37/7-87582.885/T%)]/(937.911-0.05826 77-0.0014597°) k) /kg

t B

. (5.43)
Hence, for methanol

) (T) = 20042, 15005 (T = 273.15) + Py - Provie Kikg — (544)

The enthalpy change of the liquid-vapour transformation can be calculated by Eq. (2.19), and

the saturation pressure P; of the refrigerant is given by (Eq. (2.11). So

h, =RxB (5.45a)

where R is the gas constant, In terms of methanol R =8314/32.042 = 239.5 J/(kgK).
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Substituting the value of R and the expression for B {Eq. 3.16 into Eq. 2.13a), the enthalpy of

evaporation

By = 259.5x (4024.37 + 2x87582.885/T)  J/(kg K) (5.45b)

The mass of the refrigerant leaving the CV: It is also reasonable to assume that the refrigerant

adsorbed is in liquid and the refrigerant desorbed is in vapour. That is to say

mp = M, = MaX and My = Mag (Xma-X) (5.46a)

and
amy = madx, and  dm,.=dmy-= -mydx (3.46b)

where subscripts L and ¥ represent the adsorbed refrigerant liquid and the desorbed refrigerant

vapour.

Therefore
Heo= Mg /hpe di =-m[(hs+hg)dx (5.40b)

where s cand hj; are expressed by Eq. (5.44) and (3.45b), respectively, and x is given by Eq. (2.9b).

To simplify the calculation, taking an average value for the enthalpy in Eq (5.40b), gives

H.e=-mu J hpe dx = nmag A h ¢ = Mad A h rt ;7:@ ) (5.40¢)

where AV = XpaoXpin,  # s and -fg@ are the average enthalpies of the liquid refrigerant and the
average enthalpy change of the liquid-vapour transformation of the refrigerant from 7 to Ts. They

can be deternuned as following.

The minimum concentration: Similar to the derivation for the maximum concentration (Eq.

3.12), the minimum concentration can be determined by

Xpin = XoeXp{-D{(4-InP.) T3-B]" } (3.47)

The average enthalpy of the liquid refrigerant h 5.5 can be taken as

h ot h 4.3

548
> (5.48)

BT =
For methanol

T 1, - ; Pv.+ Py .
hyay =200+ S sy, Ty = 273105 + 8y o, (T, - 273.15) + (22 p v, (5.49)

where & s, and &, are determined by Eq (3.18c¢).

213.15-T

SR R o R A

i
5
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The average enthalpy change of the liquid-vapour transformation of the refrigerant from 75 to

T; can be taken as

Ej;g_s_; =259.5x [4024.37 + 87582.885(4/T, + 1/T35)}  J/kg K) (5.30)

Therefore, the enthalpy leaving the CV with the refrigerant vapour

Py, + Py,

H,, =m Ac{200+ %[Ef_&_2 (T, -273.15) + &4 5(T, — 273.15)]+( ~ Pocvoe) + b } (5.40d)

b. The heat of depletion

The desorption of methanol from carbon is a heat absorption process. The heat absorbed is called
heat of desorption, and denoted by subscript de. In a desorption process, a portion of heat is used to
boil the liquid, and the rest of heat is consumed to release the vapour and so on. On the other hand,
to transit a pure substance from a saturated liquid state to the corresponding saturated vapour state
requires the latent heat of liquid-vapour transition, Therefore, the net heat consumed or depleted in a
desorption process should be the difference of the heat of desorption and the latent heat (the enthalpy

difference) of liquid-vapour transition, ie,

q’: hde"hfg (5513)
or
Q' = ﬁ(hde ~hyYdm, = ”fudax(}-;d’c —ng) (3.52b)

The average enthalpy of the vapour % 4 can be determined in the same form as Eq. (3.50). The

heat of desorption A, can be taken as the heat of adsorption A, which can be calculated as follows.

Using Eq. (2.21) and Eq. (2.34), £1,4 can be determined by

hoa = R X (A(T)-InP) T (3.53)

The average heat of adsorption can be taken as

hag =RCATs + T3 Y2} WPYx(T5 + T W2+0 3(RA(T)-P)T> + RA(Ts )-nP,) Ts) (5.54)
¢. The increment of the internal energy of the CV

The change of the internal energy of the solar collector/generator tubes and the adsorbent

T, ! = =
AUy, 4By = L: (M414Cerg + M€ g AT = (M, C.pg + 11,40 YTy = T3) (3.53)
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The change of the internal energy of the refrigerant

Again, the change of the internal energy of the refrigerant adsorbed in adsorbent is taken as the

change of the internal energy of the refrigerant liquid. Therefore

AU, , =j2 d(my=my 1, —m ., (5.56a)

According to the definition # = /1 — pv and noticing that x; = X, and x; = X,,;, the change of the
internal energy of the refrigerant is
AU ay =11y x 0 [200 + Ef’o_:, (T3 = 273.15) ~ Pyevoc ] =M 0y X [200+ €4, (T, —273.15) ~ Pycvyc])
=My X gaC g 2e3 Ty —Ty) =y AX[2004C o (T3 ~273.15) = Ppe¥y ]
(5.56b)

[

Therefore, the total heat supplied in this process is

Xpas F Xniy o Ax
Qv -y = (Mo Corg +MayCog + 1My —= 2 =G -T) +my, T(szz +hv) (3.57)

+ AH ot m,,Axh,,

The total heuat supplied in the total heating process is

Ohics =0 +0eas
= (”’c-gcc g +"’ad‘ caa' +’”ad 'rmaxEﬁ {3 )(T3 - T H ) -’”ad (A 'rlzk_:_,(:’d (T.i -?-‘2) (5 '58)

¢, (T -T))FAH o s+, (AN2YP, LV iy + P v )+ Ay,

5.2.3 Cooling Process 3—4
From state 3 to state 4, the collector is cooled to the temperature 7. In a theoretical cyvele, the
collector and the evaporator which is now charged with the condensed methanol are separated by the

valve in this process (see Fig. 1.1).

5.2.4 Refrigeration Period 4—1 (Adsorption/Refrigeration Process)

Afier the collector being cooled to the temperature T, open the valve and the adsorption/refrigeration

process happens.

Take the receiver and the evaporator as the control volume for which & = 0. There is only one

outlet and the vapour exiting can be taken as the saturated vapour, and the kinetic and potential

PRI

._" RS e 2o o | e
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encrgy can be neglected (as they have been in virtually every analysis so far). With these
assumptions, the energy balance Eq. (5.16) reduces to

6Q =dUcy + heediio,

= d(mer + Hexdiity (5.59a)

where
u=up+x(g-uy and m = my+ x(mg - my)

and x 1s the quality in the control volume,

The vapour exiting the evaporator can be regarded at the saturated state corresponding to the
evaporation pressure, SO He. = Ag.. The subscript e indicates that this quantity corresponds to the

evaporation temperature T, (supposing all evaporation is at constant temperature).

Substituting the mass balance dm,, = -dmer into the above equation and dropping the subscript

CV results in

&0 =dlmu) - hg.dm (5.59b)

The net cooling produced during the process, One:., can be calcutated by integrating the following

differential equation for the heat balance in the evaporator:

5Qner.c = ’-@ - (@mc + &gm' + @!eak) (560)

where O, 1s the sensible heat cooling the receiver if applicable, Q.. is the sensible heat cooling the

evaporator, Oj.q: 15 the heat leakage from the surroundings.

The refrigeration process can be thought to occur in two steps. Firstly, a portion of the liquid
refrigerant in the receiver/evaporator evaporates and cools the receiver, evaporator and the rest of the
liquid refrigerant to the designed evaporating temperature (from 7, to 7.), and then the liquid
refrigerant evaporates at the evaporating pressure P, (corresponding to the evaporating temperature

T,) until it is all evaporated and absorbs heat from the objects to be cooled (Exell, 1983).

In the first step, the temperature of the refrigerant decreases from 7 to 7, (Denoting the process

as r0-—r1), the heat flow into the control volume is

Gront =f6Q =/ (d(m) - hgedm) = (Mt -mygtio)~ (My-Mig) hge

= (1,0 Y Pge - 1er) = Mgltio- 1er) (5.61)
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Since the first step happens very quickly, it is reasonable to assume that there is no heat exchange

between the system and its surroundings, ie, Q,..; =0, so that

heoe+tpy.—-¢,(T.-T,)

= &t . (3.62)
mrl - er - mrﬂ
hg.t —u, hjg.e + AL
Therefore, the net cooling is
Qnet.c.rﬂ-rl = Qro-r! - (Qrec.ro-rl + Qm'.ro-rf + Q!mk.rﬂ-r!) =0 (563)
In the second step, T = T, = constant (Denoting the process as rl—2),
er-r;’ =f&_) =f(d(mu) - hg.e dm) = (0 - mrf“rl)' hg.e (0 - mr!)
= Mp(Pge - 1) (3.64)
and
. Qﬂer.c.rf-rz = mrl(hg.e' (] ) - (Qrecrf-r.? + Qev.rl-r? + Qicak.ri-rz} (5 65)
The net cooling of load in the whole process
Onete, 02 = Oreverort + Onerertor2

=M (hg.e' urO) = (Qrec.rﬂ-rz + Qm‘.rﬂ-rz + Qfeak.to-ré‘) ) (566.‘:’[)

It does not matter whether it is in the first or the second step that the receiver and the evaporator

are cooled from 7. to T, the heat Qrecro.r2 + Oevro.r2 must equal the change in internal energy:
Qrcc,rO-r.” + Qw.;ﬂ-rz = (mrec Crec + n!e\'cev) (Tc - Te) (567)
The mass of the refrigerant at the beginning of the evaporation is

My = Mol Xmae-Nmin) = Mo . {5.68)

The quality in the control volume (evaporator) before the beginning of the step 1 is negligible, so
U= U = hﬁ,o - Prov!;,-o
whee Py, vy, and Ay, is the pressure, the specific volume, and the specific enthalpy of the saturated

liqu.d corresponds to the temperature T

So (Mg - 11,9) may be expressed as

he.g U= hfg.e - (hj.'ra - hf.e }+ P Virg = h;g.e - (";:ro S U ) ¥ P, Vre

= hjg.e = C—::J(Tc‘ Te)+ Pe v_,f.'e (569)

e
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where ¢ and e represents the quantity at condenser temperature and evaporator temperature

respectively.

The latent heat of liquid-vapour transition at evaporator temperature can be determined by

hpe=2595x [4024.37 + 175163.77(1/T) kg K) (5.70)

Therefore, the Net Cooling effect (the cooling available for use) 15

Qner.c = maa'Ax[}?rfg,e - C; (T & T e) + P, e v}.‘e] = (nIn’c Crec + Mey cev) (T e~ T e) = Qi'eak (5 66b)

If the heat leakage and the sensible heat cooling the receiver and the evaporator are neglected, the

amount of the cooling calculated is called the Gross Cooling Production, i.e.,

Ogroe = Maalillge - c(Tem Te) + Povye] (5.71)
5.2.5 COP of the Ideal Refrigeration Cycle

The cocfficient of performance (COP) for cooling is usually used as a criterion to evaluate the
performance of a refrigeration cycle. The COP of a cvcle ts defined as the ratio of the amount of the
energy (cooling) extracted from the cooled body to the energy transferred to the cycle to accomplish
this effect. In terms of our solar adsorption refrigeration system (see Fig. 1.1), the energy in is the
heat used in the two heating processes 1-2 and 2-3, and it is expressed by Eq (5.58). Corresponding
to the cooling effect considered, there are two kind of COP, the net COP and the gross COP. The
Net COP of the cycle is

CO Pm' = Q:m'.c
0, -
= . . T, (5.72)
_ 'mad&x[hfg,e C)‘:r-r (Tc Te ) + Pevjfr ] (mm-cm * mtvccv )(Tr Te ) Qkak
(€ g T Coq 714X T oy Ty =T Yo (A x72)C 4, (T -T3) 4+, (T - )

+AH ot m APy + Py} m A xh,,

Since different refrigeration systems may have different heat capacities of receiver and evaporator
and different insulation, the Gross COP of the cycle may be a common index in comparison of

different refrigeration systems. The Gross COP of the cycle is

cop,, = Sme

Q;, i q

_ muhsth, -¢, (T, -T)+Pyv,] (5.73) o
(Mg Cog +my oy 115X, €y Ty =T) - (BX2)T 1 (T - Ty )+ m, ¢, (T -T))

+AH .+ m (AV2)(Py,, + Py, )+ m A xh, ' .
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It can be seeﬁ that for any adsorption/refrigerant pair, the value of COP is the function of the
operating temperatures. For the activated carbon/methanol pair used in this research, the
relationships of the gross COP and the operating temperatures (the peak temperature of the
collector Tpeu, the temperature of the collector in the morning 7oming. the condenser temperature
T., and the evaporator temperature 7.) typically in the ranpe of the solar refrigeration application
are shown in Fig. 5.1 to 5.9, respectively (the solid mark and line). The COPs of the cycle without

pressure-adjusting gas are also shown in the corresponding figures (the hollow mark and dotted

line) for comparison.

—e— T1=15C
—u— T1=20C
~h— T1=25C
...... © - (T1=15C)
_ - - # - - (T1=25C})
0 P S A S ST S S Te=2C
70 80 90 100 110 120 Te=35C

T3 (Tpead, °C

Figure 5.1 The relationship of the Coefficient of Performance (COP) and the peak temperature of
the coliector (T=2°C, T.=35°C)
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Figure 5.2 The relationship of the Coefficient of Performance (COP) and the peak temperature of
the collector (T=2°C, T1=20°C)




05 ‘ ——73=75C

04 Ry I ..__,:_:s: e ~— T3=85C
e R
o 03 TR AT
— - O (T3=75C
01 | j B IT3=85C
0 o o . e
- & - -{T3=05C
S 1w’ 2D x N B Zr
: e=2C
T4 (Tmoming)! C

Figure 5.3 The relationship of the Coefficient of Performance (COP) and the temnperature of the
collector in the moming (T,=2°C, T=35°C)
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Figure 5.4 The relationship of the Coefficient of Performance (COP) and the temperatuss of the
collector in the morning (7.=2°C, T3,=85°C)
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Figure 5.5 The relationship of the Coefficient of Performance (COP) and the condenser
temperature (T.=2"C, T,=85°C)
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Figure 5.6 The relationship of the Coefficient of Performance (COP) and the condenser
temiperature (7.=2°C, T,=20°C)
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Figure 5.7 The relationship of the Coefficient of Performance (COP) and the evaporator
temperature (7,=20°C, T;=85°C)
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Figure 5.8 The relationship of the Coefficient of Performance (COP) und the evaporator
temperature (7,=35°C, T;=85°C) |




Figure 5.9 The relaticaship of the Coefficient of Performance (COP) and the evaporator

temperature (7,=20°C, 7.:=35°C)

From the figures it can be seen that

At a certain evaporator temperature, condenser temperature, and morning temperature, the
COP of the system increases with the pe:*. emperature of the collector, reaches a maximum,
and then falls off. The lower the morning temperature, the lower the optimal peak temperature.
In the typical conditions studied here, the optimal peak temperature is in the range of 70-95°C
(Fig. 5.1, 3.2),

At a certain evaporator temperature and condenser temperature, the lower the moming
temperature, the higher the COP (Fig. 5.1, 3.3, 5.4, 5.5, 5.8). But the change of the COP also
depends on the peak temperature. The lower the peak temperatures (eg, 75°C), the higher the
COP in the low moming temperature range (eg, less than 25°C), but the COP drops sharper
with the moming temperature (Fig. 3.3);

At a certain evaporator temperature and the moming temperature, the condenser temperature
has only a little impact on COP. But the impact also depends on the peak temperature. The
lower the peak temperatures (eg, 75°C), the higher the COP in the low condenser temperature
range (eg, less than 38°C), but after some condenser temperature (eg, 38°C), the COP drops
sharper with the temperature (Fig. 5.6);

At a certain morning temperature and condenser temperature, the higher the evaporator
temperature, the higher the COP (Fig. 5.7, 5.8, 5.9). The condenser temperature has little
impact on the COP in some evaporator temperature ranges (eg, 0°C), but in the evaporator
temperature range less than some amount (eg, 0°C), the lower the condenser temperature, the
higher the COP (Fig. 5.7). The COP of the systems with higher peak temperature (eg, 85°C)
has higher value for low evaporator temperatures and then (eg, greater th'an =5 °C) the systems

with lower peak temperature has higher COP (Fig. 5.9);
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» At a certain evaporator temperature, the peak temperature, and the moming temperature, the
COP of the system increases with the condenser temperature, reaches a maximum, and then

falls off, but the impact of the condenser temperature is rather small (Fig. 5.4, 5.5, 5.6),

At a certain evaporator temperature and morning temperature, the COP of the systems with
lower condenser temperatures have higher COPs for some peak temperatures (eg less than
85°C), and then the systems with higher condenser temperatures have higher COPs but the

difference is rather small (Fig. 3.2);

It can be deduced that for a certain climate (eg, a certain morning temperature and condenser
temperature) and a certain application (eg, a specific evaporator temperature), there is an optimal
peak temperature at which the COP of the system reaches a maximum. Therefore there is no need

to pursue a higher peak temperature than necessary.

It can also be seen that the solar refrigeration system is suitable for low morning temperatures,

and medium condenser temperatures.

The mtroduction of the pressure-adjusting gas into the system increases the heat consumed in
the heating process, which decreases the COP. Comparing the COPs of the system with and
without the pressure-adjusting gas (solid and dotted line, respectively). Some difference is very
obvious. For example, the peak temperature corresponding to the maximum COP of the system
with the pressure-adjusting gas is lower than that of the system without the gas. The optimal COP
of the new system is about half of that the conventional system (eg, 0.21/0.415) at the same
evaporator temperature (eg, 2°C), condenser temperature (eg, 30°C) and morning temperature (eg,
20°C). The difference of the COPs between the systems with and without the pressure-adjusting
gas also depends on the velocity of the stream, The most important task in this research is to
eliminate the leaking problem for the vacuum system; therefore, the difference of the COPs of the
systems with and without the pressure-adjusting gas is not the main concern here. The COP of the
system working around atmospheric pressure can be maximised by making it work under the
optimal operation conditions as explored here, and the COP can be further improved by reducing
the velocity of the stream, thus the difference of COPs between the systems with and without the

pressure-adjusting gas can be reduced.
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Adsorption Mass Transfer Analysis

From our observation, it is found that the introduction of the inert gas into the adsorption
refrigeration system increases the adsorption resistance for methanol. Therefore, mass transfer
analysis is the natural and necessary task of this chapter. A detailed analysis on the adsorption
mechani.sms is described. Based on this analysis, the rate of adsorption is evaluated by transforming
and solving the macroscopic conservation equation in the adsorption bed. The experimental results
are also shown in the figures for comparison. The relationship of the rate of reﬁ'igeraiion and the

velocity is also investigated. Part of the work here has also been published (Publication 15).

6.1. ADSORPTION MASS TRANSFER ANALYSIS

Although there are huge amount of literature and a few well-established books (Ruthven, 1984,
Yang, 1987, Suzuki, 1990, and Tien, 1994) on adsorption calculations, there is no model ready to be
used for our application. Thus, while these well-established theories are used where it is suitable,

some formulae are also derived for our application.

In a transport of adsorbate from the bulk of the fluid phase to the interior of a pellet, three mass
transfer processes may be present: interpeliet mass transfer, interphase mass transfer, and intrapellet
mass transfer. Interpeller mass rransfer refers to the diffusion and mixing of adsorbates in fluid
occupying the space between the pellets. Interphase mass transfer is the transfer of adsorbate across
the fluid-pellet interface. Intrapellet mass transfer refers to the diffusion of adsorbates within the

peliet, Intrapellet mass transfer often takes place simultaneousty with adsorption.

Adsorption of adsorbate from the solution phase onto the adsorption site, in most cases, occurs
much faster than the various transport steps and can therefore be ignored when formulating the

overall rate expression.

6.1.1 The Macroscopic Conservation Equations in the Adsorption Bed

Adsomption in our case is one-dimensional mode with fluid stream flowing along the direction of the
bed’s axis. A small element of the bed, as sketched in Fig. 6.1, is taken as the control volume to be

analysed.

S
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Figure 6.1 Control volume (element) of the bed

The rate of accumulation in the fluid and in the solid is the difference between input and output

flows. Sipee the flow is a plug flow, the radial dispersion is ignorable. The mass balance is

520 & ﬁ 5{1130)
-&D, —+e—+{l-¢€lp,—=uc—|uc+ 6.1a
z &- 8a { )pp a ‘3 ¥ & ; ( )
or
gc duel a & :
-&D, FERi +£E+(l_£)pf’_§= _ (6.16)

where ¢ is the solution concentration for liquid adsorption and partial pressure tor gas adsorption, f
and z is the independent variables for time, and axial distance, respectively, u; is the superficial
velocity, £ is the fixed bed porosity (interpellet void fraction), and £=0.35-0.6 for activated carbon
peliet bed, D. is the axial dispersion coefficient, and is based on the void cross section, E is the
average adsorbed-phase concentration (on a mass basis), p, ts the density of the pellet and for

activated carbon pellet, p, = 0.6-1.0 g/cm’,

The superficial velocity #, is not strictly constant because of adsorption. However, for systems
with adsorbate in trace amount such as in our case the removal of adsorbate from the fluid stream by
adsorption has a very small effect on 1, so 1, may be regarded as constant. For a plug flow in our
case, it is also reasonable to assume that there is no dispersion'. So the mass balance equation can be

stmplified as

" In certain fixed-bed adsorption cases, axial dispersion needs to be considered. It is generally recognised

that axial dispersion is caused by both molecular diffusion and turbulent mixing. As an approximation, it

may be expressed as

D. = yiDy + yrdpuy/€ (@)
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Neglecting the accumulation term for the fiuid, Eq. (6.5) can be further simplified as

& l-¢ &
ey —Z =9 6.3
& e °F ©3)

The transport of the adsorbate species from the bulk of the fluid phase to the external surface of
adsorbent pellets constitutes an important step in the overall uptake process. For single-species

adsorption, the interphase mass transfer rate may be expressed as | 3

q k,A
% = kfa(ca "c;)= L ; (cb —-c:) (6.4)
p

2 ;

FF

where ¢, and c; is the adsorbate concentration in the bulk of fluid and that at the fluid-pellet interface

(the pellet surface), 4, is the surface area of a pellet, V, is the volume of a pellet, a is the specific

where » and y» are two constants, Dy, and d, are molecular diffusivity in the bulk phase and the pellet

diameter, respectively.

After substituting appropriate correlations for y; and 2, the above equation becomes

14 1 1

A ()
Pe ReSc (Pe,) 1+4,/(ReSc)

where 4, and A are constants, (Pe.). is the limiting value of Pe. at large value of Re, and Pe,, Re, and Sc

are Peclet number for axial dispersion, Reynolds number, and Schmidt number, respectively, and they are

defined as

=M__ Re.—.-gf-a—r‘p- and Se= Y

D, v Dy, Y

Pe,

and where v is the kinematic viscosity

Several investigators use Eq. (b) to correlate axial dispersion results. The correlation proposed by Wen

and Fan (1975) gives 4,=0.3, A,=3.8 and (Pe)~2.0 for pellet diameter great than and equal to 0.3 cm.
That is

103 05
Pe, ReSc 1+38/(ReSc)

(©)

for0.008 <Re <400 and 0.28<Sc<22.
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surface area (area per unit mass of adsorbent), 7,/(p,V;), and %, is the interphase (or extemnal) mass

transfer coefficient.

To simplify the solvation for the adsorbate uptake rate, the so-called lumped parameter model has
been developed. It is postulated that the uptake rate of adsorbate by a pellet is linearly proportional
to a driving force, defined as the difference between the surface and the average adsorbed phase

concentrations. Mathematically
__-=kp(qs - é] (65)

where 4, is the so-called particle-phase transfer coefficient, and ¢, is the adsorbed-phase

concentration at the exterior surface of the pellet.

The mechanism of transfer of adsorbate to the solid includes diffusion through the fluid film
around the particle and diffusion through the pores to internal adsorption sites. So the adsorbate

uptake rate per peliet is given as

aq -
pPVP -—d‘i =kaP(cb -CJ) = pprkp(qs _‘f) (6.6)

=4k e, =)= p V k(¢ -D)

where c* is the value in equilibrium with c-y and g* is with ¢y, ks and k,, is the overall transfer

coefficient with ¢;-c¥and g * g as the respective overall driving forces.

For the linear isotherm case, k,rand k,, are defined as (Tien, 1994)

L 1, A% 1 ' 6.7)

ky ky p Vol k,

and

L
L _Prply 1 1 6.8)
k,  Ac, k K

ap

where ¢, is the concentration in the feed to adsorber, and q,..= fc,).
The next step is the determination of the quantities related with k,rand &,,
6.1.2 The Isotherm Expression ¢ = f{c)

Replacing w by ¢ in Eq. (2.9a) and also expressing the isothermal expression in Henry’s equation

form, we have

e m i A - e . o ol e e s i e e e e e e e i e A - A I R A
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q:'ef = 90 exP {'D [Tlﬂ(P !':Pt)]n} = K(P.i-leﬂmnollp tot) =chn (69)
where K is Henry’s constant.
For the activated carbon and methanol pair used here, go= 0.298343,7 = 1.34, D = 14.962x10",

Takmg T = 303.15 K, Ps = Psf'SOCJ = 2163'(}.0'1 Pa, P,\!erhaml = -Pg = Psfgcj = 457X103 Pa, and P[o[
=1.01325x10° Pa, we get ¢,,/=0.16842, ¢;,=0.45103 and K =3.73413.

6.1.3 The Interphase (or External) Mass Transfer Coefficient &,

The equation for the interphase (or external) mass transfer coefficient k;

The magnitude of kr depends on the flow conditions around the pellet. Numerous investigators have
measured the mass transfer in fixed beds and have established correlations for their results. The

mass transfer results are usually correlated in terms of the Sherwood number Sh or the j factor ji,.
The jyris defined as (Tien, 1994)
: [A',I v )m 6.10
Ju =Tl (6.10)
": D A
where v is the kinematic viscosity and Dy, is the adsorbate bulk-phase diffusivity (molecular
diffusivity).
Neglecting the dispersion effect, the j factor jy, can also be obtained from the following equation

d
jy, =280 (for Re=—222 > 10) 6.11)

& |

where Re is the Reynolds number, and d, is particle diameter.

Equating egs. (6.10) and (6.11), we have

kj = 04552 dp-o.-to-:v-n.:s Dun.as?u 0.593 (6.12)

F
The kinematic viscosity of the mixture

Using the same approach as in chapter 4, it is determined that the kinematic viscosity of the mixture

at the bed temperature 30°C v=856.0787x10" m%s.

The molecular diffusivity Dy _ ‘
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The molecular diffusivity for a binary gas mixture can be estimated by the familiar Chapman-
Enskog equation (Satterfield and Sherwood, 1963)

32 12
D,, = 0,001 2583L /M, +1/M,) cm¥s (6.13)
Po,'Q,,

where 7 is the temperature, K, M and Mj is the molecular weights of the two species, P is the total
pressure, atm, oyp = (0y + 0p)2, the collusion diameter from the Lennard-Jones potential, in
Angstroms, £2;5 is the collusion integral, a function of kz77&45 where kp is Boltzmann’s constant and

&i8 = (£168)", the Lennard-Jones force constant.

For methanol (species A) and Helium (species B) system, A£;=32.042 and M5=4.0026. According
to Satterfield and Shenwood (1963), &,/kp = 507, gp/ks = 10.22, gy = 3.585, and op = 2.576.

Taking T = 303.15K, we have kplig;p = kBT/,}f:AeB = 4.211, Qip = 0.8689, and oy =

(04+0p)2 = 3.081. Assuming P=1atm, therefore

303.15*3(1/32.042 + 1/4.0026)""*

- = 0.63043 {cm’/s)
3.081°0.8689

D,, =0.0018583

Taking £=0.42, d, = 4x10” m, v=8356.0787x10”7 m*/s, and Dy; = 0.63043x10™* m%s, we have

k, =0.18599," (6.14)

6.1.4 The Particle-phase Transfer Coefficient &,

The equation for the particle-phase transfer coefficient k,

It was postulated that the uptake rate of adsorbate by a pellet is described by Eq. (6.5), so the

average adsorbed-phase concentration of the pellet

1 _
'q'-:-'—j_ qu (6.15)
V
?
For a cylindrical pellet
q_-——-R T4, qrdr (6.16a)
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Several earlier investigators have independently employed expression similar to Eq. (6.5), but

Glueckauf {1955} is commonly credited with providing a theoretical basis for this rate expression.
Glueckauf also obtained a relationship between k, and D,. However, Glueckauf’s derivation is
cumbersome. Rice(1982) assumed that the adsorbed phase concentration profile is parabolic. For a

pellet

14 i—(IL:DA [-GEJ 6.17)
r=R,

where D, is the effective intrapellet diffusivity.

If the adsorbed phase concentration profile is assumed parabolic
g=a, +a2r2 (6.18)
where ay and a; are functions of time. The surface concentration and the surface-concentration
gradient are

g, =ay+a,R} (6.19a)

and

dg '
—= =2a,R 6.19b
(drjr'}? a‘ g ( )

The average concentration g can be found by substituting Eq. (6.18) into Eq. (6.16a)

—_ 2 Ry ]. 2
g =E?L grdr =a, +:2-a:RP (6.16b)
p
Therefore
- 1 R
9 —g=7mR); (6.20)

Comparing Eq. (6.19) with (6.20), we have

t
dg 4 ~
s = (g - 6.21
[d’.]r':R’ RP (qs q) ( )
Substituting Eq. (6.21) into Eq. (6.16)
dqg 4, (::’i]] 44 ~
Zi_rpl =27 - 6.22)
iV, a).. ry, D (

Comparing Eq. (6.3) with Eq. (6.22), it can be seen that

i b e G
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44
k = - f ‘Dc
P RP}'?
____3(1;};1'21). (for a cylindrical  pellet)

£

where « is the the ratio of tixe length of the pellet to the radius of it, @ = V/R,. Inov: <+ '=6 mm

and R,= 2 mm, so o =3.
The effective intrapeliet diffusivity D,

The effective intrapellet diffusivity D, is defined as

=—2 L . p (6.24)
S p,

where D, is the pore diffusivity, and D; is the surface diffustvity.
The pore diffusion D,

The pose diffusion in the fluid phase results from collisicns among molecules (molecular
diffusion) zad with pore surfaces (Knudser diffusion). In some cases, both diffusions may occur
simultaneously. The pore diffusivity D, in Eq. (10) should be determined as

R N (6.25)
D‘p Dp.'-l Dy

where Dy, and Dy is the riolecular diffusivity and Knudsen diffusivity.

The molecular diffusion Dy For the collisions among molecules, the diffusion occurs in the

zigzag and randomly arranged paths, and the commonly accepted expression for Dy, is

D, =¢,D,lt (;5.26)

where g, is the pellet porosity which denotes that diffusion occurs only in the pore space, & ~ 0.3-0.6
for activated carbon, 7 is known as the tortuosity factor to account for the fact that diffusion taXes
place zigzag-wise rather than along the radial direction. For activated carbon the value of tis quoted
to vary from 5-65 (Yang 1987). Since the precise value of 7is unknown, Eq. (6.12) can only be usad

to provide a crude estimate of Dy, Taking g, = 0.35, r = 35, and Dy, = 0.63043 into Eq. {(6.27) we
get D,y = 0.0099 cm’/s. )
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Knudsen diffusion Dy When the pore diameter becomes small, collision between the fluid

molecules and the pore wall become increasingly important. In a very small pore, collisions with the
pore surface dominate, resulting in a different type of diffusion mechanism, known as Knudsen
diffusion. The relative importance of molecular diffusion and Knudsen diffusion is determined by the
ratio of the pore diameter and the mean free path of the fluid molecules. The mean free path is

evaluated by following expression

1
Mean ree ath = —=———
Jree P e

where » is the gas number density in molecules/volume, o is the collision diameter which can be

calculated from transport properties or the second virial coefficient,

Generally speaking, when the pore diameter is greater than ten times the mean free path,
molecular diffusion prevails; Knudsen diffusion may be assumed when the mean free path is less

than ten times the pore diameter.

The Krudscu diffusivity Dy is given by

Dy =9700r,(T /M) , (6.27)

where 7, is the mean pore radius, cm, r.,,=20:-<10'3--—50><10‘3 cm for activated carbon, M is the
molecular weight of diffusion species, T is the temperature, K, Dy is in cm™s. Taking r,=35x10?

cm, 7=303.15 K, and M=32.042 into Eq. (5.11), we have D=0.01044 cm®/s.
When the mean free path is not known, Knudsen diffusion should be taken into account.

It can be seen that in our case, molecular diffusion and Knudsen diffusion have almost the same

value, so both of them should be considered. Therefore

| | 1
= +
D, 00099 001044

F

=196.7717 or D, =0.0051 ca’s.

The surface diffusivity D,

The surface diffusivity characterises surface diffusion which is known to vary with both
temperature and the extent of surface coverage (or g). A general correlation of D, for gas adsorption
was developed by Sladek et al. (1974). This correlation relates D with the parameter A.,/mRT where

haa is the heat of ad:zorption and m is an integer with a value of 1,2,3, depending on the nature of the
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bond between the adsorbate molecules and the adsorption site as well as the substrate material. For a

polar adsocrbate and a solid conductor, m=2.

In our case, huo’'mRT=b/2T=(4-InP,)/2. Taking A= 13.65 (30°C , chapter 3) and P, = 0.0457 bar
(2°C, chapter 3) into the above eguation, we have h,/mRT=7368. From the figure given by
Gilliland et al (Tien, 1994), we can find that

LogD,=-3388,  so  D;=0.000409 cm’s
The derivative of the isotherm expression f'(c)

From Eq. (6.9), we obtain

F(0) = ¢’(p) = gonD ;s T"{In(P/PN™" exp{-D[TIn(P/P)|"}/P (6.28)

For the activated carbon and methanol pair used here, go= 0.298343, n =1.34, D = 14.962x 107,
Taking 7=303.15K, P;=Pys0c=2.16x10°Pa, and P= P, = Pyxc) =4.57x10° Pa, we get f'(c) =0.393.

Substituting D, = 0.0051, D, = 0.000409, f{c) =0.393, and p, = 0.78x10° ke/m’ into Eq. (6.24),
we have D, = 0.000426 ¢cm®/s. | .

6.1.5 The Equations of the Overall Transfer Coefficient 4, and 4,, for the Cylindrical Pellet

Substituting Eq. (6.23) into (6.8), for a cylindrical pellet, we have

R Cin

A B (6.29a)
kof kf 4p p q”f Dc

and

R ) (6.30a)

' {
V'or our case, taking R, = 2x10° m, o =2, g, = 0.78x10° kg/n?’, ¢,, = 0.45103, g,.r= 0.16842, D,

=0.000426 cm’/s, and k, = 0.18599,°* into Eq. (6.29a) and (6.30a), we obtain

. 0.18599u*®
7 14+0.749654%

(6.29b)

0.09578,%*%

op = l+0.74965"f'593 (6.30b)




6.2 APPLICATION
6.2.1 The Maximum Velocity of the Stream

Substituting ¢q. (6.6) into eq. (6.3), we have

_@_4_(]—-8)‘4?

& al,

kof(cb—c')=0 {6.31)

Assuming ¢” =f¢, (where § is a constant), we get

& (-94,
v
4

& o

by =)y =0 (632)

)

So at the end of the bed where z=L, the concentration

1-£)A4
ln-—c:-=--( )4,

c

b, Q- AL (6.33)

&

m 2 p

The value of # is related with k,, When &, approaches 0, § approaches 0; and when &,

approaches infinite, Sapproaches unity. If Zis taken as

A =l1-exp(-k,) (6.34)

and to make the exit ¢ no more than 0.03¢;,, ie. Infc/c;,}<-3, the length of the bed L must be

-~ Tr
3eV u,

L2 mt——exp(k ) (6.35)
(1-e)4,k,
or, the velocity of the stream for a fixed bed length
. < (L~ €)4 k ; exp(~k ) . (6.36)
) eV,

Eq. (6.35) is preferable here since it is in the explicit form. Therefore, the relationship of 2 ma
and L can be easily obtained by diverting the relationship of L, and u, obtained fror(n Eq. (6.35) aqd

itis shown in Fig. 6.2 for the case of £=0.42and ¥,/ 4, =0.75x 10" (R,=2x10° m and ¢=3).

From Fig. 6.2, it can be seen that the maximum allowable velocity corresponding to the length of
the adsorption bed is rather high. In our application the velocity does not need to be that high (see

also the following analysis), so there is no worry about the upper velocity limit.
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Figure 6.2 The relationship of u and L

6.2.2 The Rate of the Adsorption

Here we are also interested in ihe rate of the amount of the adsorbate adsorbed in a certain amount

adsorbent. Assume the equilibrium isotherm is described by Henny’s law, i.e.

g =Ke, (6.37)
where K is the Henry’s law constant.
Rewrite Henry’s equation as
c, = %q- (6.38)
Thus, we have
& _Ld (6.39)
& K &
From Eq. (6.6}, we have
g =1_1__§_+;- (6.40)

Substituting Eq. (6.79) into Eq. (6.40), we pst

fey _ 1 6’7 177 (6.41) -
&z Kk, &d& K &

Substituting Eq. (6.41) into Eq. (6.3), after rearrangmer:t, we have
2= \ .
27, & (-¢ O (6.42)

&a Y& e,

The initial and boundary conditions are




E:O, atz>0(0<2<L),150

Cb=Cins0 ¢ =q ,=Kc,, atz=0,t>0 (6.43)
From Eq.6.6, we have
ag — .
ok (F- (6.44)
T pd=q)
The solution cf Eq. €.44 (atz=0) is
- ==, expl-k,,1) (6.45)

So the initial and boundary conditions in Eq. (6.43) are

g=0, atz> 0,7 <0
§=qrg(l --exp(—kopf)) atz=0,t>0 (6.46)

Supposing F(z,¢)=g(z)g(r) and substituting it and §(*) = q,,, (1 - exp(—kc,._,r)) into Eq. (6.42),

the solution 1s

9(z,t) = g, [l ~ exp (— kopf)]exp - .1_;-_5 p Kk, z exp(—- ko,,f)] mol/kg adsorbent (6.4'{)
!

x

For the small element shown in Fig, 6.1, the amount of adsorption is

80(z.1y=G(z,Ndm, =G(z,0np V', =Tz, 01~ )R, p,dz (6.48)

where 80(z.1) is the amount of adsorption in the small element dz, dm, is the mass of adsorbent in
the small element dz, # is the number of the pellet, ¥, is the volume of a pellet, Ry is the radius of the

adsorption bed and Ry, =2.425x 10° m.

Therefore, for the whole bed,
L
Q=[" &0 -

2
= wqrggb 2 - [l —exp (" K op f)] {l - exp]:" _1;:‘_‘3 P, quo Lexp (— koP ')]} /8 XP(—- k"" f)

op

(6.492)

Substituting values into the above equation, {or our case :

Qt)=3.5x10" f—’— [1 - exp(—- kopt)]{l - exp[— 4.0222x 10° L(k,, /u, )exp(- kopr)]}/cxp(— kopr)

op

(6.49b)
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The rate of adsorption

QﬂfJIszg u,
K exp(-k,h (6.30a)

l-¢ l-¢
{1 - exp[~ o p Kk, L e.\:p(-kqpr)}[l +-;;— p Kk, L exp(~kopr)(1 —exp(-k oF_t))]]»

¥ L

QW =

For our case

i—exp[-4.0222x 10%k,, /1)L exp(—kopr)]

A =3.5x10"u, exp(kt €20
QL) =3.x1074, exp( °p){[l+4.0222><103(k0p/lt,)LCXP("kOPr)(l"cxp('kvpi))]}

The amount of adsorption and the rate of the adsorption are shown in Fig. 6.3 and 6.4,

respectively.
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Figure 6.3 The relationship of the amount of adsorption and velocity and time
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Figure 6.4 The relationship of the rate of adsorption and velocity and time

It can be seen that the higher the velocity, the quicker the adsorption takes place. For a certain
velocity, the rate of adsorption increases first and then decreases. The higher the velocity, the higher

the peak value of the rate of adsorption and the earlier the peak occurs.

6.3 THE THEORETICAL RESULTS COMPARED TO THE EXPERIMENTAL DATA

To justify the theory developed he
data. Of primary interest is the adsorption rate in the adsorption/refrigeration process. This process
starts from the amount adsorbed m,a¥min and stops at mugm. Fig. 6.3 shows such an adserpticn

range. The theoretical and experimental relationship of adsorption amount and the time, and rate of

re, it is necessary to compare the theoretical results with the test

adsorption and the time in the adsorption range is shown in Fig. 6.6 and 6.7, respectively.
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Figure 6.5 The adsorption range in an adsorption/refrigeration process (7,=20°C, 7>=85°C, T.=2°C,
T.=35°C, and 1,=0.3 m/s)
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Figure 6.6 The theoretical and experimental relationship of adsorption anount and the tine in the

adsorption range
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Figure 6.7 The theoretical and experimental relationship of the rate of adsorption and the time in the

adsorption range
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It can be seen from Fig. 6.6 and 6.7, the thicoretical results agree with the experimental data
although there is a little derivation. This derivation can be explained as follows. The theoretical
calculation is based on the isothermal adsorption model and the temperature of the bed is assumed as
30°C. In the experiment, the bed is left to cool to a temperature just above ambient before the
adsorption process starts. Therefore, at the beginnings of the adsorption, the real adsorption rates are
a little higher than the theoretical values. With the adsorption proceeding, the temperature of the bed
rises, and will be over 30°C, so the real adsorption rates are a little less than the theoretical values in

this phase.

6.4 THE SUPERFICIAL VELOCITY AND THE RATE OF COOLING

With the rate of adsorption, the rate of cooling can be decided as

0. =0k, (6.51)
which is shown in Fig. 6.5.
In practical cases, the heat leak is inevitable. Obviously only when Q. >0, , will there be net
cooling effect.
180
150 —e— 10m/s
- —a— 1ns
E 120 | k=0, 5m/s
5 090 1 —%—0.3 m/s k
S 6o —%—0.1m/s 1
—o—0.01m/s :
30 ——0.001mVs
0: At -
0 5 10 15 20
¢ (min)
(a) |
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Figure, 6.8 The relationship of the rate of adsorption and velocity and time

For different evaporators, the rates of heat leakage may be different. In the condition that there is
at least some cooling effect available in the next morning, ie, the heat lost due to the heat leakage in
the refrigerating and storing period (which is assumed from 22:00 to 6:00, ie, 8 hours) is less than

the cooling generated in the refrigeration period, the maximum ailowable heat leakage rate is

0. H(8x60) kJ / min

= ng.c

In a typical condition (7,=20°C, T.=2°C, I.=35°C, and T3=85°C), the gross cooling effect is
41.1337 kJ (chapter 3), so the rate of heat leakage is 0.086 kJ/min. From Fig. 6.8, it can be seen that
in the range of the amount of adsorption (0 to M,4(Xmax- Xmin)), the adsorption rate is greater than that
required when the velocity equal to, and greater than, 0.001 mv/s. Since the higher the velocity, the
more heat is needed in the heating/desorption process (assuming that the fan runs at the same
velocity in evaporating/cooling and heating/desorption processes); On the other hand, the lower the
velocity used, the heavier the thermal insulation of the evaporator required. Since the insulation layer
can not be too thick, the value of the lowest allowable velocity is limited. In our experimental rig, the
evaporator could not be insulated, so the beat leakage rate is high and a high veiocity is needed to
produce net cooling effect. At the velocity of 0.3 m/s, frostwork at the suitsce of the evaporator
could be observed. That is why the velocity of 0.3 m/s was taken in the ressaicls. Therefore, the
lowest velocity which is determined by the condition »f the thermal insulation of the evaporator can

be adopted in the design for the prototype for such applications.

e P B v T WL . b
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7

Exergy (Availability) Analysis of the Adsorption Refrigeration
System

The first law analysis of thermodynamics studied in chapter 5 deals with the quantity of energy.
Energy has also quality. In a complete and advanced analysis cn an energy system, the guality of
energy should also be analysed. Exergy analysis is a powerful tool for the efficient use of energy
resources and the optimisation of energy systems. In this chapter, exergy analysis of thie solar
adsorption refrigeration system is described. Firstly, the exergy associated with dififcrent energy
forms is comprehensively reviewed and the exergy for mixtures and the Irreveisibility (exergy
destruction) are developed. Then the detailed exergy analysis of the processes of the cycle and the
whole cycle are carried out, and yields the numerical results. Since a detailed exergy analysis for
adsorption refrigeration system has not been reported, the methodology of the analysts presented here

is new. Part of the work in this chapter has already been published (Publication 17).
7.1 EXERGY

Thermodynamic availability or exergy' is the maximum work that can be obtained from a given
form of energy using the environmental parameters as the reference state. If a system reaches the
final state which is in mechanical and thermal equilibrium with the environment (P=Po, T=T)), the
final state is called the restricted dead state of the system or the environment state (it is restricted in
the sense that the chemical equilibrium with the environment is not considered), and the maximum
work extractable from the system and the environment is called the thermomechanical (physical)
availability or thermomechanical (physical) exergy ‘o reinforce the observation that the exergy is
released as the system and the environment reach thermal and mechanical equilibrium only. If a
system comes also to chemical equilibrium with the environment but does not react chemically with
the environment (P=Py, T=Ty, 1 =yok), the equilibrium is called the unresericted equilibrium. The
state at this equilibrium (with the environment) is called the dead srate, and the maximum work
obtainable in such process is called the total exergy (availability) (Bejan, 1997, Kotas, 1995, Moran,
1989, Wark, 1995). |
{
7.1.1 Exergy of a Closed System — Restricted Dead State

For a control mass, the exergy is defined as (Bejan, 1997, Moran, 1989, Wark, 1995)

" Occasionally, thermodynamic availability and exergy are defined differzntly (Winterbone, 1997).
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EM =(E-U,)+ PV =V, )~To(S=5,)" (7.12)

where E, is used identically to denote exergy for all situations. The superscript tm represents the
exergy is the thermomechanical exergy, and the subscript #/ represents the exergy is for the nonflow
processes. Symbols E (=U+KE+PE). V., and § denote the energy, volume, and entropy of the control
mass at the given state respectively and Us V5. and S are the same properties when the control mass

is at rest at the dead state.

The specific availability on a mass basis is

ey =@ —1)+P(v-v)~To(s~5) +F* {2+ gz (7.1b)

where V' is the velocity.

The change in the availability between two states of a closed system is

AR =(U, -U\) + P (V. -W)) - T,(S, - §,) + AKE + APE (7.2)

7.1.2 Flow Exergy — Restricted Dead State

The availability for a stream or flow on a unit basis the flow exergy is defined as (Bejan, 1997,
Moran, 1989, Wark, 1993)

ey =(h-h)-T,(s-5)+V*/2+ g _ (7.3a)

where the subscript f represents the exergy is for the flow processes, # and s represent the specific

enthalpy and entropy, respectively.

Eq. (7.3a) can also be rewritten as

er, =(h+V* 124+ gz-T5)-(h, ~T,5,)=b-b, (7.3b)

where b is called the stream availability (exergy) parameter (Wark, 1993) and is defined as

b=h+V /24 gz~T,s | (7.4)

The change in the availability between two states of an open system is

‘ﬁerf =(hy =h))-T, (s, —sl)+(V2: —VI:)I2+g(zZ -Zy) (7.5)

" Sometimes, the kinetic and potential-energy terms are excluded from the definition of availability (Howell
and Buckius, 1992, Kotas, 1995)
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7.1.3 Exergy of a Closed System — Unrestricted Dead State (the Total Exergy)

For a contro! mass, the Total Exergy is defined as (Bejan, 1997, Moran, 1989, Wark, 1993)

En =E+RV-T,5-% Ny} (7.6a)
or
er =e+ Py-Tos— x4 (7.6b)

where the superscript fof represents the exergy is the total exergy, N; (f =/....,n) and x; is the number
of moles of substance i in the mixture and the mole fraction of the substance respectively, and 2 is

the chemical potential of substance 7 in the unrestricted or environment dead state.

The change in the availability between two states of a closed system is

AER' = (U, =U)+ Py (Vy ~V)=Ty(S, -S,)+AKE + APE~ (Y Nyt =S N,p®)  (1.7)
2 1

The chemical potential of substance / in the mixture is defined as (Bejan, 1997; Kotas, 1995;
Moran, 1989; Smith, et al. 1996; Wark, 1993)

- .
2 =[-_—} (7.8)
N PT.N,

where G is the Gibbs function.

Euler’s equation in thermodynamics (Hsieh, 1975; Smith et al 1996) is

U=TS-PV +3 Ny, ‘ (7.9)

Using Euler’s equation at the restricted dead state, we have

Uy =TySo =P Vo + 2. Nty (7.10)
where 40is the chemical potential of substance 7 within the mixture at restricted dead state.

Therefore, the thermomechanical exergy

En =(E-U)+ B -V)~T(S-S) = E+FY TS~ (U, + RV~ TS, (7.11)
=E+BV-T,S=) Nu,
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By comparing Eq. (7.6) with the exergy as the control mass passes from a given state to the

restricted dead state, ie, the thermomechanical exergy (Eq. (7.11)), Eq (7.6) can be written as

::;r =E+P,,I"—TOS—ZN,;:;0+ZN,(;:,°—,uf) (7.12a)
=E::;f +ZN:(1“;0 —;J?)

or
e =eme+ Y x,(t — i) (7.12b)

where X Ni(ttio -1 is defined as the nonflow chemical exergy, Ey,/* (Bejan,1997, Kotas, 1993,
Moran, 1989, Wark, 1993), i.e.,

EZ, =Y Nt -1 (7.13)

From Eq (7.12) it can be seen that that the total exergy of a control mass can be written as the
sum of two contributions - the thermomechanical exergy and the chemical exergy. The first is the
maximum work the control mass does as it is brought by means of ideal processes from its initial
state to a condition of thermal and mechanical equilibrium with the environment, eg, to the restricted
dead state. For clarity, the thermomechanical exergy is denoted by the superscript ¢m throughout this
thesis. The second is the maximum work released as the control mass be brought into chemical
equilibrium with the environment while the temperature and pressure before and after this p-rocess

are fixed at 7y and Py respectively.
7.1.4 Flow Exergy — Unrestricted Dead State (the Total Exergy)

The Total Exergy for a stream or flow on a unit basis is defined as (Bejan, 1997, Moran, 1989,
Wark, 1993)

el =h=-Tys =Y x.p; (7.14)

where x; is the mole fraction of substance 7 in the mixture, /# and s is the molal enthalpy and entropy,

respectively, of the mixture, The kinetic and potential energy terms are not shown.

The change in the availability between two states of a control volume is

el = (hy =) - Ty(s; =)= Qx4 = D x,40) (7.15)
2 1

The molal enthalpy and entropy of the mixture are defined as

h=Xx h and s=Xx s (7.16)
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The “overbar™ signifies the partial molal properties (Wark, 1995). For the ith component in a
mixture, the partial molal property is (Smith, et al. 1996, Wark, 1995)

7, =[£-J (7.17)

Eq. (7.14) can be rewritten as (Bejan, 1997, Moran, 1989, Wark, 1995)

er,} =(h‘_ho)"To(s—so)+zx;(ﬂm -#:J) (7183)

Again, it is helpful to compare this expression with the exergy delivered as the stream reaches the

restricted dead state, ie the thermomechanical exergy in Eq. (7.3).

Hence, Eq. (7.18a) can be expressed as

0
evy =euy + 2 %t~ 1))

(7.18b)
=e., + e:f'f

This equation shows that the total flow exergy can be viewed as the sum of the thermomechanical

{or physical) flow exergy and the chemical exergy defined by Eq. (7.13).

The chemical exergy can be expressed as (Zhu, 1988)

L af
e =RT, Y x, ln-&% (7.19)

i

where a, and a% is the activity of substance i within the mixture at restricted dead state and the

activity of substance i in the unrestricted or environment dead state respectively.
7.1.5 The Exergy of Mixtures

The general exergy equation for mixtures can be expressed as

e (T, P) = Zxie(T, P) (7.20)

or
ex(T, P) = £x; eo(T, P) (7.21)

where ¢, is the exergy of ith component and is evaluated at the T and its partial pressure P;, ew(T,

P) again is the partial molal exergy of ith component.

ST BT R T
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The author (You et al, 1993a, 1993b) from the approach of solution thermodynamics (Hsieh,

1975, Smith and van Ness, 1987) introduced the concept of the Exergy Change of Mixing which is
defined as

AE, ..=E -> Ne T,P)=) N.E -e,T,P) (7.22a)

or
de . =€ -5 xe, (T,P)=Y x,F —e,(T,P) (7.22b)

where E, (e,) is the exergy of the mixture, e, is the partial molar exergy of component 7, and
ex(7,P) is the molar exergy of the component. For all pure species, e4(7, P) is evaluated at the same
T and P which is simple to calculate. The calculation of formalas for the Exergy Change of Mixing
were derived as (You et al, 1993a, 1993b)

ohna,
T
=(1- %-)Ahm + RTOZx, Ing,

- T
e = -—RT(1—}?~)Zx,(

x,mix

)+ RT ) x Ina
P' qz o (for restricted dead state) (7.23)

and
pe = (i- ZTo_ )oh,, + RT,Y %, InZt  (for unrestricted dead state)  (7.24)
* af
where
dlna - 5
Ah . =-RT —t ' (7.25)
e = ~RTL X G

is defined as the Enthalpy Change of Mixing (Hsieh, 1975, Smith, 1987).

The meanings of activity can be sununarised as

1. Pure ideal gas a=P Pressure
2. The ith component in an ideal gas mixture a; =P Partial pressure of species i
3. Pure real gas a=f Fugacity
f ‘ _I 4. The ith component in a real gas mixture a; = ﬁ Fugacity of species i
.. 5. The ith component in an ideal solution a; =¥ Mole fraction of species 7
8. The ith component in a dilute solution a; = X; Mole fraction of species i
7. The ith component in a non-ideal solution a; = ¥ (7 1s the activity coefficient)
8. Pure liqud a=x=1 | Mole fraction (=1)
9. Pure solid a=x=1 | Mole fraction (=1)

Eq (7.23) and (7.24) have explicit meanings. The first term in the right side of both equations
reflects the effect of the enthalpy change of mixing (Heat Effect) 4. on the mixture’s exergy. The
second term in the right side of Eq (7.23) and (7.24) reflects the effect of the diffusion of the
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components on the mixture’s exergy and were called Diffision Exergy (You et al, 1993a, 1993b).
The so-called Diffusion Exergy can be called chemical exergy in general.

The exergy of a mixture can be calculated by

ey = Zxied(T, P) + Aey v (7.26a)

or
Ex = INieT, P) + AEy s (7.26b)

It can be seen that You’s approach in calculating the exergy for mixtures is simple and helpful for

understanding the components of exergy.

As a specific example, You et al (1993a, 1993b, 1993c¢) derived the exergy for moist air from

this approach and carried out the exergy analysis on a heat pump drying system.
7.1.6 The Exergy Transfer Accompanying Heat

The availability transfer accompanying heat is

Eq=la- oL | (7.27)
where T is the temperature of the heat source.

If the temperature of the heat source is lower than the temperature of the environment, the

availability transfer accompanying the heat is

- D32 : (7.28)

7.1.7 The Exergy Transfer Accompanying Work

The exergy of a system is the difference of the maximum amount of work that can be derived from

the system (-W) and the work done on the environment Po(V>V;) (Wark, 1993), ie,

Exli’ =.W-. Pg (P:_')-V}) (729)

If there were no change in the system volume during the process, the transfer of exergy

accompanying work would equal the work of the system.




7.1.8 The Quality of Solar Irradiance

The quality of the solar irradiance (Winter et al, 1991) is given by

4T
x]-—=2(1-028In
nf) 3T,( i)

where f is the dilution factor.

For a standard spectrum with f=1.3x10”, taking 7,=5,777 K and 7,=298 K into Eq.(7.30),
n(f)=0.717.

The exergy of solar radiation

E o, =n()Q, (7.31)

7.1.9 The Irreversibility I (The Exergy Loss)

Unlike encrgy, availability is not conserved. It is destroyed by irreversibility. The irreversible

destruction of availability, or the irreversibility, (denoted by 1) is defined as

I =W, W, =W, -W,, =T,6q (foracontrol volume) (7.32)

act aclu

Iy =W, ,-W, =W, -W, . =Touw {for a control mass) (7.33)

aclu rév,h

and

i, =W_-W, =T0c, (foracontrol volume and the environment) (7.34)

fot act

where the subscript act and the rev represent the actual and the reversible process between the same
end states, the subscript # represents the useful work, and & represents the entropy production or

entropy generation,

The irreversibility of a process can be evaluated from the availability equation which can be

accomplished by considering the first and the second law together.

The conservation of energy equation for a general control volume process is (Wark, 1995)

r2

3.0, +W,, +§(h+—112-+ gm=> (h+ L2 +gz)m=%'— (7.35)

ouf

The work we are interested here is the usefill work. Since the work done against the atmosphere is

not available for other useful purposes, it must be eliminated. That is-
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W:m.s P (_)C'I (7 36)

net

The second law (entropy equation) is (Moran, 1996)

- (137)

Multiplying the second law Eq. (7.37) by the environment temperature T, and subtracting the
resulting equation from the first law Eq. (7.35) and also substituting Eq. (7.36) yield

o =10a ZQ,(l-—)»me

(7.38a)
_[Z(h-l-—z—--l-gz—ns)n} T(h'i'_“l"gz TS)’”]—d(E-i-POZIHTOS)as
Substituting Eq. (7.4) into Eq. (7.38a), we have
fer = £ 0/-32) 17, ~ (T T - S ~ToS)er (7.38b)

ot frr dt

The first and the second terms in the right side of Eq. (7.38b) is in the form of availability, while
the third and the forth terms are not in the form of availability. The next step is to express each term

in the right side in the form of exergy.

If the control volume is in equilibrium with the environment (75, Py), there is no net heat and
work interaction, and there is no irreversibility. Since there is mass entering and leaving the CV,
although its intensive properties keep constant, its extensive properties may change with time. Eq.
(7.382) reduces to be

dU, + POI::’ - TOS{))C‘I' - Z U’o _ TOSD)”-’ _ Z(ho ~T,8, 0 (7.39
in ouf
Alternatively, for a control mass, at time 7, and a later time {+41,
Uy + PV ~ToSp) e, = Wo + Py —TySy) ey + 2ty + Pyvy —Ty5, )0 (7.40)
and

Wo+ Py =TS arimas = Uo + Vo =TS0 crrgens + 2 (1t + Povo = Ty )om (7.41)

out

Subtracting Eq. (7.41) from (7.40), substituting the relationship #o=tg+Pgvo, dividing each term

by A+, and taking the limit as A r approaches zero, we have
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diU,+PV,-T,S,) dlU, + PV, ~T.8.) . .
A et = T TR0l 5 (hy = Toso Vi~ X (o ~Tosy i) (742

The left term is zero (a control mass in equilibrium with the environment, both its intensive

properties and extensive properties do not change with time), so we get the Eq. (7.39).

Or more directly

> = - o = (.Z.,:m = > ain)(hy = Tys,)

po (7.43)
= Z(ho = Toso)m “Z(ho =Tys50)m

out

Subtracting Eq. (7.43) from (7.38), and substituting Eq. (7.1a) and Eq. (7.3) into it, we have

(7.38¢)

| _ ‘ . dE,q
Iq = Z(l —FD)Q: +E, - (Zex,fm - Ze"fm) - d;‘a
‘ . out in

It can be seen that the rate of irreversibly in a control volume is the difference of the rate of
availability transfer associated with the heat, work, and mass transfer at the contro! surface, as well

as the rate of availability change in the control volume.

The evaluation of the avaifability transfer accompanying heat in the Eq. (7.38) requires
knowledge of O; at a portion of the control surface at temperature 7. However, the value of O; and
7; may be not known at every position on the control surface. On the other hand, in some cases, not
only the control volume but also the reservoirs with which it interacts should be considered. By
choosing a system which includes the control volume and the environment and any other thermal
reservoirs which interacts, the calculation of O, and T; can be avoided. In these cases, the total heat
transfer rate can be expressed as the heat-transfer rates associated with the environment at T and

those reservoirs at ;. That is

0=30=0,+>0, (7.44)

By substituting Eq (7.44) into Eq (7.35), we have

. 8 e v: . v . dE s
Qo+ZQJ,+WM,+Z(h+-?+gz)m—§(h+—i—-+gz)m=-—dfi (7.45)

By this way, not only the control volume but also the reservoirs with which it interacts are

considered. Hence, the form of the entropy equation here is
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G =Gy 460 =0 S s S s Lo 5% (7.46)
dr out m 'Tq",l 1;

Eliminating O between Eq.(7.45) and (7.46), the result is

ot ZQJ (1__') + W
(7.47a)

S0+t gz T DA AR L
ouf t

where the direction of the O; is relative to the control surface. Similar to Eq. (7.38), Eq. (7.47a) can

be expressed as

-Z(l--—)QﬁEﬂ. -G i~ ):e E (7.47b)

out

Although Eq. (7.38¢) and (7.47b) have a similar format, their usage is quite different. Eq. (7.38¢)
applies solely to the control volume of interest. On the other hand, Eq (7.47b) applies to the control

volume and the reservoirs with which it interacts.

Although the derivation of irreversibility was done only for the thermomechanical exergy, the

equations are easily to extend to the total exergy.

7.2 EXERGY ANALYSIS OF THE ADSORPTION REFRIGERATION SYSTEM

In our refrigeration system, we use methanol as the refrigerant, activated carbon as the adsorbent,
and Helium as the pressure-adjusting agent. Although the pure liquid methanol and the pure solid
activated carbon can be taken as the dead states for the liquid methanol and activated carbon, there is
no definite dead state for methanol vapour and Helium. Hence, the restricted dead state is chosen as

the dead state when evaluating the exergy of the substance.
7.2.1 Heating Process 1—-2

In this process, the fan is off. The heat is used to increase the internal energy (temperature) of the
collector/generator, of the adsorbent/refrigerant {eg. carbon/methanol), and of the pressure-adjusting
gas. In this case, the collector and the collected space can be taken as a closed system. In our case,

PaPy. For T>T,, the exergy of the control mass according to Eq. (7.26), (7.1), and (7.23) is

E, . =(U~Ug)-Ty(S~S,)+ NQ=T,/T)Ak,,,+ NRT,Y . x, Ing, (7.48)




Since in our case P=P,, similar to Eq. (3.23)

U-U, =Zm,(u—u{,}, = (M, 4Cory + MygCog + Moy 7 7 +M,C YT = T0) (7.49)
and
_ i
S-S, =_[ = Im =(m_ € p + 1€ 0 + Mo ¥aal s 1 +mP,cp,)ln-];- (7.50)
0

where C 5 is the mean heat capacity and is calculated as

3 C L oo
~dT — "+ T}dT papr. 2 '
g = h7 LGy e p i)y -1 (7.51)
P (T, /T,) In(7,/T,) nT./5) 2 T, /T)
For methanol, the specific heat capacity is given by Eq. (3.17b). So
_ ((T,-T) (. -T,) <
=3.3625 - 0.01189375 —1—1= + 0.0000152965 ~-——L~ (7.52)
s | in(Z, /T;) In(7>./T,)

The heat of mixing Af;m,.x 1s the adsorption heat h,s here. Since the adsorption heat A, here is

based on the amount (weight) of the refrigerant (eg. methanol),

Ty .~ T T 'I
N =28 =, =2y =, XA =D (7.33)

The last term in Eq. (7.48) can be determined as following. The definition of the heat of mixing
(Eq. (7.25)) can be wntten as

dlna A, $x dlna, AR,
i = . s = - '—'——""m i l T
Z"‘(alnr)*"-" RT I ( (alnT)""‘ ]" J RT
and E x,na;, = Loy —Z= 4 f(x) (7.54)

For an ideal solution, a=x; and 4h,=0, so f(x) = Zx,. Inx,. Therefore

> x,Ing, = iy +Zx Inx, | (7.53)

and
Ty, o 7
N(U==)0 + NRT, T, 100, = NAFi + NRT, 3 In 3, (7.56)

=M xh,, +m xR, T, Z x;Inx,

where R, is the gas constant for the refrigerant.
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The exergy change of the control mass from state 1 to 2 for 7->T1>7o is

T, T
AEmf.l-: = AU!—: - -ToASl-z + N[(l - E)N’mx.z -1~ ‘]‘,;)Mmu.l] (7.5 7a)
+ NRT(,[Z(xi Ina,). —Z(x,. Ina, )1]
ilere :
al,, = Zrn;\u,. = (Me1gCerg +MpiCoq + Mg Xy + M, YT = 1))
& dU _ - I T,
AS,, = I? = J'-—F— = (1,4 Corg + MygCog + My X0 Tpsig ¥ M ,C0) n?;—
and

N[(l - ;ﬁ)aﬁw -Q- %-)Aﬁmm ] + NRT,[S (x,Ina,), - 3 (x, Ina,),|
2 1

= madxmax(had,z "had.l) + madxmaerTD [Z(xi In x:): -Z (x! In xi)l]

Therefore, the exergy change of the control mass for I>71>74 is

AEx.i-Z’. = (mcfgccfg +MeyCo mprcpr + mao'xmaxaf.l-:‘. )(TE - Ti)
T T 7.57b
= (M, Copg M GyCog M, C ot X Tpo ) )T ln-z—_l- ( )
+ ’nad'xmax (haa',: - had.l ) + man'xmerTO[Z (x! hl X )2 - Z(xf l“ xi )l ]
For T<T, the exergy function E,’ * of the control mass is
E.; =Uy~U)=Ty(S, ~8)+ N(~T, IT)Ah,, + NRT, ) x,Ina, (1.58)
=~{(U -Uy)~T, (S-S -N(T, /T -I)A};m +NRT°Z.\‘, Ina,
The exergy change of the control mass from state 1 to 2 for 7,<Io<7- is
M:r,nf.t-: ""_E.r,nf.: - E.;wf,l =AU, ~TAS, + AU, , = T,AS,
(7.59a)

+ N[(l - -]T,i)ai{m ~(1- %)A}?W} +NRT,[S (x,Ina,); =Y (¥, Ina,), |
2 1

Here
AUgy =Y mAte, = (1,05 +MoyCog + My %00 Cpoy + 1, W =T,)

' The exergy E, is always positive while the exergy function

&= &=
- -

E," introduced here may be either positive or negative. The 0 E. E
X X,

relationship of the two parameters is £, = | £l From the

figures right, we can see that E,,» - E,, is the net exergy ¢ d i

. ‘E':r’l (;Euf) 0 E:\'..T'
change between (wo states. When we need to calculate the '
exergy change experienced between {wo states when

E. <O<E,,, itis E,>- E,’ ; rather than E,.» - E, ;.




AU, =2m.f..\.u, =M, g Corp +1M g€ g T My X0 Cro oy T,

)(T: "To)

& _dU T

AS, = 1
o-1 =j T I = (M, €y + My Cop + 1% Ty s oy M€, ) I

[

0. T
.—-I "‘I (mcfg cig "l"madc.m‘ +mfm¢x C‘fs =2 +)n .P') }—
0

and

[(1 ~ AR

.

L= )M”M]-I-NRT [Z(x Ina,), Z(x‘ l“";)a]

= mad xmax (hmi'.: - haa',l ) + ’"udxmaerTO [z(xi lﬁ x;): - z(x! l“ xt )I]

Therefore, the exergy change of the control mass for T1<7o<T is

g};' =(m +M,;C,p +m )T + T, = 21))+m,

clg c.r‘g

+ M4 Cpy +m 0,0, lni

e.-‘g elg T;)

T, T.
= - L, = 2

+m o X o Ty (€ g0 N+ 8500 In F‘) + My X a Py 2 = by )
) 0

+ 1M, % RID (%, Inx,), = (x,Inx,},]

+ 8o (T, = T5)]—(m

For this process, we have derived Eq. (3.23), hence the exergy used in this process

E o =n(f)m,,C., + M 4C.04+MyyXpo Trya+,c Ty ~T)
The irreversibility of the process is
* ' L] d(E+P0V-Tos)C1'
I=)E., -
2Esq, dr
and _
Il-: = Ex.Q,,l-: "'AEx,l—: or 11-: = Ex.@,.l-: "M.;,l_-

7.2.2 Heating Process 2—-3 (Desorption Period)

From state 2 to state 3 is the heating/desorption process. Taking the collector/generator as the

control volume (CV), the exergy change of the control volume is the sum of the exergy change of the

streams and the exergy change of the contents in the CV, ie,

-3 I xf out _IEx
a

‘mdf + A'E.t,cf"
) \--——g—-—-’

e Xmex [€ 00 (T -1;)
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(7.59b)

(7.60)

(7.61a)

(7.61b)

(7.62)
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a. The exergy change of the streams

The stream entering the CV with the temperature 7}, can be taken as the pressure-adjusting gas

alone, so the exergy carried by the entering stream

-

Ex,f,in = ’ﬁpr [(hpr,m - hp-,o) = TD (sp-,m - spr,n )]
I (7.63)
in )
T

¢

=i ,c, T, -T,-T,In

oppr

The stream exiting the CV with the temperature 7, is the mixture of the pressure-adjusting gas
and the desorbed refrigerant vapour. Strictly speaking, the pressure-adjusting gas and the desorbed
refrigerant vapour are not in the same temperature initially. In determining the exiting temperature,
the mixture can be regarded as an idea! solution. The exergy carried by the mixture can be calculated
by Eq. (%.26) as

T

E, =N, +NEIXT,, ~T)~(N,Z,, + N )T, To +RT, (N, Inx, +N,Inx,) 260
r W~ . - TOI" ; xf
=(M,,¢, p +1,E KT, — 1)~ (i1, +1m,.C )T, In TD’) +mP,RP,T0‘(In X, + - Inx)
Here
e, T, . time, T, (7.63)
o 1€ gy 11,

The specific heat for methanol gas (Daubert and Danner, 1984) is (rewritten in kJ/kg/K)

¢, =1.19181+3.25323/™%7'™™ Kk]/kg/K (7.66)

The temperature of the desorbed refrigerant vapour T, can be taken as the temperature of the bed

T, while the temperature of the pressure-adjusting gas is estimated by Eq (5.38). So

_ (zir”cp'w)‘Tw. +[m oC o€, + (:irprcp‘ o HHC p.,,)hA,a,]Tp

(¢, , +ice, Yon,c,  +h4,)

(1.67)

Quf

The mass flow rate of the desorbed refrigeration vapour may depend on the heating time. To

simplify the calculation, the following average value may be taken in calculation

. d Ax
=y =, }-;— (7.68)

From heat transfer analysis (chapter 4), it was found that 7,,=kt+¢. Hence

i, = m kA (T, -T.) (7.69)




Since #,c, and H1.c, in our case is so small compared with k4, that (m,c ¢, ) and

(m_c, Ym.c,) can be neglected. Hence

propr

7 =7 (1.70)

which is in agreement with the outcome of the analysis in chapter 4 that the temperature of the fixed

bed can be taken as the temperature of the exiting stream 7,27 .

With a fixed mass flow rate of the pressure-adjusting gas, the exergy change of the streams (the

first term in the right side of Eq. 7.62, a)

T
_jExfourdr JE;;:..df'*I[mp,C‘,W(T -7, )+mc T, -T)-me, T In P]dt

prid

Pr

(7.712)
Substituting the relationship dr=1/&*dT, into the above equation, we have
¢
o=l =Ty CTNT =T =TT, I =T, In 2]
k 2 r,, T,
T, +7, JOXC, o T 7.71b
+ 1 AT (——2—-—-7)-——3;——;?—’- D[T(inn—l) T(h To -1 (7.71b)
m R T,
+—-——-———(lnx +-——lnx X%, -T.)
k x

pr
b. The exergy change of the contents in the CV

Similar to the process 1-2, the exergy change of the contents in the CV (the second term in the

right side of Eq. 7.62, &) can be written as

b=AE .. & {(m F M iC g + Mg X C s 2 3)(T ~T.)-m_,Ax[200 +

clg c!g ad™ ad

- . T,
&t 037 “‘273-13)'Pocvoc]}(1“T T, 111?') (1.72)

M X iy = Mo X oy s + Mg RT %0 D (v, In ) - xmz(-": Inx;).]

Therefore, the total exergy change of the CV is
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AE 5 ={[m,0,C.0p +MoiCog + My ¥ 800 (T, ~T)

*m‘,,,m{zomcn_a(r ~273.15) = PocVyoe B~ —Li-_-m:r )
T, -
T,+T, 1 R_T
+"'”" -T,,+T, ”’"’°1 2y T,-T,
e o)+ (nx, s nx )N =12 (1.73)
m”'c"”T(TlnT T.i 7, 7, +7,
=T in3-) +m A, , (2 ~-7,)
k T,, T,., 2
M AXC o T, T,
--—?—ET—?—T [[,In=2 T -T, m}:— (T, =T))+ My X P s = Mg X o 2
+ M RT (%0 Y (x,Inx,), =% > (x,Inx,),]
In this process, we have derived (Eq. 5.57)
X . +X . Ax
Qo =M 5Cep +M,4C,4 +1,, _@T{“@‘cf.z-s](ra ~T,)+m,, _2'(P:"’_f.2 +Pv,s)
+AH 5 +m A,
So the exergy used in this process (for solar energy) -
E 523 =0()0:4 ' (7.74)
The irreversibility of the process according to Eq. (7. 42) is
A(E+PV -T,8) .
I=YE_, - h-Tysym - (h-T, - 2 om /¢t (7.75a)
2 Ee [g( oS )i Z( sy] —
and
I, 3=E o.;-0E ,, (7.75b)

7.2.3 Cooling Process 3—4

In this process, the collector is cooled by the environment. There is no heat consumption or

refrigeration effect, so there is no need to conduct an exergy analysis for this process.

7.2.4 Refrigeration Period 4—1 (Adsorption Process)

As stated in chapter 5, this process can be thought to occur in two steps. Firstly, a portion of the
liquid refrigerant in the receiver (if applicable) and evaporator evaporates and cools the refrigerant-
self from T to the designed evaporating temperature 7, (flashing step). Then the liquid refrigerant
evaporates at the evaporating pressure P, (corresponding to the evaporating temperature T,) until it

is all evaporated and absorbs heat from the objects to be cooled (refrigeration step).
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In the first step, the exergy released by the refrigerant vaporisation‘

- T T

E,oron =I(-}—,°——1)d(mh) = (g ~m g (1) (7.76a)

The heat flow into the control volume in the first step was given by Eq. (6.61). Since the first step
happens very quickly, it is reasonable to assume that there is no heat exchange between the system
and its surroundings, ie, O.a.; =0,

h,,~u, B + PV ~C,(T.~T,) 1D

1)
hy,—u,

m, =m

The exergy loss according to Eq (7.38) or (7.47)

f ==Y =Ty - LE AT (7.783)

o and

Ly =~mo—m )b, , —Tos, J=[m,(u, + Py, —Tos,) =i, (1,4 + Pov,q = T55,0))

’
=(m,o—m g, (-7—?- “D)-mlu,, —u, ~To(s,, -s,.)] (7.78b) |
- 41, Py = Py, )=y (By =Py,
In the second step, the exergy released by the refrigerant vaporisation
T T
E atsricr? =j(—£——1)d(mh) =mh, (}i—-l) (7.79) :__
The heat exchange consists of the cooling of the substance to be cooled, the heat leakage, and
maybe the cooling of the receiver and the evaporator. If the cooling chamber is well insulated so the
heat leakage can be neglected, and all the items of material are cooled from T to 7. If T, < T, < T}, !
the gross exergy gain is

AEx.gam.gra = Z 'm[E(Tg - T; ) b E,To In Z;"] £ Z”?C(T‘ - Tc — ]:J ln gi)
1. I, (7.80a)
~Ymel,~T.-Ting®) (o % f(T))
Here

ZmE(TC —T,)=m,h,, (7.81)

So the gross exergy gain is

T, . T

Mx.gnin.gm = mrlhﬁ,f (_1:::0__]:: ln_j.."_ - l) ¢ (7.80'3)
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The net exergy gain is

E, g =, (T, ~T,)=, T, n2)

(7.82)
=me (T,-T.-T, hl-;{-) (for c=jf{@T)
If T, < Ty < T, the gross exergy gain is
T 'A.E;‘gm-”m = ‘Ex.c - E;-,, = Z’m[E(Tc + 7:: - 27;)) - E:T;) 111—7;;-]
I (7.83a)
=ch('}: +7:-—2T0—Toln%) (for c=jf(T))
o
Substituting Eq.(7.80) into the above equation, the gross exergy gain is
, muh e T.T.
AE,.‘M,'W = T"_ ; (T, +T,-2T,-T, 1n—TE-) (7.83b)
The net exergy gain is
] T AE-\' gainnel =m, [Ec (Tc + Tc - ZTO) - z'-c.:TO In ZLI;'
' T (.84
T,T
=moe, T, +T, -2T,-T,In ;_:‘) (for c= f{T)
= 0
The exergy loss according to Eq (7.47) is
R V-T,8)cr .
1 [= Sk g = th=T5) i, - L T (7.852)
Therefore, the exergy loss according to Eq (7.47) 1s
Irl—rZ = -Ex.gain.rl-r2 - mrl (h —T;Js)aur + ’nrl (Hrl + POvrl —'Tosrl) (7 85b)
= "Ex.gmin,rl-r?. - mrlh,@,e(l - TD /T‘) + mrl (PO - Pc )V 2
or
Flarl = _E;.galn.rl-rz - mrl (h "Tos)ow +mrl ("rl + Po"rl - Tosrl) (785b)
==l sz = Mahy JA=To IT) 4 m,(Py = P,)v,, ,

7.2.5 The Relative Exergy Loss and Exergetic Efficiency for Processes and Cycle

The Exergy Efficiency of the whole cycle is used here to evaluate the performance of a refrigeration
system. In terms of the solar adsorption refrigeration system, the ideal cycle consists of four

processes (see Fig. 1.1).




For the whole cycle, the exergy used is the sum of the heat used in process 1-2 and 2-3

E, iae =1NC 5 (7.86)

The exergy gain in the whole cycle is the exergy transferred to the products to be cooled. Since
different refrigeration system may have different heat capacities of receiver and evaporator and
different insulation, the gross exergetic efficiency of the cycle may be a common index for
comparison of different refrigeration systems. The gross (also the maximal) exergy gain is
expressed by Eq. (7.80b) or (7.83b). '

The exergy loss of the cvcle

‘I eyele = E.\‘.Q.t;w = E X, gain.cve or ] el = E x.Qaove - E.r. gaincwe (787)
The relative exergy loss
.i = Ii ,‘I:“\r (7-88)
The exergy efficiency ¢ is defined as the ratio of the exergy gain to the exergy used, ie,
8’. = AEx.ga.‘n,J /E aused = l = IJ /E:f.n.mf A and &= E x,gaincne / Ex.nsed,(;w (789)

By this way, the exergy loss, the relative exergy loss, and the exergy efficiency for each process
(component) and the whole cycle (system) can be evaluated. This evaluation is essential in
revealing the parts which degrade the performance of the whole system, and in comparing the

performance for different systems rationally. The exergy efficiencies of the cyvcle are shown in Fig.
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Figure 7.1 The relationship of the exergetic efficiency and the peak temperature of the collector
(T=2°C, T=35°C)
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Figure 7.3 The relationship of the exergetic efficiency and the temperature of the collector in the
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Figure 7.9 The relationship of the exergetic efficiency and the evaporator temperature (7,=20°C,

7.=35°C)

From the Figures it can be seen that the exergetic efficiency of the system shows the same

general trends as the COP but with some exceptions. They are described and explained below.

At a certain evaporator temperature, condenser temperature, and moming temperature, the

exergetic efficiency of the system increases with the peak temperature of the collector, reaches

a maximum, and then falls off. The lower the morning temperature, the lower the optimal peak

temperature. In the typical conditions studied here, the optimal peak temperature is also in the

range of 70-95°C (Fig. 7.1, 7.2);

At a certain evaporator temperature and condenser temperature, the lower the moming

temperature, the higher the exergetic efficiency (Fig. 7.1, 7.3, 7.4, 7.5, 7.8). But the change of

the exergetic efficiency also depends on the peak temperature. The lower the peak temperatures

(eg, 75°C), the higher the exergetic efficiency in the low moming temperature range (eg, less

than 23°C), but the exergetic efficiency drops sharper with the mormning temperature (Fig. 7.3);
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e The exergetic efficiency, in general, decreases with condenser temperature, but the change

depends on other operating temperatures. For the cases of low peak temperature (eg, 75°C* or
high moming temperature (eg, 23°C), the exergetic efficiency decreases all along. For the cases
of high peak temperature (eg, 85°C) and low moming temperature (20°C), the exergetic

efficiency decreases and then increases slightly, but it will decrease finally (Fig. 7.5, 7.6).

It can also be deduced that for a certain climate (eg, moming temperature and condenser
temperature) and a certain application (eg, evaporator temperature), there is an optimal peak
temperature at which the exergetic efficiency of the solar adsorption refrigeration system reaches a

maximum. This temperature is in the range of the flat-plate collector achieving.

The introduction of the pressure-adjusting gas into the system also results in the decrease .of
exergetic efficiency. The difference of the exergetic efficiency of the systems with and without the

pressure-adjusting gas can be reduced by further work and it is beyond the scope of this thesis.

The exergy analysis can further evaluate the quality efficiency of the components (processes) of
the system. For example, the relative exergy losses for the system in some operation conditions are

shown in figure 7.10 to 7.13.
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Figure 7.10 The relative exergy loss vs. the peak temperature of the collector (7.=2°C, 7,=20°C,
T.=35°C)
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Figure 7.13 The relative exergy loss vs. the evaporator temperature (7,=20°C, 7=35°C, T;=85°C) -

From Fig. 7.10 to 7.13, it can be seen that

temperature range.

decreases slightly.

The relative exergy loss in the flashing step #0-r1 can be neglected.

At the same conditions, the maximum relative exergy loss occurs in the heating process 1-3.

As the peak temperature increases, the relative exergy loss in heating process -2 decreases
while that in heating process 2-3 increases, and the total relative exergy loss in the heating
process 1-3 decreases slightly at first and then increases slightly. The minimum relative exergy
loss in heating process 1-3 happens in the temperature range of 73-93°C. The relative exergy

loss in refrigerating process r0-r2 decreases slightly, but it is almost a constant in a wide peak

As the morning temperature increases, the relative exergy loss in heating process 1-2 increases
while that in heating process 2-3 decreases, and the total relative exergy loss in the heating

process 1-3 increases monotonically. The relative exergy loss in refrigerating process r0-r2

As the condenser temperature increases, the relative exergy loss in heating process 1-2
increases greatly while that in heating process 2-3 decreases .greatly, and the total relative

exergy loss in the heating process 1-3 decreases first and then increases. The miniroum relative

e
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exergy loss in heating process 1-3 happens in the temperature range of 35-45°C. The relative

exergy loss in refrigerating process r0-r2 increases slightly at first and then decreases slightly.

* As the evaporator temperature increases, the relative exergy loss in heating process 1-2
decreases greatly while that in heating process 2-3 increases greatly first and gently and gently
then, and the total relative exergy loss in the heating process 1-3 decreases greatly. The relative

exergy loss in refrigerating process +#0-r2 increases slight first and then decreases slightly.

It can be seen that the exergy analysis can reveal the “weakest link’ of the system. In our case,
the maximum relative exergy loss occurs in the heating process 1-3. If we want to improve the
exergetic efficiency of the system, it is far more effective to improve the heating processes, such as
by making the system working at a suitable peak temperature and reducing the velocity of the

pressure-adjusting gas circulated rather than to improve the refrigerating process.

It should also be pointed out that although the exergy analysis yields some of the same
conclusions as does the COP, the exergy analysis cannot take the place of the energy analysis.
Since the evaluation of the exergy for the substance at a certain state is based on some kind of
datum, in some cases, the results from the exergy analysis may be specious. For example, in our
case, as the evaporator temperature 7, app;roaches the environment temperature T (7e<)), the COP
of the system increases while the exergetic efficiency of the svstem decreases (Fig. 7.7, 7.8, 7.9).
So if only the exergy analysis is conducted, some information may be interpreted wrongly.
Therefore, the energy analysis and the exergy analysis are supplementary and compensatory to

each other.




8

The Simulation of the Performance of the Refrigeration
Cycle Powered by Soiar Radiation

The previous work is on the indoor experiment rig which is heated by a constant heat flux. For a
solar powered system, the heat flux is always changing. In this chapter, performance of the
refrigeration cycle powered by solar radiation in a clear day is simulated. To do so, the solar
radiation (in our case for the Southern hemisphere) is determined, and then the useful heat gained by
the collector pipe and the temperature of the pipe are evaluated. Based on this information, the
performance of the refrigeration cycle powered by solar radiation is simulated, and the simulation

can describe the performance of the system powered by solar encrgy more objectively.

8.1 SOLAR RADIATICN

Solar energy approaches the earth as e]éctromagnetic radiation. The total solar radiation /g of a
terrestrial surface of any orientation and tilt with an incident angle 6; is the sum of the direct
component Iy, cos 6 plus the diffuse component Jyccoming from the sky plus the radiation reflected

from the ground or the adjacent objects which may reach the surface I; (ASHRAE, 1995):

It’E}:]dir cos 8 + Iy + 1 8.1)
The Divrect Irvadiance

The direct irradiance g at normal incidence can be calculated from the extraterrestrial irradiance /y

and the zenith angle &, by a correlation (Hottel, 1976):

Iy = Iy [agraexp(-kicos 6,)) (8.2)

The coefficients ay, ay, and & depend on the altitude above sea level 4. For 23-km visibility and

midlatitude summer (Hottel, 1976)

a, = 0.97 (0.4237-0.00821(6-A)}; a; = 0.99 [0.5055+0.00595(6.5-A)
and k =1.02 [0.2711+0.01858(2.5-A)") 8.3)

The extraterrestrial irradiance I, can be determined by (Kreider and-Rabl, 1994)
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Wim" 8.4)

-~ -

I,= 1373[1 +0.033cos
365.25

360":1]

with # = day of vear (= 1 for January 1).

The zenith angle ; is the angle between the normal of the earth surface at point P and the line from

P to the sun, and for any latitude A and any time of day and vear

cos Gi=cos Acos Scos w+sin Asin & (8.5)

where @ is the solar hour angie and & is solar declination (the angle between the earth-sun line and

the earth’s equatorial plane).

The solar hour angle

@ = (number of hours from solar noon) 15° = (1, ~12 h) x 360%24 h (8.6)

where r,, is the apparent solar time.

The solar declination

360°(n +284)

8.7
365 &7

S0 =+23.45 sin

where “+™ and *-" are for the northern and the southem hemisphere, respectively

Solar time (t,;) generally differs from local standard time (n) or day saving time (f4;). The ¢,
can be determined by (Kreider and Rabl, 1994)

fas = s + El+ (4 min) (LSI'LIOC) (88)

where £ is the equation of time which is defined as the difference between solar noon and noon of
local civil time; L, 1s the longitude of the standard time meridian; and Ly is the local longitude. The

equation of time E, can be approximated by
E, =987sm2B~7353¢cosB-13smnB min (8.9)
with

B =360°(n-81)/364  for the nth day of vear for north hemisphere,
and B =360°{n-263)/364  for the #th day of vear for south hemisphere (8.10)
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The Incident Angle

The incident angle & of the sun on the plane (angle between normal of plane and line to sun) (Kreider
and Rabl, 1994)

cos © = sin 0; sin 6, cos ¢ + cos 6, cos B, (8.11)

where 8, is the tilt angle of the plane (measured from the horizontal), ¢ is the plane-solar azimuth.
For plane facing east of south, ¢= ¢ - ¢, in the moming and ¢ = ¢ + ¢, in the afternoon. For plane
facing west of south, ¢ = ¢ + ¢ in the morning and ¢ = ¢ - ¢, in the attemoon here ¢ is the solar

azimuth and ¢, is the azimuth of the plane. For south-facing surface, ¢, = 0.

The solar azimutis (ASHRAE, 1993)

cos ¢ = (cos O; sin A - sin J)/(sin O, cos A) (8.12)
The Diffuse Radiation

The amount of diffuse radiation for a surface with a tilt angle 6, Ju¢

Lir = s noe (1+c0s 19.,)/2 8.13)

where Jui ner 15 the diffuse radiation on a horizontal surface and it can be estimated by (Liu and
Jordan, 1960)

Idif,hor = (0.271 1 L -0.2939 1) cos 95 (8 14)
The Reflected Radiation
Ir = (Idir CcOs é?s + Idif,hor) pS (1- COs 6’,,)/2 (8.15)

where p; is the reflectivity of the ground, usually 0.2 without snow (Kreider and Rabl, 1994).
Typical dati for the most common surfaces are given by Hunn and Calafelt (1977) and Threlkeld
(1970).

The theoretical total solar radiation at the Gippsland Campus, Monash University, is calculated

and shown in Fig. 8.1.

8.2 COLLECTOR PERFORMANCE

The useful heat gained by collector may be evaluated by (ASHRAE 1977)

I
i
|
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Ou=lp (1) Apo - UL A, (t - 12) (8.16)

where (70)g 1s the transmissivity 7 of cover times absorptivity @ of the collector pipe at prevailing
incident angle 6, Ay, 4, is the projected area and the area of the collector pipe, respectively, Uy is
the heat loss coefficient, and ¢ and ¢, is the temperature of the collector and the atmosphere,

respectively.
The transmissivity - absorptivity product

According to Duffie and Beckman (1991)

(ra), = ——st (8.17)

1-(1-a)p,

where 7 is the transmissivity of the cover, « is the absorptivity of the collector tube, and o is the
diffuse reflectivity. For flat black paint « = 0.96 (ASHRAE, 1995) and the valuc of « can be
assumed independent of direction for the cylindrical tube. The diffuse reflectivity py = 0.16, 0.24,

0.29, and 0.32 for one, two, three and four glass cover systems, respectively.

The transmiissivity of the cover, 7, can be determined by (Duffie and Beckman, 1974)

T=17 (8.18)

rFoo

where 7 is the transmissivity of the cover neglecting absorption, and z, is the transmissivity

considering only absorption.

The transmissivity of the cover neglecting absorption

) __U=-p (8.19)
1+(2n-1p

where » 15 the number of the covers, and

p=05 sin:(ﬁ"-—B) . tan:(é?’-@) (8.20)
sin“(8’'+8) tan"(8'+8)

where #and #”are the angles of incidence and refraction, respectively. The angles of refraction

6’ = arcsin[smw)} (8.21)

n.

e e AL

o

AL ——
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where # is the index of refraction of glass, and the average index of refraction of glass for the solar
spectrum is 1.526 (Duffie and Beckman, 1974).

The transmissivity considering only absorption

r,=e™ (8.22)

where K is the extinction coefficient, and L is the actual path of the radiation through the medium.
The extinction coefficient K is assumed to be a constant in the solar spectrum, and the value of X
varies from about 0.04/cm for “water white” glass to about 0.32/cm for poor (greenish cast of edge)
glass. The usual nominal thicknesses of glass are 2.4, 3, 3, 5.3, 6, and 13 mm (ASHRAE, 1997).

The Temperature of the Atmosphere

Assuming that the lowest temperature appears at 6;00 am, and the peak temperature appears at 3:00

pm (13:00), the temperature of the atmosphere T, can be expressed as

T, =T, +(T, . ~T, .. )sin[(t - 6)*10)] (<15)

a,min a,mas

and T,=T,  +({T -7

o = Toin + Lo = Toma Jo0s[0=19)¥10)) (215) (8.23)
The Product of Heat Loss Coefficient and the Surface Area U1 A4,

The heat loss of the pipe can be decomposed as the heat loss of the top half of the pipes and that of
the lower half (back) of the pipes.

The top heat loss coefficient U, (including convective and radiation loss) is calculated with the

equation developed by Klien (1975) and discussed by Duffie and Beckmann (1991)

3 =1

U = N +__1_.L N o(7,.,, +Ta)(T;m +17) (8.24)
a c |7,.-T, * h, (¢, +0.00391 )" + QN + f~1+ 0.133¢,,)/ e, -N
LTP"‘“ N+f J

where T, is the temperature of the collector pipe, /= (1+0.0894,-0.1166A,.6,)(1+0.07866N),
¢=0.43(1-100/T ), C=520(l-0.000051992), 8, is the tilt angle, &, and & is the emissivity of top part
of the collector pipe and glass cover, N is the number of the glazing (¥=1 in our case), /A

(=2.8+3.0¥) is the wind heat transfer coefficient and ¥ is the outdoor wind velocity.
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The above equation is developed to fit the graphs for U, for the flat absorbing surface. However,
in our case, the absorbing surface is the surface of the collector tubes and it is not in the same area

as the cover. So Eq. (8.24) needs to be adapted as

3 -1
T +T )T +TF
UA, = N R A+ (T, +T )T o +1,) A
c [7,.~-T,T h (,, +0.00392k ) + (2N + £ ~1+0.133¢ )/ £, - N
Tpml NS

(8.24%)

where 4, and A, is the area of the absorbing pipe (at most half of the whole pipe) and that of the

cover, respectively.

The back heat loss coefficient from the collector pipe to the casing is the sum of the

convective heat loss coefficient /. and the radiation heat loss coefficient A, ie,
ho=hyethy (8.23)
The back convective heat loss coefficient (Amold et al,, 1976; see also Bejan, 1984; Rohsenow,
1998)

h b.c=Nu( ep}kalr/ L ( 3. 26)

where k;; is the heat conductivity of the air, L is the distance of the two “plate”. The Nusselt number

Nu(g,)=1+(Nu(90°)-1)sin(180-6,)
and Nu(90°)= 0.364 (L/H)Ray " (8.27)

here A ts the length of the plate in the inclined direction. The Ravleigh number is defined

Ran= (g’ D(av) (8.28)

where fis the volume coefficient of expansion and f=1/T%, « is the thermal diffusivity, and vis the

kinematic viscosity. Based on the data given by Incropera and Dewitt (1994),

k=(0.075T¢+3.8)x 10° W/m°C, u= (0.1587-24.9)x 10 m?/s,
and y = (0.10527-15.67)x10° m¥s | (8.29)

The radiative heat transfer coefficient from the lower-half of the tube to the casing is

b - (T, +T 0T} +T})
br (-6,,) &, +11F,, +A,(1-¢)(4,&,)

(8.30)

[ - e T b T
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where 7} is the temperature of the back casing, &, and & is the emissivity of the bottom of the
collector pipe and the back casing, 4, and 4y are the areas of the lower part of the pipe (half pipe)
and the back casing, respectively, and F, is the radiation shape factor from surface p (pipe) to
surface b (back casing). (The radiation shape factor is defined as the fraction of radiant energy
leaving one surface which strikes a second surface directly, both surface assumed to be emitting
energy diffusely. Detailed definitions and analysis on thermal radiation see Siege! and Howell 1981.)
In order to reduce the radiation heat loss, the collector pipe is not painted black or covered by an
adsorbing film, so the emissivity of the lower part of the pipe is not the same as the top part. The
pipe is usually made of stainless steel, and the back casing is usually made of aluminium sheet. For

the typical stainless steel, £= 0.22 and for the heavily oxidized aluminium, £= 0.2-0.31 (Holman,

1997). The radiation shape factor F, = Fy, (A /4, ) = Fyy, (Ay “Ap ) =2/ for the cylindric pipes |

contacting closely and neglecting the edge effect.

8.3 SIMULATION OF THE PERFORMANCE OF THE ADSORPTION EFRIGERATION
CYCLE POWERED BY SOLAR RADIATION

8.3.1 The Temperature of the Collector and the Useful Heat Gained by the Collector

The useful heat gained by collector depends also on the temperature of the collecior pipe. B\
replacing the constant heat flux with the variable heat flux in the equations in chapter 4, the
temperature change of the collector pipe, and the useful heat gained by collector can be evaluated.
The results for our case are illustrated in Fig. 8.1 and 8.2, respectively. The total solar radiation /; is

also shown in Fig. 8.1.
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Figure 8.1 The total solar radiation J, and the useful heat O, gained by the collector (January 21,
Gippsland, V=5 m/s, 6=30° one-glass cover, 2.4 mm thick, &, = 0.96, g =0.88,
51=0.22, & =0.216, D; =0.0506 mm, L=0.03 m, and #=0.53 m)
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Figure 8.2 The temperature of the solar collector tube (T.=2°C, T;=20°C)

The ratio of the useful heat to the solar radiation is called the efficiency of the collector, and it is

evaluated and shown in Fig. 8.3 for our case.
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Figure 8.3 The efficiency of the solar collector (Januvary 21, Gippsland, ¥=3 nvs, §,=30° one-glass
cover, 24 mm thick, &, = 0.96, g = 0.88, 5,= 0.22, = 0.216, D; =0.0506 mm,
L=0.05 m, and H=0.53 m)

From the figures, it can be seen that the solar radiation, the temperaiure of the pipe, the useful
heat, and the efficiency of the collector all initially increases with time and then decrease. After the
temperature reaches its maximum, the heat loss is greater than the heat gain, so the temperature will

decrease then. The efficiency of the collector changes with the time (Fig. 8.3).




8.3.2 The Simulation of COP

To simulate the performance of the adsorption refrigeration cycle powered by the solar radiation, it
is necessary to correlate the temperature of the collector pipe and the heating time. The investigation

of the Fig. 8.2 results in the following rcgression expressions (the relationship of the heating time ¢

and the temperature 7):
=0 338367 (re346.56 K) (8.31a)
4 5341
£ =205+ 30 i1 L234656) (346,56 <7<377.14K) (8.31b)
T 30.58
and =420+ 3% g L3704 (12337714 K) (8.31¢)
T 30.58

Substituting these relationships (Eq. 8.31) into Eq. (5.28d), the enthalpy change of the pressure
adjusting gas |
A . m,c ,hA

pr,2=3

t

ot - - 410 ' T . /4
60(346.56-T )t, —1.)+5341— —t. ) —sin(~—1,
W,c +Id, [ ( =t ;z (Sm(«uo DT ))]

(T<346.56 K) (8.32a)

33414101 . x . 2057

346.56-T,)(205 1 (Zo1,)-
i e, kA, 60(346 J205-1)+ = Lsm‘“q 3) =sin( 1o ))
pr,2-3 = .
t, =20
Mo P | 60346.56 - T.)(r, - 208+ 22382430 (1—cos(——-————-”( T 5))]
T

(346.56 <T<377.14K) (8.32b)

and
_ 5341x410( . & . 2037
60(346.56 ~ T, (205 —1.) + s 1)—s
_ ( . H205-1.) - [ 111(_“0 1) —sin( m ))
n ¢, hd . -
AH . e e +60x215x(346.56-1;)+§9_£§_’£i3_"_(1_c05(213x)}
' 11,,C, +1d,, 7 130
: L= 420) )
+60(346.56 T, )(t, _4zo)+_3_9_5_§13‘.§9[1_005( 7(; = 420), ]
I x 430 |
(723377.14K) (8.32¢)

Other items in the COP formula (Eq. 5.73) can be evaluated by the same equations presented in
chapter 5. Substituting Eq. (8.32) and other related equations into Eq. (3.73), the coefficient of
performance (COP) of the adsorption refrigeration cycle powered by the solar radiation can be
evaluated now. The results are shown in Fig. 8.4 to 8.12. The COP of the system without pressure-

adjusting gas is also shown in the figures in hollow mark and dotted line.
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Figure 8.4 The relationship of the Coefficient of Performance (COP) and the peak temperature of
the collector (T.=2°C, T=35°C)
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Figure 8.5 The relationship of the Coefficient of Performance (COP) and the peak temperature of
the collector (7.=2°C, T,=20°C)
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Figure 8.6 The relationship of the Coefficient of Performance (COP) and the temperature of the
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collector in the moming (7.=2°C, T=35°C)
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Figure 8.7 The relationship of the Coefficient of Performance (COP) and the temperature of the
collector in the morning {7,=2°C, T3=835°C)
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Figure 8.8 The relationship of the Coefficient of Performance (COP) and the condenser
temperature (7.=2°C, T,=85°C)
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Figure 8.9 The relationship of the Coefficient of Performance (COP) and the condenser
temperature (7=2°C, T,=20°C)
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Figare 8.10 The relationship of the Coefficient of Performance (COP) and the evaporator
temperature (7,=20°C. T5=85°C)
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Figure 8.11 The relationship of the Coefficient of Performance (COP) and the evaporator
temperature {7,=35°C, 73=835°C)
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Figure 8.12 The relationship of the Coefficient of Performance (COP) and the evaporator
temperature (7),=20°C, 7:=33°C)
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From the figures, it can be seen that the COP of the system has similar trends as shown in

chapter 5. The COP decreases markedly away the peak temperalcure of 110°C (Fig. 8.4 and 8.5).

8.3.3 The Simulation of the Exergetic Efficiency

Substituting Eq. (8.31) into Eq. (7.71a), the exergetic efficiency of the adsorption refrigeration

cycle powered by solar radiation can be evaluated and it is shown in Fig. 8.13 to 8.21
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Figure 8.13 The relationship of the exergetic efficiency and the peak temperature of the collector
(7:=2°C, T=35°C)
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Figure 8.14 The relationship of the exergetic efficiency and the peak temperature of the collector
(T=2°C, i=20°C)
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Figure 8.15 The relationship of the exergetic efficiency and the temperature of the collector in the
moming (7=2°C, T.=35°C)

0.012
0.01
0.008

0006 [~ —s—T1c=30C —m—Tc=35¢C \
0.004 |~ —a Te=40C Te=2C \

0.002 |~ 73=85
s S

Exergetic Efficiency

5 10 15 20 256 30 35 40
T4 (T roringh (C)

Figure 8.16 The relationship of the exergetic efficiency and the temperature of the collector in the
moming (7.=2°C, 75=85°C)
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Figure 8.17 The relationship of the exergetic efficiency and the condenser temperature (7.=2°C,
T=85°C)
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Figure 8.18 The relationship of the exergetic efficiency and the condenser temperature (7.=2°C,
T |=20°C)
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Figure 8.19 The relationship o1 .2 vxui geiw efficiency and the evaporator temperature (7,=20°C .
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Figure 8.20 The relationship of the exergetic efficiency and the evaporator temperature (7,=35°C,
75=85°C)
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Figure 8.21 The relationship of the exergetic efficiency and the evaporator temperature (7,=20°C,
T=35°C)

From the figures, 1t can be seen that similar to COP, the exergetic efficiency of the system has
similar trends found in chapter 7. The exergetic efficiency of the system changes wave-shapely
with the peak temperature (Fig. 8.13 and 8.14). At the same peak temperature, the exergetic

efficiency of the system is in the same trend with and almost the same amount as that in chapter 7.

8.4 THE SUMMARY OF USEFUL FORMULA

This thesis presented a comprehensive study on the solar adsorption refrigeration system. To

facilitate the evaluation and simulation for the performance of the solar adsorption refrigeration

system, some useful formulae are indexed here.

Some of the thermophysical properties of methanol, the adsorption property and the key
thermodynamic properties of the adsorbent/methanol are determined in chapter 2. The saturated
vapour pressure of methanol is determined by Eq. (2.4), or (2.1) and (2.2). The saturated density of
methanol liquid is determined by Eq. (2.3) or (2.5). The P-T-x relationship of activated carbon
207E4 and methanol is presented in Eq. (2.41) and Eq. (2.12) and (2.13). The threshold
temperatures of desorption and adsorption are determined by Eq. (2.37), (2.38) and (2.16). |

The heat transfer analysis on the collector in the heating processes was described in chapter 4.
The volumetric heat capacity and the effective thermal conductivity of the adsorption!desorptidn
bed are evaluated by Eq. (4.2) to (4.9). The goveming equations and conditions are described in
Eq. (4.13) to (4.17). The finite-difference equations are presented in Eq. (4.18) to (4.29). The
relationship of the temperature and time in the collector tube in the heating processes was obtained

by obtained here is used in the following analysis (for the constant heat flux empioved, the
relationship is Eq. 4.30; for solar radiation simulated, Eq. 8.26).
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The energy analysis on the solar adsorption refrigeration cycle was developed in chapter 5. The
gross COP of the cycle is expressed by Eq. (5.73). In which, the maximum and minimum
concentration is determined by Eq. (5.12) and (5.47), respectively. The mean specific heat of
methano! is determined by Eq. (5.18). The mass of the pressure-adjusting gas in the collector is
determined by Eq. (5.21b). The change of the enthaipy of the pressure-adjusting gas in the heating
process 2-3 is determined by Eq. (53.28f) (for the constant heat flux) and Eq. (8.27) (for solar
radiation simulated). The product of the pressure and the specific volume of the saturated methanol
liquid is determined by Eq. (5.43). The average heat of desorption (adsorption) is evaluated by Eq.
(5.54). The latent heat of liquid-vapour transition is determined by Eq. (5.70).

Chapter 6 conducted the mass adsorption transfer analysis and derived some useful formulae.
The amount of adsorption and the rate of the adsorption are expressed by Eq. (6.49) and (6.50),
respectively. The rate of refrigeration is calculated by Eq. (6.51). In these equations, the overall
mass transfer coefficient k¢ and ko, is‘evaluated by Eq. (6.29b) and (6.30b), respectively.

In chapter 7, a detailed exergy analysis on the processes and the whole cycle is carried out. The
exergy change, the exergy used, and the exergy loss for the heating process 1-2 are expressed by
Eq. (7.57b) (or 7.59b), (7.60) and (7.61), respectively. The exergy change, the exergy used, and the
exergy loss for the heating process 2-3 are expressed by Eq. (7.73), (7.74), and (7.75), respectively.
The exergy loss in the flashing step is expressed by Eq. (7.782). The gross exergy gain and the
exergy loss are expressed by Eq. (7.80b) (or 7.33b) and (7.85b) (or 7.85¢). The exergy used and the
exergy loss in the whole cycle is expressed by Eq. (7.86) and (7.87), respectively. The exergetic
efficiency of the processes (steps) and the whole cycle is expressed by Eq. (7.89). In the above
equattons, the mean specific heat for entropy Calculation is determined by Eq. (7.52). The heat of
adsorption is determined by Eq. (5.33). The mole fraction of the adsorbent/refrigerant mixture can
be calculated from Eq. (5.12) and (5.47). The mole fraction of the refrigerant vapour and the
pressure-adjusting gas can be determined by the same approach as that in section 4.2.2. The mass
rate of the pressure-adjusting gas is determined by Eq. (3.27). The specific heat of the methanol
vapour is determined by Eq. {7.66). The quality of solar irradiance is evaluated by Eq. (7.30). The
mass of the liquid refrigerant at the beginning of the cooling step is determined by Eq. (7.77). |

A simulation of the performance of the adsorption refrigeration powered by solar radiation was
described in chapter 8. Solar radiation is determined by Eq. (8.1) to (8.15). The performance of the
collector is evalunated by Eq. (8.16) to (8.25). By replacing the constant heat flux with the variable
heat flux into the equations in chapter 4, the temperature of the collector pipe, the useful heat, and

thus the COP and the exergetic efficiency of the system can be simuiated.

With these models and equations presented here, the performance of the solar adsorption

refrigeration system working at near atmospheric pressure can be evaluated comprehensively.
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9

Some Suggestions and Guidelines for the Design of the
Prototype

The previous chapters presented a comprehensive analysis of a solar adsorption refrigeration
system working around atmospheric pressure. The analysis was compared to results obtained on the
indoor experimental rig developed. A simulation of the performance of the adsorption refrigeration
cycle powered by solar radiation is also conducted. To investigate this technique further, a
prototype must be designed, built and tested. The detailed design, building, and testing of the
prototype are beyond the scope of this thesis. This chapter presents some suggestions and
guidelines for the prototype design.

9.1 THE COLLECTOR/ADSORPTION BED

e Flat-plate collector is suitable for the system.

* Stainless steel is recommended as the material of the collector pipe. Copper and Aluminium
are not suggested since copper may cause the decomposition of methanol and corrosion may

accur at the junction between aluminium and other metal materials.

o The heat capacity of the collector (the collector pipe and the contained materials) needs to be
selected for particular climate and application (eg. the ambient temperature, the condenser

temperature, the evaporator temperature).

o To harvest the solar radiation simply and effectively, the collector pipes can be in contact each

other, and the upper half of the pipe shall be painted black or covered by some adsorption film.

¢ It is useful to have two ‘dampers’ in the collector. One is at the upper side edge, and the other,
the lower side edge, of the collector. In the heating process (during the day), the dampers are
closed. In the cooling process (the late day and right) the dampers are open to cool down the
adsorption bed quickly and to help keeping the temperature of the adsorption bed as low as
possible.

e The cover of the collector could be a single ordinal glass.
» The casing of the collector and the dampers need to be heavily insulated.

s The distance from the collector pipe to the glass cover and from the collector pipe to the back

casing may be taken as 50 mm (Hu, 1992).

et ST e

e s e g £ e s W S s

ot madan A i TR A R e e



The collector is schematically shown in Fig. 9.1 and 9.2.

r/ Common pipe
N N N (N O I
Collector / generator
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] Adsorption/desorption bed
Pt RN P P PN
P 1L 1F 1F 11 .
__— Common pipe

Lf Stream in

Figure 9.1 The schematic arrangement of the collector pipes

Glass cover
Collector pipe

7

/ Casing of the collector
7 OO0 —

/ - Insulation layer
LT

Figure 9.2 The schematic of the relative position of the collector pipe and the casing

9.2 THE CONDENSER

+ To simplify the system, the condenser can be a static air cooled one (natural convection).

» To improve heat exchange, fins are employed in the outside of the pipe of the condenser (in the

air side).

e To reduce the flow resistance, a grid configuration for the condenser is recommended (Fig.

9.3). The pipes of the condenser are made straight.

e To prevent the condensed refrigerant from being trapped in the condenser, the lower common
pipe should be inclined to the outlet of the condenscr to allow for drainage. The inclination

should be equal to, or greater than, 0.01.
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« The condenser pipe can be made of copper or brass.

The condenser is schematically shown in Fig. 9.3.

Y

Common pipe

..--f.-.’

Condenser
pipe

/ Fin

|_———

A

_— | -,

T

Inclination { 2 0.01 + Inclination i = 0.01

Figure 9.3 The schematic of the condenser

9.3 THE EVAPORATOR/COOLING CHAMBER

o The solar adsorption refrigeration system can be adapted for different purposes with different

shapes of evaporators. The evaporator supposed here is for a domestic refrigerator.
o To simplify the sysiem, the evaporator can be a static air cooled one (natural convection).

e To reduce the fiow resistance, a grid configuration for the evaporator is also recommended
(Fig. 9.4). ’

¢ To get a good cooling, the evaporator pipe may be installed in the cooling chamber (Fig 9.5).

o To protect the evaporator pipe, a plate with good thermial conductivity may be employved (plate-

type evaporator). This plate also plays the role of a fin increasing the heat exchange.
» The evaporator pipe can be made of copper or brass.

o To protect the bottom pipe/plate of the evaporator, a tray may be smployed in which the
objects or materials to be cooled is put on.

e A sight glass can be included in the evaporator if the condensing and evaporating processes

need to be observed.
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The structure of the evaporator is schematically shown in Fig. 9.4, and the assembly of the
evaporator/cooling chamber is schematically shown in Fig, 9.5 for the case the pipe being instailed

in the cooling chamber.

1

=

Figure 9.4 The schematic arrangement of the evaporator pipes
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Figure 9.5 The schematic of the relative position of the evaporator and the casing

9.4 THE SYSTEM

e The collector is tilted with a suitable angle to face the solar radiation.

e The condenser is arranged below the collector to shield the direct solar radiation but with

enough distance for air convection.

* A pipe connecting the evaporator outlet and the collector inlet and a fan is needed for

circulation in the stream. The fan may be powered by a small solar PV plate or battery.
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o Measuring meters and instruments. Solar radiation pyranometer, . . jeed meter, pressure
gauge, thermometers in the collector bed, in the condenser, in the evi_oratar, in the cooling

space, and in the cooled subjects or materials, in the inlet and out let of each component, etc.

The system is schematically shown in Fig. 9.6.

Collector

Flow i20.01
direction T Value (optional)
B / P

/ Cooling chamber
Fan / (evaporator)

Figure 9.6 The schematic of the solar adsorption refrigeration system




Conclusions

From the research conducted in this thesis, it can be concluded:

e The resezrch hypothesis that the working pressure of the adsorption refrigeration system using
methanol as refrigerant could be adjusted to about atmospheric pressure by using a selected
adsorbent and introducing a pressure balance gas has been proved experimentally and

theoretically.

e Activated (‘arbon has been found suitable for use as the adsorbent, while Heiium used as the

pressure-balanc: 1; .

e Some Molecular Sieve samples tested (MS 5A and MS 13X) are not good for this purpose
when solar energy is the heating source. Other Molecular Sieves and other refrigerants remain

to be xplored as the adsorbent/refrigerant pairs.

¢ The heat transfer analysis yielded descriptions of the tempcrature distribution in the
collector tube and the temperature variation with time in the heating and the
heating/desorption processes for ti:2 constant heat flux. The results from the theoretical
model agreed with the experimental resuits. So the mode! was extended to the variable

heat flux in the simulation.

¢ The energy analysis on the solar adsorption refrigeration cycle evaluated the
thermodynamic performance of the system. The introduction of the pressure-adjusting
gas into the system increases the heat consumed, thus decreases the COP. The optimal
COP of the new system is about half of that of the conventional system at the same
conditions except the peak temperature. The most important task in this research is lo
eliminate the leaking problem for the vacuum system; therefore, the difference of the
COPs of the systems with and without the pressure-adjusting gas is not the main
concern here. The COP of the system working around atmospheric pressure can be

improved by reducing the velocity of the stream.

e The energy and exergetic analyses showed that for a certain climate (eg, a certain moming
terperature and a cerfain condenser temperature) and a certain application (eg, a specific
evaporator temperature), there is an optimal peak temperature at which the COP and the

exergetic efficiency of the system are maximized. The optimal peak temperature is in the range
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of 70-95°C for our case. Over this optimal peak temperature, the COP and the exergetic
efficiency will decrease and will be only about two thirds of the maximum COP when the peak
teinperature is designed to be 120°C. Thus the solar refrigeration system should be designed
and charged specifically for specific situations to achieve the best thermodynamic
performance.

The exergy analysis on the processes and the whole cycle revealed the ‘weakest link” of the
system. In our case, there is large exergy loss in heating process from state 1 to state 2 and
from state 2 to state 3, so if the thermodynamic pecformance of the system is to be improved,
the thermal performance of these processes should be improved firstly. This improvement can
be achieved by designing the collector/desorption bed 'properly for the particular application
and reducing the velocity of the stream. Since the detailed exergy analysis for adsorptibn
refrigeration system has not been found reported, the methodology of the analysis developed in

this study was a new attempt in this aspect.

This system is suitable to locations with the low moring temperature, and medium ambient air
temperature in the day. From the viewpoint of refrigeration, the larger the difference of the
concentrations (the ratio of the amount of refrigerant hold by the adsorbent to the amount of the
adsorbent} in a cycle, the larger the cooling capacity, while the lower the morning temperature,
the larger the maximum concentration can be hold and the lower the condenser temperaturé,
the lower the minimum concentration can be reached (with the same evaporator temperature
and the same peak temperature). However, the lower the minimum concentration, the harder it
is to get the refrigerant desorbed. Thus the cycle needs a compromise between the cooling

capacity and the heat consumed.

The adsorption mass transfer model developed in this study described the adsorption process.
The adsorption transfer analysis resulted in some useful derivates (eg, the rate of adsorption
and the rate of cooling). The rate of cooling, which is strongly subjected to the velocity of the

stream, is determined by the insulation of the evaporator.

The simulation gave a more realistic indication of the cycle performance (eg, COP and
exergetic efficiencies) of the pe.«.wmance of the adsorption refrigeration cycle powered by
solar radiation in an actual installation. The simulation also shown that there is an optimal peak
temperature at which the COP and the exergetic efficiency of the system are maximized. The
optimal peak temperature is also in the range of 70-95°C for our case. Over this optimal peak
temperature, the COP and the exergetic efficiency will decrease and :hen level off. The COP
corresponding o the peak temperature of 120°C is also only about two thirds of the maximum
COP. The simulation can be refereed in the prototype design. In order to make it convenient to

find the pertinent equations, an index of the useful formulae was also presented.
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The flat-plate solar collector is suitable for the system. For our activated carbon-methanol-
helium system, the optimal peak temperature is in the range (75-93°C) that the flat-plate
collector can reach (under 120°C). So there is no need to pursue a higher temperature and no

need to employ advanced and expensive collectors.

Some suggestions and guidelines were also presented for the full scale solar powered prototype

design.
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‘Recommendations for Further Work

To implant the solar adsorption refrigeration concept developed in this thesis, more work needs to

be done. Some suggestions and recommmendations for further work are:

Modify the indoor experimental rig further. The condenser and the evaporator is the same
component which compromises its performance. The advantage of this arrangement is that it is
simple and compact, but the drawback is it is hard to measure the cooling effect directly.
Although the cooling effect can be calculated (indirectly), it 1s preferable to measure it directly.
That is why the measured cooling effect has not been given in the thesis. The evaporator in the

new rig should be an independent one and should be heavily insulated.

Design and build a prototype ard conduct the field measurement. The indoor rig can simulate
somg of the climate condiilons, but not all. A prototype such as the one suggested in chapter 9

should be designed, built, and tested in the realistic conditions.

Modify the prototype until it works satisfactorily. Then if possible, design and build a sample

machine and conduct further tests. Modify the design and the amount of refrigerant charged of
the sample machine to make it as effective as possible. Jf the machine works satisfactorily for a

reasonably long time, it can be mass produced.
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