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ABSTRACT

Heat powered adsorption systems offer advantages for air conditioning of automotive
vehicles in terms of reducing fuel consumption and CO, emissions. However,
published literature shows that developed adsorption systems are bulky and expensive,
hence there is no commercial implementation of such systems. Metal organic
framework (MOF) material is a new class of adsorbent material that has high surface
area, high pore volume, highly tunable structural properties and uniform pore size.
This PhD research project set out to investigate the feasibility of an MOF based
adsorption air conditioning system for automotive application. To achieve this,
utilising a working pair with high refrigerant adsorption capacity and adsorber bed
design with good heat and mass transfer performance was investigated. Therefore, the
adsorption characteristics of three water based adsorbents: silica gel RD-2060, SAPO-
34 and CPO-27Ni were experimentally tested using a DVS analyser. Their adsorption
characteristics were compared for relative pressure values ranging from 0 to 0.4
applicable in air conditioning systems, the water uptake of CPO-27Ni MOF is higher
than that of SAPO-34 and silica gel RD-2060, indicating that the CPO-27Ni is the
most promising adsorbent among these three materials. In addition, a finite element
model was developed to evaluate and compare the adsorption performance of three
different adsorption bed designs: a rectangular finned tube adsorption bed, a
honeycomb finned rectangular channel adsorption bed and a helix finned tube
adsorption bed. The rectangular finned tube adsorption bed was found to outperform

the other designs, in terms of its water uptake and HCR.



A lab-scale test facility, based on a single bed refrigeration cycle containing one
adsorber bed and one heat exchanger, used as both the evaporator and condenser, was
constructed. The effects of various operating conditions on the system’s performance
including dry adsorbent desorption time, cooling water flow rate, adsorption time,
desorption time and temperatures of evaporation and condensation was

experimentally investigated using this test facility.

A lumped-parameter mathematical simulation technique was developed to simulate
the working process of the automotive adsorption air conditioning system based on a
two-bed system capable of continuous cooling. The performance of the adsorption
cooling system was investigated at varying cycle times, varying heating fluid
temperatures and flow rates and with different adsorption bed fin number and fin
height using this mathematical model. The results show that this adsorption air
conditioning system can produce the required cooling capacity of 2.39kW, with
specific cooling power (SCP) of 440W/kg and coefficient of performance (COP) of
0.456, when a desorption temperature of 130<C is obtained by hot oil heated by the

engine’s exhaust gas.
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CHAPTER 1 GENERAL INTRODUCTION

1.1 Introduction and background

Refrigeration systems are widely used in many applications such as air conditioning,
food industries, vaccine protection, cold storage, supermarket display and retail [1, 2].
Approximately 30% of worldwide energy is consumed by refrigeration and air-
conditioning systems [3]. In terms of automotive application, the air conditioner aims
at providing comfort for drivers and passengers. At present nearly all automotive air
conditioners use traditional mechanical vapour compression refrigeration systems
driven by the main car engine. Therefore, it reduces the automotive driving
performance and increases the fuel consumption and exhaust gas pollutants’
emissions. For a 1200kg car running at 56km/h, the mechanical vapour compression
refrigeration air-conditioner can add up to 5-6kW peak power draw on the engine [2].
Moreover, the air conditioning system can increase the fuel consumption by up to 70%
for a B class car on an urban cycle under severe ambient conditions (35<C and
60%RH) [4]. Overall, the efficiency of a diesel engine is about 35%-40% and the rest
of the energy is lost mainly to the engine coolant loop and the engine exhaust gases [5,
6]. Methods of utilising the waste energy from the automotive engine to drive the car
air conditioning system are worthy of investigation. Moreover, it has been agreed by
the Montreal Protocol, the Kyoto Protocol and the Vienna Convention that HCFCs
and CFCs are phased out. HFCs are also one of the main greenhouse gases which are

currently used in most automotive air conditioners. At present, researchers are looking



for techniques to reduce energy consumption and meet the greenhouse gas emission

targets.

An adsorption refrigeration system is an alternative technique for the mechanical
vapour compression refrigeration system. It can be driven by low-grade heat (80-
150€) like solar energy, or waste heat from industrial processes, or automotive
engines [7]. However, there is still no working prototype available commercially for
automobiles at present, because of its low efficiency, large weight and volume [8].
The working principle of the adsorption refrigeration system is based on the
adsorption process of a refrigerant on a porous solid adsorbent material. Figure 1-1
shows a basic adsorption refrigeration system consisting of three main parts: adsorber,
condenser and evaporator. The refrigerant vapour is desorbed by heating the
adsorbent material and condensed in the condenser. In the adsorption process, the
adsorbent material adsorbs the refrigerant vapour generated in the evaporator. As the
refrigerant liquid evaporates in the evaporator to produce vapour, it absorbs heat from
the surrounding producing cooling effect. The cooling effect can be used for various

cooling applications like automotive air conditioning.

Different working pairs, including adsorbent and refrigerant, influence the
performance of an adsorption refrigeration system. Based on published research on
adsorption air-conditioning systems the most commonly used working pairs are
activated carbon/ammonia, activated carbon/methanol, activated carbon/ethanol, silica
gel/water and zeolite/water [9-11]. However, recently advanced adsorbent materials
have been developed with superior adsorption characteristics like metal organic

framework (MOF) material. MOFs have a larger refrigerant uptake capacity



compared with other adsorbents; which can increase the performance of an adsorption

refrigeration system dramatically [12-14].

Condenser =P (Qcondensation

- Qadsorption

Refrigerant f
Adsorber

‘- Qregeneration

EVaporator <- Qevaporation

Figure 1-1 Basic adsorption refrigeration system

1.2 Aims and objectives

The main aim of this PhD project is to develop an MOF based adsorption air
conditioning system for automotive application; to produce the required 2kW cooling
load with high specific cooling power (SCP) for the normal cooling requirements of a
car’s cabin and high energy utilisation efficiency with a high coefficient of
performance (COP). To achieve this research aim, the detailed project objectives are

set out below:



a) Review of various advanced adsorbent materials and adsorption bed structures to
identify their advantages and disadvantages. In particular, research work on metal

organic frameworks and their adsorption characteristics will be reviewed.

b) Review of research on adsorption air conditioning systems for automotive
application and determine the parameters that can improve the system cooling

performance.

c) Investigate the adsorption characteristics of various advanced adsorbent materials
and select the adsorbent with the best performance in terms of SCP and COP, to be

utilised in adsorption air conditioning systems for automotive application.

d) Develop a finite element model to simulate the adsorption process of various
adsorption bed designs. The adsorption bed design with the best adsorption

performance will be constructed and tested.

e) Design and construct a test facility to validate the simulation model and help
understand the effect of operating conditions on the MOF based adsorption cooling

system’s performance in terms of SCP and COP.

f) Develop a lumped-parameter mathematical model to simulate the working process
of the whole adsorption refrigeration system for automotive application. Use this
model to select the optimum operating conditions and physical parameters which can

produce the best system performance.

1.3 Thesis outline

This thesis consists of eight chapters. Chapter 1 introduces the main research work
covered in this thesis. It includes project aims, objectives and the thesis outline.
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Chapter 2 reviews research work on adsorption cooling techniques including:
adsorption refrigeration cycles, adsorbents/refrigerant working pair and adsorption
bed structure. A review of research work regarding the development of adsorption
cooling systems for automotive application and the comparison of their performance

IS presented.

Chapter 3 presents an investigation on adsorbent materials using water as refrigerant,
including silica gel RD-2060, SAPO-34 an advanced zeolite material and CPO-27Ni
MOF material produced by Johnson Matthey PLC. The water uptake characteristics of
these three adsorbents are experimentally tested and their adsorption characteristics
are compared. Fitting equations of water adsorption isotherms and kinetics for both
CPO-27Ni and SAPO-34 are developed based on the experimental results and

presented in this chapter.

Chapter 4 presents the development of finite element modelling to simulate the
adsorption process for three adsorption bed designs packed with CPO-27Ni MOF
adsorbent material, including a rectangular finned adsorption bed, a honeycomb
finned adsorption bed and a helix finned adsorption bed. The performances of three

adsorption bed designs are compared based on the simulation results.

Chapter 5 introduces the design and construction of the test facility which will be used
to study the effect of operating conditions on MOF adsorption bed performance.
Details of all the instruments will be described and the commissioning and
repeatability testing will also be presented. The finite element model with all

governing equations described in Chapter 4 is validated using the experimental results.



Chapter 6 presents an experimental investigation on the effect of operating conditions
on the performance of an adsorption cooling system packed with CPO-27Ni MOF
granules, including dry adsorbent desorption time, cooling water flow rate, adsorption

time, desorption time and temperatures of evaporation and condensation.

Chapter 7 presents the development of a lumped-parameter mathematical model to
simulate the working process of two-bed adsorption refrigeration system for
automotive application, using CPO-27Ni adsorbent material. The mathematical model
is validated with experimental results described in Chapter 6 and an investigation of
the performance of the two-bed adsorption cooling system is carried out using this
model. The optimum operating conditions and physical parameters are determined to

achieve the best working performance.

The investigation of this MOF based adsorption air conditioning system for
automotive application will be concluded in Chapter 8. The major findings from this

research are summarized and possible future research work are suggested.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Adsorption cooling technology can be driven by low-grade heat sources (80-150€)
like solar and geothermal energy, or waste heat from industrial processes, or an
automotive engine [7]. Therefore, it becomes an alternative technology for the
traditional vapour compression refrigeration system. However, there is still no
working prototype available commercially for automobiles at present because of its
low efficiency, large weight and volume and high cost [8]. This chapter presents a
comprehensive review of various adsorption refrigeration systems. The review
includes research work regarding adsorption refrigeration cycles; adsorption working
pairs including adsorbents and refrigerants; as well as adsorption bed structures.
Progress on an adsorption air conditioning system for automotive application is also

reviewed.

2.2 Adsorption process

Adsorption is a surface phenomenon that occurs at the interface of two phases; where
cohesive forces including Van der Waals forces and hydrogen bonding, act between
the molecules of all substances irrespective of their state of aggregation [15, 16].
Molecules of one substance have a mutual attraction with each other, which causes

unbalanced forces of molecules at the surface. This force field can adsorb molecules



of another substance at the interface. The adsorbing phase is named the adsorbent,
which is usually a solid phase. The material adsorbed is called the refrigerant which is

usually a fluid or gas phase.

The adsorption process is accompanied by the evolution of heat [17]. The amount of
heat released depends on the magnitude of the cohesive forces and the latent heat of
the refrigerant condensation. Usually the adsorption heat is about 30-100% higher
than the heat of condensation of the refrigerant [16]. Therefore, when a dry adsorbent
and refrigerant in a liquid phase coexist separately in a closed vessel, the refrigerant
molecules will be adsorbed onto the surface of the adsorbent molecules in the form of
vapour instead of a liquid phase. The evaporation process will consume the heat from
the liquid refrigerant and the adsorption heat will produced in the adsorption process.
In this way, the temperature of the liquid refrigerant will decrease while the
adsorbent’s temperature will rise. An adsorption air conditioning system can utilise

this process to obtain a cooling effect.

There are two kinds of adsorption processes: physical adsorption and chemical
adsorption; depending on the type of cohesive force formed between adsorbents and
refrigerants. The physical adsorption process binds molecules of the refrigerant and
adsorbents caused by Van der Waals forces, which mainly includes dispersion, Debye
and orientation forces [18]. It is a physical binding process that means molecules of
both the adsorbent and refrigerant keep their original composition after the adsorption
process. The refrigerant molecules can be adsorbed on the outside surface and also
can be stored in the volume of micropores in the adsorbents. A chemical adsorption

process is caused by valency forces formed during the reaction between refrigerant



molecules and surface molecules of adsorbents. The molecules after adsorption do not
keep their original composition because of the chemical reaction. Besides, the
requirement of heat and mass transfer is more critical for a chemical adsorption

process to overcome the phenomena of salt swelling and agglomeration [18].

The heat of adsorption in the physical adsorption process is usually much smaller than
that in the chemical adsorption process. Thus, the physical adsorbents can be restored
to their original conditions by a desorption process. A desorption process happens
when heat is applied to adsorbents. Thus, the physical adsorption process and
desorption process are reversible [16]. However, the bonding forces of chemical
adsorption are much larger than in the physical process. Therefore, more heat is
liberated leading to chemical changes in some types of chemically adsorbed
compounds and this process is irreversible [16]. For this reason, most adsorption
refrigeration systems utilise physical adsorption processes instead of the chemical
adsorption process. In this research, only adsorption air conditioning systems using a

physical adsorption cycle are presented and investigated.

2.3 Adsorption refrigeration system - operating principle

A basic adsorption refrigeration system consists of three main parts: an adsorber,
condenser and evaporator, as shown in Figure 2-1. Figure 2-2 shows the P-T diagram
for the working process of an adsorption refrigeration system. The adsorption
refrigeration cycle contains four steps: preheating, desorption, precooling and

adsorption. The sequence of the various processes are shown in Figure 2-3 and



explained in detail as follows. The valve operation during the cycle is shown in Table

2-1.

Preheating: In the preheating process, the adsorber bed is heated which makes
adsorbent material desorb the refrigerant bonded on its surface. Since all the valves
are closed, the adsorber pressure increases from the evaporation pressure to the
condensation pressure based on the set temperature of the evaporator and condenser.

This is the process of a-b in Figure 2-2 and shown schematically in Figure 2-3(a).

Desorption: After the preheating process and raising the pressure, valve 1 connecting
the adsorber and condenser is opened. The refrigerant vapour enters the condenser
and is condensed to a liquid phase. This condensation process releases heat to the
surroundings which is the process of b-e on the P-T diagram. The liquid refrigerant
flows from the condenser to the evaporator shown as e-f. At the same time, the
pressure of the adsorber bed remains the same, but the adsorber’s temperature
continuously increases since the heat is supplied. This is the process of b-c shown in

Figure 2-2 and schematically shown in Figure 2-3(b).

Precooling: After the adsorbents’ material desorbs the refrigerant, valve 1 is closed.
The heating process stops and the adsorption bed is cooled by the ambience or other
cold medium as shown in Figure 2-3(c). The adsorbents begin adsorbing the
refrigerant which is still in the adsorber, causing a pressure drop from the condensing

pressure to the evaporator pressure, as shown in process c-d on the P-T diagram.
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Adsorption: In the adsorption process, valve 2, which connects the adsorber to the
evaporator, is opened. The temperature of the adsorber remains low and the adsorbent
continues adsorbing refrigerant vapour, which is stage d-a, shown in Figure 2-3(d).
On the other hand, liquid refrigerant in the evaporator is in the evaporation process
and extracts heat from its surroundings; the process of f-a, which creates the cooling
effect. After this stage, all the processes are repeated to make the adsorption

refrigeration system work continuously.

Condenser =3 (condensation

= Qadsorption

Refrigerant

Adsorber

4= Qregeneration

4= Qevaporation

Figure 2-1 Basic adsorption refrigeration system
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Figure 2-2 Adsorption cycle P-T diagram

11



Condenser
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Refrigerant Refrigerant
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Figure 2-3 Adsorption refrigeration system operation principle: (a) preheating;

(b) desorption; (c) precooling; (d) adsorption.

Table 2-1 Adsorber and valve operation

Mode Adsorber V1 V2
Preheating Heating Closed Closed
Desorption Heating Open Closed
Precooling Cooling Closed Closed
Adsorption Cooling Closed Open
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2.4 Adsorption refrigeration system - historical background

The application of the adsorption phenomenon has a long history. In 3750 BC,
Egyptians and Sumerians started utilising adsorption phenomenon to reduce copper,
zinc and tin ores in the manufacturing process of bronze [19]. In ancient times,
charcoal was the dominant adsorbent. Scheele 1773 and Fontana 1777 first
experimentally measured the uptake of some gases by charcoal and clays. The
adsorption phenomenon was firstly observed by Michael Faraday in 1848 by an
experimental set-up using silver chloride and ammonia as a working pair [20]. Kayser

introduced the terms "adsorption’ and ‘isotherm’ in 1881.

The application of the adsorption process for refrigeration began in the early 1900s. In
1929, Hulse and Miller demonstrated an adsorption air conditioning system for a

railway carriage using silica gel and sulphur dioxide as a working pair [21].

However, the research on an adsorption refrigeration system was stopped due to the
development of compressors and electrical motors; the improvement in power station
efficiency; and the introduction of CFCs in the 1930s. In the last three decades, the
research and development of an adsorption cooling system has increased. It is
considered as one kind of environmentally-friendly technology that can replace the

traditional vapour compression refrigeration system.
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2.5 Environmental regulation

The ozone layer is a region of the earth's stratosphere which can absorb 98% of
ultraviolet radiation from the sun. The holes of the ozone layer over the two poles
have been confirmed by NASA's investigation [22, 23]. This was associated with the
release of chlorine; a major component of the CFC refrigerant used in mechanical
vapour compression systems. To prevent ozone depletion, the Vienna Convention for
the Protection of the Ozone Layer had been agreed upon in 1985 and came into force
in 1989; it was to be the foundation of the 1987 Montreal Protocol which phased out

CFCs in 1995 and HCFCs by 2030.

Global warming is the phenomenon of increasing the earth's average temperature due
to the heat preservation of greenhouse gases. The high temperature breaks the
ecological balance, causing drought and melting of the ice at the two poles, which
leads to floods and the submergence of coastal cities. The Kyoto Protocol was agreed
to reduce greenhouse gases’ emissions including carbon dioxide (CO;), methane
(CHy), nitrous oxide (N20O), hydrofluorocarbons (HFC), perfluorocarbons (C«Fy) and

sulphur hexafluoride (SFs).

The vapour compression refrigeration system utilises CFCs and HCFCs which have a
high global warming impact. Moreover, the vapour compression refrigeration system
is driven by electrical power which is mainly produced by combustion of fossil fuels,

contributing to the release of CO, to the atmosphere.

The adsorption refrigeration system can be driven by solar energy and waste heat
from industrial processes and automotive engines. Besides, the refrigerants used in the
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adsorption refrigeration systems are environmentally friendly, including water,
ammonia, methanol and ethanol. Therefore, no ozone depletion or global warming is
produced in the working process of adsorption refrigeration systems. Based on the
above environmental regulations, the adsorption refrigeration technique is a promising
technology to replace the traditional vapour compression refrigeration system and

meet the requirements for protecting the environment.

2.6 Adsorption refrigeration cycles

Many configurations of adsorption refrigeration cycles were investigated by
researchers, including a single bed cycle, two-bed cycle and multi-bed cycle. Each

cycle is explained in detail in the following sections.

The adsorption system performance is described using the cooling capacity, specific
cooling power (SCP) and coefficient of performance (COP). The specific cooling
power is defined as the ratio of cooling capacity to the mass of adsorbent material
used. The coefficient of performance is defined as the ratio of cooling capacity to the

amount of heat required to desorb the refrigerant.

2.6.1 Single bed cycle

The basic adsorption refrigeration cycle is a single bed cycle consisting of one
adsorption bed, evaporator and condenser. The operation principle is explained in

detail in section 2.3. It has the advantage of being of small volume and low weight, as
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well as having a simple structure with fewer valves. However, the adsorption cycle
with a single bed cannot provide continuous cooling capacity, because the adsorber
bed can either be connected to the evaporator or the condenser at any one time. Only
the evaporation process can produce a cooling effect. For this reason, the specific
cooling power (SCP) and coefficient of performance (COP) of an adsorption cooling
system utilising the single bed cycle are relatively low. Based on the literature review,
the COP and SCP of a single bed refrigeration cycle are usually below 0.3 and
50W/kg respectively [2, 24-30]. To obtain a continuous cooling capacity, a

refrigeration cycle with two or more adsorption beds is needed.

2.6.2 Two-bed cycle

Most adsorption refrigeration systems use a two-bed cycle as shown in Figure 2-4. Its
thermodynamic cycle is shown in Figure 2-5 and the modes of operation of the
adsorbers and valves are described in Table 2-2. The operating principle of each
adsorber bed is the same as was explained in section 2.3. A two-bed cycle system
contains two adsorber beds which work in opposite modes. Specifically, in the
switching period, one adsorber is in a preheating process while the other adsorber is in
a precooling process. In the adsorption/desorption process, one adsorber is in
desorption mode, while the other adsorber is in adsorption mode. The condenser and
evaporator will be connected to each adsorber in turn depending on the operation
mode. In this way, the evaporator can work continuously providing cooling all the
time. Compared with the single bed refrigeration cycle, two-bed refrigeration cycle
usually can obtain better operating conditions including high evaporation temperature

and low condensation temperature. It can increase the adsorption systems'
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performance in terms of SCP and COP. Besides, the mass recovery and heat recovery
processes can be applied during the work process of the two-bed refrigeration cycle.
Therefore, the SCP and COP can be improved dramatically compared with that of
single bed refrigeration cycle. Based on the published literature, the COP and SCP of
an adsorption cooling system with a two-bed cycle are higher than 0.3 and 100 W/kg,

respectively [4, 31-37].

Moreover, mass and heat recovery can be applied to the two-bed adsorption
refrigeration cycle during the switching period, to improve the performance of the
whole refrigeration cycle [38]. In the mass recovery process, the two adsorbers are
connected to increase the pressure change rate because of the pressure difference
between the two adsorbers [39]. As for the heat recovery process, the cooling water
first flows through the adsorber and then through the desorber to reduce the energy

required for desorption; thus increasing the cycle’s COP.
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Figure 2-4 Two-bed adsorption refrigeration system
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Figure 2-5 Two-bed adsorption refrigeration system operating principle: (a) switching

period; (b) adsorption/desorption; (c) switching period; (d) desorption/adsorption
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Table 2-2 Adsorber and valve operation for a two-bed cycle

Mode Adsorber 1 | Adsorber 2 V1 V2 V3 V4

Switching period | Preheating | Precooling | Closed | Closed | Closed | Closed

Ads/desorption | Desorption | Adsorption | Open | Closed | Closed | Open

Switching period | Precooling | Preheating | Closed | Closed | Closed | Closed

Ads/desorption | Adsorption | Desorption | Closed | Open Open | Closed

2.6.3 Multi-bed cycle

Though the two-bed refrigeration cycle can produce continuous cooling, there is still a
degree of discontinuity because of the switching period. For this reason, a multi-bed
cycle including three-bed, four-bed and six-bed cycles are introduced by many

researchers to provide continuous cooling and enhance the SCP.

The three-bed cycle contains three adsorption beds, an evaporator and a condenser as
shown in Figure 2-6 [40, 41]. Each adsorption bed goes through four modes of
operation; which are preheating, desorption, precooling and adsorption. Therefore,
there are 12 modes of operation for the whole system during the cycle as shown in
Table 2-3. The valve connecting the adsorber and condenser opens only during the
desorption period of the adsorber, while the valve connecting the adsorber and
evaporator opens only during the adsorption period. During the precooling and
preheating mode, all valves are closed to make a change of pressure and temperature

inside the adsorbers.

Usually the desorption process is quicker than adsorption process during the working
cycle which means that the time needed for desorption process is shorter than that of

adsorption process [42]. Therefore, the advantage of three-bed cycle is that the system
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can manage adsorption kinetics and works with one adsorption bed and two

desorption beds at the same time. It can reduce the cycle time and thus increase

cooling load, SCP and COP.
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Figure 2-6 Three-bed adsorption refrigeration system

Table 2-3 Adsorber modes and valve operation for a three-bed cycle
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The four-bed cycle and six-bed cycle systems contain four adsorption beds and six
adsorption beds respectively, as presented in Figure 2-7 [43-49] and Figure 2-8 [50-
53]. The adsorbers' operating modes are described in Table 2-4 and Table 2-5. In the
cycle half of the adsorption beds are heated in parallel and the other half are cooled.
Between the adsorption and desorption process, precooling and preheating are applied.
Furthermore, mass recovery can be applied to improve the adsorption refrigeration

performance.

In addition to providing more continuous cooling, the multi-bed cycle provides the
advantage of utilising low temperature heat sources of around 45-80<C [40, 41, 43-
53]. This kind of heat source cannot be applied to a two-bed cycle. Table 2-6 shows a

comparison between the single bed cycle, two-bed cycle and multi-bed cycle.
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Figure 2-7 Four-bed adsorption refrigeration system
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Table 2-4 Adsorber modes and valve operation for a four-bed cycle

Mode 1 2 3 4
Adsorber 1 Precooling | Mass recovery Preheating Desorption
Adsorber 2 Preheating | Mass recovery Precooling Adsorption
Adsorber 3 Preheating Desorption Precooling Mass recovery
Adsorber 4 Precooling Adsorption Preheating Mass recovery

V1 Closed Closed Closed Open
V2 Closed Open Closed Closed
V3 Closed Closed Closed Open
V4 Closed Open Closed Closed
V5 Closed Closed Closed Open
V6 Closed Open Closed Closed
Cooling Water
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Liguid v Ve
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Figure 2-8 Six-bed adsorption refrigeration system
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Table 2-5 Adsorber modes and valve operation for a six-bed cycle

Mode 1 2 3 4
Adsorber 1 Precooling | Mass recovery Preheating Desorption
Adsorber 2 Preheating | Mass recovery Precooling Mass recovery
Adsorber 3 Precooling Adsorption Preheating Mass recovery
Adsorber 4 Preheating Desorption Precooling Mass recovery
Adsorber 5 Precooling Mass recovery Preheating Mass recovery
Adsorber 6 Preheating | Mass recovery Precooling Adsorption
V1 Closed Closed Closed Open
V2 Closed Open Closed Closed
V3 Closed Closed Closed Open
V4 Closed Open Closed Closed
V5 Closed Open Closed Closed
V6 Closed Closed Closed Open
V7 Closed Open Closed Closed
V8 Closed Closed Closed Open
Table 2-6 Comparison between three types of cycles
Cycle Modes | Amount COP SCP Remarks
of valves
Single bed 4 2 0.11-0.38 | 23.5-33 | Compact and simple
W/kg | Discontinuous cooling
Two-bed 4 4 0.08-0.5 | 7.6-152 | Compact
W/kg | Commonly applied in
commercial use
Multi- | Three- 12 6 0.25-0.73 | 100-300 | Can utilise low temperature heat
bed bed W/kg | source
Four-bed 4 6 More continuity in cooling
Six-bed 1 8 provided compared to two- bed
cycle
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2.7 Physical adsorbents

Adsorption processes include a physical adsorption process and a chemical adsorption
process, as explained in section 2.2. This project focuses only on the physical
adsorption process. Adsorbents used in the physical adsorption process are named
physical adsorbents. Physical adsorbents usually have high porosity with different
pore sizes to provide large surface and adsorption capacity. They can adsorb
refrigerant molecules by Van der Waals force. There are several requirements for
physical adsorbents to be applied in the adsorption refrigeration system as follows [16,
22, 23, 54]:

(@) A large adsorption uptake in an equilibrium state, with temperature variation to
attain a high cooling capacity.

(b) Good thermal conductivity and low specific heat to achieve high heat transfer
performance and large efficiency.

(c) Compatible with the refrigerant.

(d) Low cost and widely available.

(e) Non-toxic, non-corrosive and chemically stable in the working temperature range.

Based on these requirements, there are primarily five types of adsorbents as reported
in publications. They are activated carbon, silica gel, zeolite, metal-alumino-
phosphates and metal organic frameworks. This section introduces each type of these

physical adsorbents.
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2.7.1 Activated carbon

Activated carbon can be produced using high temperature heating to pyrolyse and
carbonise materials like wood, peat, coal, fossil oil, chark, bone, coconut shell and nut
stone and then activate the carbon with gases [8, 15, 18]. Due to the activation process,
the carbon attains a very high degree of porosity and an extensive surface of 500-
1500m%/g [18]. Refrigerants adsorbed by activated carbon are ammonia, methanol,
ethanol and R134a [8, 15, 18, 22, 23, 55-57]. The refrigerant uptake rate of activated
carbon is relatively high due to its large porosity. The adsorption heat of activated
carbon pairs is relatively low, 1800-2000kJ/kg for an activated carbon/methanol pair;
while its thermal conductivity of 0.4W/(m'K) is poor [22, 23, 57, 58]. The activated
carbons used for a refrigeration system are usually in the forms of powders, micro-
porous, granulated, molecular sieves and carbon fibres [15]. The activated carbon

fibres have a better mass and heat transfer performance as reported recently by [23].

2.7.2 Silica gel

Silica gel (SiO2.xH,0) is a form of synthetic silica. It is a rigid and continuous trap of
colloidal silica connected to tiny grains of hydrated SiO4 [1, 18, 23]. The existence of
polar hydroxyl in the structure means that hydrogen bonds may be formed with polar
oxides, like water or alcohol. For this reason silica gel is frequently used as a
desiccant to adsorb water and produce dehumidification [18, 23]. There are three
types of silica gel depending on pore size. They are low density (LD), regular density
(RD) and high density (HD), with pore sizes of 1-2nm, 2-3nm and 15-20nm

respectively. Granules of silica gel with these pore sizes can provide a surface area
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ranging from 100 to 1000m%/g. [1, 18, 23]. The working refrigerant normally used
with silica gel is water with a high latent heat of evaporation. The silica gel can be
generated by low temperature heat sources in the range 50-120<C and has a large
adsorption capacity [23]. However, low mass transfer resulting from the required low
pressure working conditions and the large adsorption heat of 2500-2800kJ/kg, are

disadvantages of silica gel for application in an adsorption cooling system [15, 23].

2.7.3 Zeolite

Zeolite is the alumina-silicate crystal formed with alumina-silicate and alkali or alkali

soil [18, 23]. The molecular formula of zeolite is:

Where M is the general metal, y and m are both integers and y/m is larger than or
equal to 1; n is the valency number of M; z is the number of water molecules inside a
crystal cell. Figure 2-9 shows a crystal cell unit of zeolite [18]. The positive ion has its
electric charge balance with the electric charge of aluminium atom. The alumina-
silicate skeletal has a cage format with the porosity of between 0.2 and 0.5. It is
usually connected by six casement sections, which can adsorb a large amount of extra
molecules [18]. The zeolite can be formed naturally (40 types) or artificially (around
150 types). The zeolite used in adsorption cooling systems is made artificially and
classified in groups such as A, B, X and ZSM; which tend to be more expensive
compared to other adsorbents. The refrigerant typically used with zeolite is water. The
adsorption heat of zeolite/water is high, 3000-4500kJ/kg; and its heat transfer

performance is poor, with the thermal conductivity of 0.2W/(m'K) [59, 60]. Zeolites
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have a high generation temperature of around 200-300<C; thus they require high
temperature heat sources and usually need a long time to be heated to such a high
temperature. Due to this reason, adsorption refrigeration systems using zeolite as
adsorbents usually need a long cycle time. Besides, the required low pressure
operating condition decreases the mass transfer performance of the zeolite/water

working pair and thus decreases adsorption capacity.

Figure 2-9 Crystal cell unit of zeolite: (a) A zeolite; (b) X, Y zeolite or faujasite [18]

2.7.4 Metal-alumino-phosphates

There are two kinds of metal-alumino-phosphates used as adsorbents in an adsorption
cooling system: alumino-phosphates (AIPOs) and silica-alumino-phosphates (SAPOs)
[61]. They have a similar pore system and structure to zeolite. However, AIPOs and
SAPOs have a lower driving temperature and faster adsorption kinetics than zeolite
[62-65]. For this reason, they have attracted increasing research interest during recent
years. It has been reported that AIPOs and SAPOs can be regenerated at a

regeneration temperature of 90<C [61, 66]. Also, the thermal stability of many types
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of metal-alumino-phosphates is high because they can stand a high temperature of
400-600<€ during synthesis [61]. Among the metal-alumino-phosphates, SAPOs have
a larger water adsorption capacity than that of AIPOs, because of the existence of
extra-hydrophilic sites (SiO4*) in the framework [67]. However, the price of metal-

alumino-phosphates is higher than other adsorbents due to its synthesis process [68].

2.7.5 Metal organic frameworks

Metal organic frameworks (MOFs) contain two main parts: the metal clusters
considered as an inorganic secondary building unit which act as joints of the MOFs;
and the polyfunctional organic linkers known as a organic secondary building unit;
they act as struts that bridge the metal clusters [9, 12, 69]. The two main components
are connected to each other by coordination bonds, together with other intermolecular
interactions to form a net work with defined topology, yielding porous three-
dimensional networks with large pore volume and high surface areas [9, 12].
Therefore, the MOFs' molecular structure containing unsaturated metal centres or
open-metal sites, has been used to develop materials with improved adsorption
capacity [10]. During the last decade, MOFs attracted significant research for
application in energy storage, separation, sensors and catalysis [69]. MOFs have many
advantages, including a high specific surface area (up to 5500m?/g); high pore volume;
highly tunable structural properties and uniform pore size [9-11]. They have a larger
water uptake capacity compared with other adsorbents; thus they can increase the
performance of an adsorption refrigeration system dramatically. However, some of
the MOFs are unstable in the presence of a large amount of water, which restricts their

application in an adsorption cooling system [70, 71].
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The first idea to apply MOFs for adsorption heat transformation cycles was suggested
by Aristov in 2007 [72]. Based on the literature review, many types of MOFs have
been investigated regarding their adsorption properties. Among them, three types of
MOFs are commonly investigated, including Cu-BTC, MIL-101Cr and CPO-27; these

will be described as follows:

Cu-BTC (also named HKUST-1) has the molecular formula of Cuz(BTC),, where
BTC is benzene-1,3,5-tricarboxylate [73, 74]. The water adsorption process in Cu-
BTC was investigated in a molecular scale by [73-75] and the water uptake amount of
Cu-BTC was tested by [13, 66, 76]. Among these studies, Wang et al. [76] measured
the water uptake of Cu-BTC at 22<C and 2.7mbar and achieved up to 6wt%. The
different colour of Cu-BTC at dry and wet conditions indicates its application as a
highly sensitive moisture sensor. Rezk et al. [13] investigated the water uptake
characteristics of many types of MOFs including Cu-BTC, Fe-BTC, MIL-53Cr, MIL-
53Fe, BIRM-1, BIRM-1-K and BIRM-1-Li. They concluded that Cu-BTC and Fe-
BTC have the highest water adsorption characteristics due to their large porosity and
surface area. Also, Henninger et al. [66] reported that the highest water vapour uptake
of Cu-BTC is about 0.324Kgrei/kgags, With a desorption temperature of 140<C and
adsorption temperature of 30<C. However, the water uptake decreased within 30
cycles by about 37%, which means that it is not stable in adsorption cycles with water
vapour. This conclusion was also confirmed by the research of Gul-E-Noor et al. [74]
who showed that the presence of water in the Cu-BTC network leads to the

decomposition of the structure.
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MIL-101Cr (MIL for Material Institute Lavoisier) was investigated by many
researchers in terms of the adsorption characteristics of water [9, 14, 61] and ethanol
[12]. Kusgens et al. [9] tested and compared five types of MOFs including Cu-BTC,
ZIF-8, MIL-101Cr, MIL-100Fe and DUT-4. They concluded that although Cu-BTC is
the most hydrophilic MOF, it is unstable towards water. Regarding MIL materials,
they concluded that MIL-101Cr and MIL-100Fe are the most promising as
hydrophilic mesoporous compounds. The work carried out by Ehrenmann et al. [14]
indicated a high water vapour uptake of 1.01kgre/Kgads By MIL-101Cr and a slight
decrease to 0.968kgi/kgags after 40 cycles. Results showed that the highest change in
the amount of water is within the relative pressure (P/Py) of 0.3 and 0.6. Aristov [61]
measured the water vapour uptake of MIL-101Cr at 35<C and found it to be
0.3Kgref/kgags Within P/Py=0.34-0.38; and a larger uptake lift of 0.4Kge/KQags Was
achieved by modified MIL-101Cr. Rezk et al. [12] investigated the adsorption
characteristics of ethanol with 6 types of MOFs, including MIL-101Cr, MIL-100Cr,
MIL-53Cr, CPO-27Ni, Cu-BTC and Fe-BTC. They showed that the adsorption uptake
of ethanol by MIL-101Cr is superior to other MOFs with a value of up to

1.2Kgrer/kgags and is stable after 20 cycles at 25<C.

CPO-27 (also named MOF-74) is one type of MOF that attracts increasing research.
There are four types of CPO-27 including CPO-27Zn [77], CPO-27Co [78], CPO-
27Ni [79] and CPO-27Mg [80]. Glover et al. [80] investigated all these four types on
the adsorption characteristics of toxic gases such as ammonia, cyanogen chloride,
octane and sulphur dioxide. The authors stated that the competitive adsorption of
water was seen on all of the adsorbents examined with the water uptake of 0.1-0.5

kgret/Kgads, Which indicated that CPO-27 can be used for water adsorption application.
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The research regarding the water adsorption of CPO-27 is not much until now. Table

2-7 shows the summary of characteristics of the three main MOFs.

Table 2-7 Summary of characteristics of the three main MOFs’ materials

MOFs Refrigerant uptake Remarks

Cu-BTC Water-6wt% [76] Not stable with water vapour

MIL-101Cr | Water-1.01Kgyef/KQags [14] Stable with water vapour
Water-0.3 Kgret/KQads [61]
Ethanol-1.2 Kgref/KQags [12]

CPO-27 Water-0.1-0.5 kgre/Kgads [80] | Research regarding water adsorption
application is not much. Only [80]
investigated the water adsorption of CPO-27

Moreover, some other types of MOFs have been investigated for adsorption
application. Henninger et al. [81] suggested ISE-1 as the adsorbent for low
temperature heating and cooling application. The water vapour uptake of
0.21kgrei/Kgadgs by ISE-1 was achieved with the desorption temperature of 140<C,
adsorption temperature of 30<C, evaporation temperature of 10<C and condensation
temperature of 35<C. The research by Karra et al. [10] proved that MOF-14 is a
promising porous material for CO, adsorption, but the water uptake is less than one-
tenth of that of Cu-BTC and CPO-27Mg. Kondo et al. [70] investigated and compared
three types of 3-D pillared-layer MOFs and the maximum water vapour uptake was
0.27Kgref/kgads. Saha and Deng [82] studied the ammonia adsorption and its effects on
framework stability of MOF-5 and MOF-177. They found that ammonia will destroy
MOF-5 and MOF-177; thus they are not suitable for ammonia adsorption. Lincke et al.
[11] investigated the adsorption capacity of nitrogen, argon, carbon dioxide, methanol

and methane by a new copper-based MOF material and found unusual adsorption-
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desorption isotherms with one or two hysteresis loops. Furukawa et al. [83] measured
the water adsorption capacity of some types of MOFs. The results showed that MOF-
801 takes up 22.5wt% at P/Py=0.1 and MOF-841 takes up 44wt% at P/P;=0.3. The
authors suggested MOF-801 can be used in advanced thermal batteries while MOF-

841 can be used in the capture and release of atmospheric water in remote deserts.

2.8 Refrigerant

The refrigerant selected for application in adsorption cooling systems should have the
following properties [16, 18, 54]:

(@) High latent heat of vaporization to attain large cooling capacity during the
evaporation process.

(b) Small molecule size to be easily adsorbed by adsorbents.

(c) Good thermal and chemical stability with the adsorbent over the operating
temperature range.

(d) Should be non-toxic, non-corrosive, non-flammable and environment-friendly.

Based on these requirements, at present, refrigerants frequently used are water,

ammonia, methanol and ethanol [1, 18].

Water is one of the most ideal refrigerants because it is non-toxic, non-flammable and
friendly to the environment. Many researchers have used it as a refrigerant in
adsorption refrigeration systems because it has a large latent heat of vaporization to
increase cooling capacity per unit refrigerant flow rate [18]. Water can be used with

silica gel, zeolite, SAPOs and MOFs. However, since the boiling point of water is
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100<€ at atmosphere pressure, an adsorption system utilising water as a refrigerant
requires a vacuum operating condition, which increases the system's complexity and
cost. Another disadvantage of water as a refrigerant is the large adsorption heat which
can decrease the adsorption system’s performance. Finally, the temperature of the
cooling effect cannot be lower than 0 because of the solidification of water at this

temperature.

Ammonia can work at positive pressure as its boiling temperature is below 0<€ at
latm. It also has a relatively high latent heat of vaporization. Usually ammonia is
employed with activated carbon. On the other hand, ammonia as a refrigerant has the
disadvantages of large adsorption heat, toxicity and flammability; which restricts its

applications for adsorption refrigeration systems.

Methanol and ethanol are used with activated carbon, but their latent heat of
evaporation is lower than that of water and ammonia. However, they both work in
vacuum conditions. They are also toxic and flammable. Furthermore, methanol will

be boiling at 65<€ and is harmful to the environment [84].

2.9 Adsorption working pairs

For air-conditioning applications, there are five commonly used working pairs
including: activated carbon/ammonia, activated carbon/methanol, activated
carbon/ethanol, silica gel/water and zeolite/water. In addition to these most used pairs,
there are some new adsorption working pairs attracting researchers' attention, such as:
SAPO/water and MOF/water because of their large adsorption capacity and low
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generation temperature, which means that they can utilise low-grade heat sources to
provide a large cooling effect. The characteristics of these pairs are shown in Table 2-

8.

2.10 Adsorption cooling system for automotive application

The application of adsorption cooling systems for automotive air conditioning has
attracted significant research work, as the systems can be driven by waste heat either
from the engine coolant water or from the engine exhaust gases. In this way, it
reduces fuel consumption and exhaust gas emissions. At present, vapour compression
systems are widely used for cooling in automotive applications, but they are powered
by the main engine and lead to more fuel consumption as well as carbon dioxide
emissions. A vapour compression refrigeration cycle compressor can add up to 5-6kW
peak power load to the car's engine. Overall, the efficiency of a diesel engine is about
35%-40% and the rest of the energy is lost mainly to the engine coolant loop and the
engine exhaust gases [5, 6]. Generally, the temperature of the engine coolant water is
90-95<C for cars and 80-90<C for trucks [85]; while the temperature of exhaust gas
discharged from the tailpipe comes within 150-450<C [86]. Such conditions are
sufficient for an adsorption cooling system to provide enough cooling power for a car
cabin [35]. Besides, the adsorption system has the advantages of fewer moving parts,
low maintenance cost, simplicity in structure and flexibility in operation, compared

with vapour compression refrigeration systems for automotive application [87, 88].
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Table 2-8 Characteristics of most used adsorption working pairs

Working pair AC/ammonia | AC/methanol | AC/ethanol Silica gel/ Zeolite/water | SAPO-34/ | MIL-101(Cr)
Characteristics water water /water
Operation pressure Positive Vacuum Vacuum Vacuum Vacuum Vacuum Vacuum

pressure

Generating temperature (€) 80-200 80-100 80-120 50-120 200-300 80-90 90-140
Adsorption heat (kJ/kg) 2000-2700 1800-2000 1200-1400 2500-2800 3000-4500 3240-3600 3170
Adsorption capacity (Kgre/KQags) 0.29 0.45 0.19 0.3 0.17 0.29 1
Refrigerant latent heat of 1206 1102 842 2466 2466 2466 2466
vaporization at 15€ (kJ/kg)
Refrigerant boiling point (<€) -34 65 79 100 100 100 100
Refrigerant solidification point =77 -98 -40 0 0 0 0
(€)
Refrigerant thermal stability Yes No Yes Yes Yes Yes Yes
Refrigerant toxicity Yes Yes Yes No No No No
Refrigerant flammability Yes Yes Yes No No No No
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In 1993, Suzuki [89] made a preliminary study to explain the technological limits in the
application of an adsorption system to passenger cars’ air conditioning. He concluded that the
adsorbent material and the adsorber bed design to improve heat transfer characteristics are the
most important issues for the application of adsorption cooling systems in automobiles. In
2006 Lambert and Jones [87, 88] proposed conceptual and detailed design options for an
automotive adsorption air conditioner powered by exhaust heat. They explained that for
automotive application, the adsorption cooling system can reduce fuel consumption while
increasing the whole mass, compared with a mechanical air conditioner. Inoue et al. [90]
conducted a study on adsorption refrigerators for automobiles utilizing heat from engine
coolant water. The study was focused on the effect of relative humidity on the adsorption
isotherm to determine the required properties of adsorbent material for automotive air

conditioning in high ambient temperature conditions.

A number of researchers have investigated the adsorption cooling system for automotive
application and prototypes have been constructed and tested with silica gel/water [35, 36, 91],
zeolite/water [5, 6, 86, 92-96] and activated carbon/ammonia [4, 34] as adsorbent/refrigerant
working pairs. Most investigations are focused on an adsorption cooling system using a two-
bed structure [7], without mass and heat recovery in the working cycle to simplify the system
structure and decrease the weight. Several bed configurations have been utilized including
plate heat exchangers, finned tube heat exchangers, annulus tube heat exchangers and

modular assembled adsorber heat exchangers.
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2.10.1 Adsorption bed structure

Adsorption beds are important parts of the adsorption refrigeration system and their structures
affect the heat and mass transfer in the adsorption process; thus they have an effect on the
overall performance of the adsorption cooling system. Based on published research, four
types of adsorption bed structures have been investigated for adsorption cooling systems in

automotive applications; they are described in the following sections.

2.10.1.1 Plate heat exchanger

Critoph, Tamainot-Telto and Metcalf [4, 34] at the University of Warwick UK developed a
car adsorption air conditioning system using an activated carbon-ammonia working pair. The
adsorber bed has a structure of a plate heat exchanger with the cooling/heating fluid passing
through small channels, as shown in Figure 2-10. Activated carbon weighing 2kg is packed
between thermal fluid channels and ammonia gas is adsorbed/desorbed from the adsorbent
and flows from the centre of the upper/lower face. The system contains two adsorber beds to
ensure continuous cooling output and both are driven by engine coolant loop water with a
temperature of about 90<C. Such a system produced a cooling power of 1.6kW and a COP of
0.22. The most noteworthy characteristic for this research is that the operating cycle time is
only 1min with mass recovery; thus achieving a large SCP of 800W/kg. The performance

could also be improved by using both mass and heat recovery and optimised cycle time.
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Figure 2-10 Adsorption generator by Critoph et al. [4, 34]

2.10.1.2 Finned tube heat exchanger

de Boer et al. [35, 36] designed and tested a silica gel-water adsorption cooling system for
mobile air conditioning. This system consists of two adsorber beds; each has three tube-fin
heat exchangers connected in parallel as shown in Figure 2-11(a). The beds are packed with

6kg of silica gel grains and produced a 2kW cooling load when tested in the lab without mass
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or heat recovery. Driven by a 90<C engine coolant loop which is also heated by exhaust gas,
the system achieved a COP of 0.4. An on-board test was carried out in a Fiat Grande Punto
shown in Figure 2-11(b); where a cooling load of 0.8kW was only achieved due to the poor
heat transfer performance between the condenser and the ambient air. Besides, the system has

a weight of 86kg, which is very heavy and can reduce a car's dynamic performance.

Verde et al. [85] set up a lumped parameter model and constructed a lab-scale prototype for a
two-bed adsorption air conditioning system driven by an engine coolant loop for a truck’s
cabin. The adsorbent used was SAPO-34 with 5.76kg adsorbent granules packed into the
finned flat-tube heat exchanger, as shown in Figure 2-12. The results showed that this system
was able to produce a cooling power of 2 to 3kW and a COP of 0.6 without heat or a mass
recovery process. The large COP means this design can use waste heat efficiently and this
kind of adsorbent shows promising potential for automotive adsorption cooling system
application. Further research is needed to investigate the performance of the cycle with heat

and mass recovery and optimized operating parameters.

Vasta et al. [37] developed and tested an automotive adsorption air conditioning system using
SAPO-34/water as a working pair. This system was driven by an engine coolant loop with a
temperature of 90<C. A double-bed configuration with a finned flat tube heat exchanger
packed with 4.6kg of adsorbent, as shown in Figure 2-13, was used and operated without heat
or mass recovery. Such a system has an overall volume of 170dm?® and a weight of 60kg. The
experimental results showed that the system delivered an average cooling load of 1-2.3kW
with a SCP of 300-600W/kg and a COP of 0.25-0.45 for normal climate conditions with a
short cycle time of 420s-620s. The authors also conducted an experiment to test the

performance of the cooling system in a real truck cabin and the results showed that this
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system successfully obtained a cooling load of 2kW and delivered continuously cold air at
9<C. Further work is needed to reduce the system’s overall volume and weight; such as

incorporating mass or heat recovery techniques.

(b)

Figure 2-11 Automobile adsorption cooling system by Boer: (a) design drawing (b) on-board

test [35, 36]
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(a) (b)

Figure 2-12 Adsorber heat exchanger by Verde et al.: (a) general (b) detailed view [85]
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Figure 2-13 Adsorber reactor by Vasta et al.: (a) overall view (b) detailed view [37]

Sharafian and Bahrami [2] recommended a finned tube adsorber bed design in one of their

review papers over various adsorber bed designs; stating that it performed better than other
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designs. Further optimization of fin spacing and fin height in finned tube adsorber beds and
increasing thermal conductivity of adsorbent materials, are proposed methods to improve the

adsorption performance.

2.10.1.3 Annulus tube heat exchanger

Zhang [5] designed and tested an automobile adsorption cooling system using zeolite/water
as a working pair, driven by exhaust gas from a diesel engine. The adsorber had a simple
structure of tube and radial fins fitted in a circular shell, as shown in Figure 2-14. The results
showed that this adsorber was able to be driven by exhaust gases up to 200<C which is
available after being processed by the catalytic converter [86]; giving a SCP of 25.7W/kg and
COP of 0.38 without heat or mass recovery. The main reasons for such low SCP is the long
cycle time of 131.5min, the use of a single bed system with a large weight of 31kg and
operating intermittently. Performance may be enhanced by using two or more adsorber beds

in the system with optimum operating parameters.
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Figure 2-14 Schematic of the adsorber by Zhang [5]
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2.10.1.4 Modular assembled adsorber heat exchanger

Zhong et al. [86] developed a lumped parameter model to study the performance of an
adsorption air conditioning system for heavy-duty vehicles using zeolite/water as a working
pair. The system design involved a modular assembly containing an adsorber, a heat-pipe
type heat exchanger and an adiabatic section in between, as shown in Figure 2-15(a). The
module was a sealed vessel that was maintained under vacuum pressure to ensure effective
operation of the zeolite/water pair. The adsorption cooling system was powered by exhaust
gases which reached about 250<C and simulation results showed that this system could
produce a SCP of 70.6W/kg and a COP of 0.436 when packed with 4kg of adsorbents. The
low SCP could be due to the long cycle time of 30min. More research has been conducted by
Zhong [6] on this air conditioning structure, which showed that it needs about 8 modules to
produce 3.5kW cooling output using advanced designs, such as consolidated zeolite and

adding fins or metal foams.

Wu et al. [92] studied an adsorption cooling module driven by exhaust waste heat with a
similar structure, as shown in Figure 2-16. In the experimental tests, each module could
deliver 2-10.5W cooling output, depending on the evaporating temperature. The authors
proposed a multiple module adsorption air conditioning system for a truck cabin using this

design of cooling modules.
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Figure 2-15 Schematics of (a) an individual module and (b) the system integration by Zhong

et al. [86]

Figure 2-16 Adsorption cooling module by Wu et al. [92]
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Table 2-9 compares all the systems described above in terms of adsorption bed structure,
operating parameters and performance. Based on the values given in the table, the following
conclusions can be made:

1. Many adsorption working pairs have been investigated in an adsorption cooling system for
automotive application, including: activated carbon/ammonia, activated carbon/methanol,
SAPO-34/water, silica gel/water and zeolite/water. Among these adsorption working pairs,
SAPO-34/water, silica gel/water and activated carbon/ammonia were used with a
regeneration temperature of around 90<C using the engine coolant loop; while zeolite/water
and activated carbon/methanol were applied with a regeneration temperature of above 200<C
using the exhaust gases.

2. The evaporation temperature investigated is normally below 15<C except for the research
by Tamainot-Telto and Critoph; while the condensation temperature used is normally above
32<C.

3. The adsorption cooling system for automotive application is not compact enough; leading
to a heavy weight (35kg by Critoph, 60kg by Vasta, 86kg by Boer) and large volume
(19.9dm? by Critoph, 170dm? by Vasta).

4. The system employed with the activated carbon/ammonia working pair can achieve the
largest SCP of 800W/kg; however, ammonia used as the refrigerant is toxic. The adsorption
cooling system using water, which is environmentally friendly and nontoxic, achieved an
SCP of up to 334W/kg.

5. The COP of nearly all the adsorption cooling systems investigated for automotive
application was below 0.5, except for the work by Verde. Therefore more research is needed
to investigate a means of enhancing the performance of the adsorption system to utilise
efficiently the waste heat from automotive engines and to provide for the required air

conditioning without increasing the size of the engine.
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Table 2-9 Published work on adsorption cooling system for automotive application

Author Adsorber heat Mass of Heat Ve Teond SCP Cooling Tgen | COP Cycle | Weight | Volume | Mass
exchanger adsorbent | source (°C) (°C) (W/kg) | load (°C) time (kg) (dmd) recovery
configuration (kg) (kW) (min)

Tamainot- Plate heat 2 Engine 20 32 800 1.6 90 0.22 1 9for | ---- Yes

Telto et al. exchanger coolant each

(2009) [34] (AC/ammonia) loop reactor

Critoph etal. | Plate heat 2 Engine 21 32 800 1.6 92 0.22 2.5 35 19.9 Yes

(2010) [4] exchanger coolant
(AC/ammonia) loop

Boer et al. Finned flat tube 6 Engine 15 33 334 2 (lab); 90 0.4 3 86 | - No

(2008, 2009) | heat exchanger coolant 0.8 (on- (lab);

[35, 36] (silica gel/water) loop & board) 0.5—

exhaust 0.6 (on-
gas board)

Zhong et al. Modular 4 Exhaust 7 38 70.6 0.28 250 | 0.436 30 | - | - No

(2011) [86] assembled gas
adsorber and heat
exchanger
(zeolite/water)

Verde et al. | Finned flat tube 5.76 Engine 10 35 300 2—3 90 0.6 10 | - 13.2for | No

(2010) [85] heat exchanger coolant adsorber
(SAPO-34/water) loop

Zhang (2000) | Annulus tube heat | 6.2 Exhaust 10 45 25.7 0.16 200 | 0.38 1315 | 31for | ----- No

[5] exchanger gas adsorber
(zeolite/water)

Ramiji et al. Annulus tube heat Exhaust 0.65 200 | 0.25 20

(2014) [97] exchanger gas
(AC/methanol)

Vasta et al. Finned flat tube 4.6 Engine 12 35 276 1.2 (lab); | 90 0.303 620s 60 170 No

(2011) [37] heat exchanger coolant 2 (in truck
(AQSOA-FAM- loop test)

Z02/water)

Wu et al. Modular 459 per Exhaust 16.2 18 233 0.0105 325 No

(2011) [92] assembled module gas
adsorber and heat
exchanger

(zeolite/water)
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2.10.2 Simulation of adsorption systems

Simulation methods are powerful tools in investigating the performance of an
adsorption air-conditioning system and investigating means of improving the design
of adsorption beds and overall system performance. In modelling, the performance of
the adsorption refrigeration system can be evaluated based on several differential
governing equations that determine the various operating parameters, such as

temperature, pressure and refrigerant uptake.

There are primarily two simulation methods for solving the equations that describe the
performance of the adsorption system. The first is mathematical modelling based on
solving governing equations mathematically by a differential equation solver [53, 60,
98-135]. The second is finite element modelling using computational finite element

technique completed by commercially available software [136, 137].

2.10.2.1 Mathematical modelling

At present, mathematical modelling is the most commonly used technique to predict
the performance of an adsorption refrigeration system. Various adsorption cycles and
adsorption bed designs using different working pairs, including activated
carbon/ammonia, zeolite/water and silica gel/water, were modelled [53, 60, 98-126].
Mathematical modelling solves a set of differential equations to simulate the heat and
mass transfer of an adsorption cooling system with an adsorber, evaporator and

condenser. There are several mathematical modelling methods including the lumped-
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parameter simulation technique, distributed-parameter simulation technique and

dynamic simulation technique.

The lumped-parameter simulation technique is the simplest method due to several
assumptions used to simplify the governing equations. The most important
assumption is that each component of the adsorption bed (tube, fins and adsorbent
material) are assumed to have the same properties in every position and status during
the same period of time [53, 104-118, 127, 128]. Therefore, the governing equations
of a lumped-parameter simulation are reduced to differential equations of time,
including adsorption isotherms and kinetic equations, heat transfer and mass balance

equations.

The distributed-parameter simulation technique takes into account the variation in
properties and status at different positions of all the parts [119-124, 129]. In this way,
governing equations of distributed-parameter simulation are differential equations of

time and position.

The dynamic simulation technique improves the distributed-parameter simulation
method, by taking into account the diffusion of refrigerant vapour in the adsorbent
granules [60, 125, 126, 130, 131]. Therefore the dynamic simulation technique
contains the diffusion equation. Classes of governing equation of these three methods

are summarised in Table 2-10.
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Table 2-10 Classes of governing equation of three mathematical modelling methods

Lumped-parameter
simulation technique

Distributed-parameter
simulation technique

Dynamic simulation
technique

e Adsorption isotherms | ¢ Adsorption isotherms
and kinetic equation and kinetic equation

e Heat transfer equations | ¢ Heat transfer equations

e Mass balance equation | e Mass balance equation

e Diffusion equation

e Adsorption isotherms
and Kinetic equation

e Heat transfer equations

e Mass balance equation

2.10.2.2 Finite element modelling

Finite element modelling utilises three-dimensional detailed geometry to simulate the
adsorption beds. The Navier-Stokes equations are the principal equations which are
considered to describe the transfer of mass and energy [138, 139]. These coupled
differential equations can be solved by a computational finite element (FE) technique
[136]. In this way, the whole geometry is meshed to discrete finite control volumes;
governing equations are applied to each domain and solved by computational

techniques.

Finite element modelling can accurately simulate the diffusion, heat and mass transfer
of the actual processes occurring in the adsorption cooling system [140]. With the
development of advanced, fast, high powered computers, the finite element modelling
technique is becoming a practical tool for investigating performance of adsorption
cooling systems [139-141]. There is a great deal of finite element software like
SolidWorks Flow Simulation, COMSOL Multiphysics, ANASYS CFX and Fluent.
However, there is limited published work involving the use of finite element to
simulate the adsorption cooling system, compared to the use of mathematical

modelling [136, 137].
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2.10.2.3 Simulation work on an automotive adsorption air

conditioner

Some researchers used simulation techniques to investigate the performance of an
adsorption cooling system for automotive application. Zhang and Wang [142] set up a
lumped parameter model and concluded that improving overall heat transfer
coefficient and mass transfer coefficient is essential to increase SCP, which is the
most important parameter for application in automobile adsorption coolers. Hu et al.
[143] successfully built up a mathematical model using LDF (linear driving force) to
study the effect of cycle time, adsorbent thickness, heating fluid temperature and mass
recovery on the performance of a composite zeolite with aluminium foam-water
adsorption refrigeration system driven by engine exhaust heat. The authors concluded
that the composite zeolite with aluminium foam and the mass recovery cycle can
improve the value of COP and SCP at a short cycle time. However, in this model the
thermal resistance between the metal tube and adsorbent bed was neglected, which
needs to be further improved. Jribi et al. [144] developed a mathematical model of an
activated carbon/HFO-1234ze(E) adsorption cooling cycle for automobile air
conditioning applications using waste heat. A four-bed adsorption cooling system
packed with 8kg of adsorbents was simulated and the results showed that the system

was able to produce 2kW of cooling load.

Ramiji et al. [97] set up a finite element model and tested an automobile adsorption air
conditioning system with annulus tube heat exchanger shown in Figure 2-17 and
activated carbon/methanol as the working pair. The adsorption system is driven by
engine exhaust gas of 200<C. The results of the model were validated with the

experimental results and showed that the adsorption cooling system was able to
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produce a cooling power of 0.65kW and COP about 0.25 with cycle time of 1200s.
The authors also concluded that wall thickness of the adsorber is one of the most
important parameters to improve the heat transfer performance. Further research is
needed to increase the COP and SCP, with the suggested cycle time of less than 10-

15min for an automobile adsorption cooling system.
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Figure 2-17 Schematic of adsorber by Ramji et al. [97]

2.10.3 Adsorption cooling system for a locomotive driver's cabin

Jiangzhou et al. [93-96] designed and tested an adsorption air-conditioner to be used
in a locomotive driver's cabin which was driven by waste heat from internal
combustion engine exhaust gas, using zeolite/water as the working pair. Experimental
test results showed that this system could produce more than 4kW for 1.5h as well as
a COP of 0.25 with 140kg adsorbent material. In the prototype testing, 3-4.2kW
cooling capacity was achieved under typical conditions. The authors concluded that
the cooling power output was strongly influenced by the operating conditions of the

train. Further investigation for improvement of the system is needed to meet the
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requirements for cooling of a locomotive driver’s cabin space and realize commercial

applications.
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Figure 2-18 Adsorption cooling system for locomotive driver-cabin by Jiangzhou et al.

[93-96]
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2.11 Summary and conclusions

Nowadays, almost all the automotive air-conditioners utilise a traditional mechanical
vapour compression cycle. They are driven by the car engine and result in increasing
fuel consumption and pollutant emissions. Also the refrigerant used has high global
warming potential. Therefore, new energy efficient and environmentally friendly
cooling technology is needed. Adsorption cooling technology is a good alternative
solution that can use low-grade waste heat from the automotive engine. Since it does
not need fuel to drive, there is no pollution produced in the operation process of an

adsorption automotive air conditioner.

It is clear from the literature review that significant research on adsorption cooling
techniques for automotive application has been carried out. These investigations
proved that the adsorption cooling system is able to produce the cooling load required
for vehicles using waste heat from the engine coolant loop and/or engine exhaust
gases; which shows a promising potential for reducing fuel consumption and exhaust
gas emission. However, there is still no commercial use of the adsorption system in
automotive applications. This is mainly due to two reasons:

1. The adsorption cooling system is not compact enough, leading to heavy weight and
large volume. The heavy weight increases the engine load and affects the dynamic
performance of the engine and the large volume also reduces the feasibility to fit the
adsorption refrigeration system into the required space in cars.

2. The adsorption cooling system has a low COP, mostly below 0.5, which shows that

the system is not efficient enough to use waste energy to produce cooling.
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Therefore, further research is needed to make the adsorption cooling system more
compact and efficient for automotive application. Overall, to develop a compact
automotive adsorption cooling system a target of more than 400 W/kg for SCP and
more than 0.5 for COP should be achieved [8]. Generally, the system should have a

weight of less than 30kg and a volume of less than 16dm®.

Based on the comprehensive literature review of adsorption refrigeration techniques
described above, the following conclusions can be made:

1. There are many types of adsorption refrigeration cycles and each of them has
advantages and disadvantages. Generally, the two-bed cycle is most commonly
applied in commercial use and attracts most researchers' attention. It is the simplest
cycle which can provide a continuous cooling effect.

2. The working pair is one of the most important issues affecting the performance of
the adsorption refrigeration system. Advanced metal organic framework adsorbent
materials have shown high water adsorption characteristics that can be used in the
development of a compact and efficient cooling system for automotive application.
Using a working pair with high refrigerant adsorption capacity will improve the
cooling capacity and efficiency.

3. The adsorption bed design has a significant effect on the heat and mass transfer
performance. An adsorption bed design which has good heat and mass transfer
performance will enhance the performance of the adsorption air conditioning system,

including its cooling capacity and efficiency.
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Therefore, this research aims to investigate the use of MOF adsorbent materials and
adsorption bed design to develop an adsorption air conditioning system for

automotive application.

55



CHAPTER 3 ADSORBENT MATERIALS

CHARACTERISATION

3.1 Introduction

The working pair is one of the most important issues affecting the performance of the
adsorption refrigeration system, as concluded in section 2.11. Therefore, utilising an
adsorption working pair with high refrigerant uptake is an efficient method to improve
performance; such as the cooling capacity and efficiency of the adsorption air
conditioning system. Increasing the refrigerant uptake per unit mass of adsorbent
materials results in decreasing the mass of the adsorbent; and hence reduces the

adsorber bed's mass and volume, leading to reducing the overall system size.

In this research, water is chosen as the refrigerant because it has a large latent heat of
vaporization and it is environmentally friendly. Adsorbents used with water are
zeolite, silica gel, SAPOs and MOFs. Among these adsorbent materials, zeolite needs
the highest generation temperature, higher than 200<C, which is difficult to achieve in
an automotive application. Therefore, investigation of zeolite adsorbent is not

included in this research.

Based on the literature review in section 2.7.5, there are many types of MOFs which
have been investigated regarding their water adsorption properties. The group led by

Dr. Raya AL-Dadah at the University of Birmingham tested the water uptake
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characteristics of several MOFs’ adsorbent materials, including MIL-101Cr, MIL-
100Cr, Fe-BTC, Cu-BTC and CPO-27Ni. The results are shown in Figure 3-1. The
horizontal axis is the relative pressure which presents the ratio of water vapour
pressure to the pressure of the adsorption bed. The working relative pressure of the
adsorption air conditioning system is normally between 0 and 0.4. For example, at the
operating conditions normally used in the research of automotive adsorption air
conditioning systems, with the desorption temperature of 90<C and condensation
temperature of 20<C in the desorption process, the relative pressure value is 0.03 and
with the adsorption temperature of 30<C and evaporation of 15<C in the adsorption
process, the relative pressure value is 0.4. It is clear from Figure 3-1 that MIL-101Cr
and MIL-100Cr has large water uptake, but the highest increase in the water uptake
occurs when the relative pressure is larger than 0.4 which is not in the working
relative pressure range. In the working relative pressure range the water adsorption
isotherms of Cu-BTC and CPO-27Ni are higher than those of MIL-101Cr, MIL-
100Cr and Fe-BTC. However, Cu-BTC is not stable in adsorption cycles with water
vapour, as explained in section 2.7.5. On the contrary, the water adsorption process of
CPO-27Ni shows a stable operation after 40 cycles. Therefore, CPO-27Ni is chosen in
this research as a promising MOF adsorbent material to improve the performance of

an adsorption air conditioning system for automotive application.

This chapter investigates the water vapour uptake of three adsorbent materials,
including silica gel RD-2060, SAPO-34 and CPO-27Ni with water as the refrigerant.
The water uptake characteristics of CPO-27Ni and SAPO-34 were tested using the

dynamic vapour sorption (DVS) analyser and the results were compared to silica gel
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RD-2060. Based on the experimental results, equations of water adsorption isotherms

and kinetics for both CPO-27Ni and SAPO-34 are developed.
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Figure 3-1 Adsorption characteristics of MOFs’ adsorbent materials (T=25<C)

3.2 DVS test work

A dynamic vapour sorption (DVS) gravimetric analyser has been used to investigate
the water adsorption isotherms and kinetics of SAPO-34 and CPO-27Ni under
different relative pressures, as shown in Figure 3-2. The DVS analyser can directly
measure the adsorbent’s mass and prevent refrigerant vapour condensation on the
moving balance parts [1]. The ultra-sensitive recording microbalance is used to
measure the adsorbent’s mass with the accuracy of one part in ten million of the
sample mass, which has the advantage of high long-term stability in the microgram
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level [145]. Before loading the sample, dry nitrogen flow is used to purge the balance
head and reaction chamber to remove any vapour left from the previous experiments.
After that the nitrogen flow stops and only the refrigerant vapour flows through the
adsorbent material in the following steps. The purge flow is controlled automatically
to prevent vapour condensation in the balance head. Therefore accurate refrigerant
uptake measurements can be achieved. The refrigerant vapour pressure is controlled
by the mass flow controller in mixing dry and saturated refrigerant vapour. The
pressure and temperature are monitored by the optical vapour pressure sensor and
RTD thermocouple; which are very close to the sample pan during the test. The DVS
analyser is controlled by a PC microcomputer which is interfaced with the

microbalance.

During the test, a 10mg adsorbent sample is placed in the reaction chamber and dried
at a temperature of 150<C until there is no change in the adsorbent’s mass. Then the
adsorbent begins to adsorb the refrigerant vapour at a fixed temperature of 25<C. The
adsorption isotherm is calculated by measuring the adsorbent uptake at each value of
vapour pressure at the point of no change in the adsorbent’s mass as shown in Figures

3-3 and 3-4.

______________ £ ——— ———— = - Microbalamee
| Temperature controlled _ — = d

Reaction Counter waight

vapour-2 -
H o __chamber_ _ _ _ _ _ _ chamber_ |

Figure 3-2 Schematic and pictorial diagram for the DVS analyser [1]
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3.3 Adsorption performance comparison

Figure 3-5 compares the equilibrium water vapour uptakes of silica gel RD-2060,
SAPO-34 and CPO-27Ni based on the test results obtained using the DVS analyser. It
is clear that during the working relative pressure between 0 and 0.4, the water vapour
uptake of CPO-27Ni is much higher than those of SAPO-34 and silica gel RD-2060.
At the relative pressure of 0.4, the water vapour uptake of CPO-27Ni is 0.451, which
iIs 61.8% and 104.1% higher than those of SAPO-34 and silica gel RD-2060
respectively. Besides, the increase of water vapour uptake for CPO-27Ni is the
highest among the three adsorbent materials with the increase of relative pressure
from 0 to 0.1. Therefore, based on the outstanding water adsorption performance, it
can be concluded that the CPO-27Ni is a promising adsorbent material to improve the

performance of an adsorption air conditioning system for automotive application.
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Figure 3-5 Comparison of water vapour uptake for silica gel RD-2060, SAPO-34 and
CPO-27Ni
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3.4 Adsorption isotherms and kinetics equations for SAPO-34/water

and CPO-27Ni/water

3.4.1 Literature review of adsorption isotherms

Nearly all published research utilises the linear driving force equation (LDF) to
describe the adsorption kinetics of an adsorption working pair. However, various
adsorption isotherm equations have been developed. Therefore this section presents

the literature review of adsorption isotherms.

Adsorption isotherms describe the maximum amount of refrigerant contained in the
adsorbent at a certain temperature and pressure. Numerically, it equals to the ratio of
the maximum mass of the refrigerant to the mass of the adsorbent. There are six types
of equations used to model the isotherms of adsorption working pairs. They are

described in the following paragraphs.

The Tdh equation 3-1 has been used to estimate the equilibrium water uptake for
silica gel by Chua et al. [120], Voyiatzis et al. [121] and Saha et al. [124].
Wm KO eXp [AH ads /(RTads)] Pads

Ity
{1+ { KO exXp [AH ads / (RTads)] Pads }tl }1 t

w =

max

(3-1)
Where, w,, denotes the monolayer capacity; K, is the pre-exponential constant; AH_
is the isosteric enthalpy of adsorption and t, is the dimensionless TGh constant. T,

and P

ads

are the temperature and pressure of the adsorbent respectively.
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Khan et al. [112] and Miyazaki and Akisawa [113] also presented the adsorption

isotherm of silica gel/water using the following equation:

W O 8 ><[ sat (Tref ) / sat (Tads )]
e 1+ 0 5 ><[ sat (Tref ) / sat (Tads )] (3'2)

Where T, represents the temperature of the refrigerant vapour.

Freundlich's equation 3-3 was also developed to describe the adsorption isotherm of

silica gel/water [109, 110]:

P 1/1.6
W N :0346|: sat(Tref):|

Psat (Tads) (3_3)

Equations 3-2 and 3-3 are more accurate than equation 3-1 because they take the
pressure and temperature of both the refrigerant vapour and the adsorbent into
consideration. A modified Freundlich's equation 3-4 was developed [53, 105, 108,

115-118, 135] to estimate the equilibrium water vapour uptake by silica gel more

accurately.
B(Tads
_ sat (Tref )
A( ads)
sat (Tads ) (3_4)
Where A(T,,) and B(T,,) are determined by equations 3-5 and 3-6; where A, , and

B,_; are all empirical constants shown in Table 3-1.

( ads) A;) + Ai ads ads + A3 ads (3_5)

B( ads) B + BlTads + B Tails + B Ta:)::ls (3-6)
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Table 3-1 Constants in equations 3-5 and 3-6

Constant Value Unit

A, -6.5314 kgwater/kgsilicagel

A1 7.2452 X 10-2 kgwater /( I(gsilicagel 'K)
A2 -2.3951X10-4 kgwater /( I(gsilicagel 'KZ)
A3 2.5493 X 10-7 kgwater /( kgsilicagel 'KS)
B, -15.587 1

B, 0.15915 K™

B, -5.0612 X 10-4 K*

Bs 5.3290 X 10-7 K

Apart from the equations introduced above, equations 3-7 to 3-9 are also used to
estimate isotherms of zeolite/water [60, 122, 123, 125, 126], silica gel/water [136] and

activated carbon/methanol [122]; where a, , and b, , are all empirical constants.

In(Pads) = a(Wmax) +[b(Wmax) /Tads]

(3-7)
a(Wmax ) = a() + a1Wmax + aZWr?ﬁaX + aSWriax (3'8)

Finally, equation 3-10 was also used to present the isotherm of silica gel/water,
activated carbon/ammonia, activated carbon/methanol and activated carbon/ethanol:
where w, is the maximum adsorption capacity and F(P,T) is a function of pressure
and temperature as shown in Table 3-2.

W =Wo €XP[F (P, T)] (3-10)

The following sections describe the adsorption isotherms and kinetics of SAPO-

34/water and CPO-27Ni/water respectively.
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Table 3-2 Detailed equations for equation 3-10

Reference | Equations Adsorption Equation's
working pair name
106, 111 =W Silica gel/water Henry's law
[ ] exp[18AH,, / RTadS] (3-11) g equat)i/on
[102, 107] —W p[ —1)" ] Activated carbon/ | Dubinin-
ads (3-12) ammonia Radushkevich
equation
[130, 131] Activated carbon/ | Dubinin-
=W, eXp D / ﬂ methanol Astakhov
Pacs (3-13) equation
[134] Activated carbon/ | Dubinin-
—RT, Pea j ethanol Astakhov
= _ equation
=W, exp (3-14)
[127] 2 Activated carbon/ | Dubinin-
D j:| ethanol Radushkevich
Pacs (3-15) equation

3.4.2 Adsorption isotherm equations

In this section, the equilibrium of water uptake for SAPO-34 and CPO-27Ni are
measured and equations for the adsorption isotherm of SAPO-34/water and CPO-

27Ni working pairs are developed.

Based on the experimental results described in section 3.3, equilibrium water uptake
is determined using the same equation as equation 3-14 for both SAPO-34 and CPO-
27Ni. The data are fitted and the parameters of w,, n and E are determined using
Engineering Equation Solver software, with values shown in Table 3-3. The fitting of
the experimental results of SAPO-34/water and CPO-27Ni to the equations are shown
in Figures 3-6 and 3-7 respectively. The deviation between the predicted and

experimental adsorption isotherm for SAPO-34 and CPO-27Ni are 6.5% and 5.1%
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respectively, indicating the good agreement between the adsorption isotherm

equations and the experimental results.
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Figure 3-6 Fitting of adsorption isotherm equation to experimental results of SAPO-
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Table 3-3 Parameters of equation 3-14

Parameter SAPO-34/water CPO-27Ni/water
W, 0.291211 0.46826
n 35 5.6476
E 7239.17J/mol 10088.7J/mol

3.4.3 Adsorption kinetics equations

Adsorption kinetics describes the speed of the adsorption process which is influenced
by the heat and mass transfer performance of the adsorption beds. A higher adsorption
rate can be achieved with better heat transfer performance for the same adsorbent
materials. In the modelling, the conventional linear driving force equation (LDF) [105]
can be used to model the adsorption kinetics; equation 3-16.

W K (W, — W)

dt (3-16)
Where, w is the water vapour uptake per unit mass of dry adsorbent determined as
the ratio of the mass of water vapour adsorbed to the mass of dry adsorbent granules.
K is the overall heat transfer coefficient, which is calculated by equation 3-17 and

w__is determined using adsorption isotherms.

max

« _ 15D,
2
RP

(3-17)
Where D; is the surface diffusivity calculated by equation 3-18 [113] and R, is the

radius of the adsorbent granules.
E
)
bed (3-18)

D = Dy, exp(
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Where, Dy, is the pre-exponential factor of the effective water diffusivity in the
adsorbent granules; E, is activation energy; R is the ideal gas constant and T, is

the bed temperature.

3.4.3.1 Radius of adsorbent granules

To measure the size of SAPO-34’s granules a laser diffraction particle measuring
technique is utilised. The laser diffraction technique is the most frequently used
technique for measuring particle size. It is a quick and easy-to-apply method to
determine the distribution of the particle size based on the analysis of a huge number
of particles [146]. Its optical set-up is shown in Figure 3-8. The laser diffraction
analyzers pass a laser beam through a sample. The light scattered from all particles in
the sample’s volume is collected using a Fourier transform lens and focused onto a
detector. Therefore, the sample particle size distribution can be determined from the
angular distribution of scattered light across the detectors using Fraunhofer’s
diffraction theory [147]. The standard deviation of the laser diffraction particle

measuring technique is less than #1.2% [148].

The results of the laser diffraction particle sizing of SAPO-34’s granules are shown in

Figure 3-9 and Table 3-4. The volume average granule diameter is determined to be

0.2955mm.
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Figure 3-8 Optical set-up for laser diffraction particle sizing [147]
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Figure 3-9 SAPO-34 granules’ diameter measurement result

Table 3-4 SAPO-34 granules’ diameter measurement result

Granule diameter (um) Cumulative
<104.5424.3 10%
<138.5432.4 16%
<253.3430.3 50%
<489.3#175.3 84%
<563.94200.6 90%
<722.84+198.5 99%
Volume average granule diameter (pum) 295.5474.4
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The CPO-27Ni adsorbent material was manufactured by Johnson Matthey PLC who
supplied a total of 5kg of this MOF’s material. The particle size of this 5kg ranged
from 20 microns to 2000 microns. Therefore a sieving technique was used to separate
the particles into different size ranges. Past research work has shown that utilising
small size particles results in enhancing the adsorption process [1]. However, small
size particles are difficult to contain within the adsorber bed. The sieving device
separated the CPO-27Ni into the following size ranges: (1) 20-45 microns; (2) 45-90
microns; (3) 90-125 microns; (4) 125-355 microns; (5) 355-850 microns; (6) 850-
2000 microns. To use particle size close to that of SAPO-34, the CPO-27Ni particle
size ranging from 0.125mm to 0.355mm were used. The average value of the granule

diameter was 0.24mm.

3.4.3.2 Pre-exponential factor and activation energy

The adsorption kinetics of SAPO-34/water can be determined using the experimental
result. It was found that the adsorption Kkinetics of SAPO-34/water had a large
increase step when the relative pressure increased to 0.2 from the DVS measurement
results. Therefore, the fitting of the adsorption Kkinetics equation was carried out by
dividing the measured data into two parts: (1) relative pressure value below 0.2 and (2)

relative pressure value higher than 0.2, as shown in Figure 3-10. Values of Dy, and
E, required for equation 3-18 at both relative pressure ranges can be calculated using

Engineering Equation Solver software, with values listed in Table 3-5 with the
deviation of 3.5% for relative pressure value below 0.2 and 3.1% for relative pressure
value higher than 0.2. The fitting of adsorption kinetics equation to experimental

results of SAPO-34/water is shown in Figure 3-10.
70



/

Water vapour uptake (kgret /kgads)

—Relative pressure<(.2-equation

—Relative pressure>0.2-equation

+ Relative pressure<(.2-experiment

Relative pressure>(.2-experiment

0 2000 4000 6000 8000 10000 12000

Time (s)
Figure 3-10 Fitting of adsorption kinetic equation to experimental results of SAPO-

34/water

Table 3-5 Values of Dy, and E, for adsorption kinetics of SAPO-34/water

Relative pressure<0.2 Relative pressure>0.2
Dy, =2.7743%107°m? /'s Dy, =4.8516x10°m’ /s
E,=4.4423x10%J/ mol E,=1.7710x10*J/ mol

It was also found that the adsorption kinetics of CPO-27Ni/water had a large increase
step when the relative pressure increased to 0.2 from the DVS measurement results.
Therefore, the adsorption kinetics were also determined by dividing the experimental
results into two similar relative pressure ranges which are: (1) relative pressure below
0.2 and (2) relative pressure higher than 0.2, as shown in Figure 3-11 with the
deviation of 7.6% for relative pressure value below 0.2 and 9.4% for relative pressure

value higher than 0.2. Values of Dy, and E, for the two relative pressure ranges are
determined using Engineering Equation Solver software and listed in Table 3-6. The
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fitting of equation to experimental results for adsorption kinetics of CPO-27Ni is

shown in Figure 3-11.
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Figure 3-11 Fitting of equation to experimental results for adsorption kinetics of CPO-

27Ni/water

Table 3-6 Values of D, and E, for adsorption kinetics of CPO-27Ni/water

Relative pressure<0.2 Relative pressure>0.2
D,,=7.8299x10°m*/ s Dy, =7.4677x107°m?* /s
E, =3.2006x10*J/ mol E, =1.4806x10*J/ mol

3.5 Summary

In this research, water was chosen as the refrigerant because it has a large amount of
latent heat of vaporization and it is environmentally friendly. Based on the test results

of AL-Dadah and her coworkers, CPO-27Ni has the best water adsorption
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characteristics among several MOFs’ adsorbent materials tested; therefore it is chosen
as the adsorbent material to be investigated in this research. This chapter investigated
the performance of CPO-27Ni compared to silica gel RD-2060, a commercially used
adsorbent and SAPO-34, an advanced zeolite adsorbent. The water uptake
characteristics of all three adsorbents were tested using the dynamic vapour sorption
(DVS) analyser. It is concluded that the CPO-27Ni is the most promising among the
three adsorbent materials thus it can be used to improve the performance of an
adsorption air conditioning system for automotive application. Finally, fitting
equations of adsorption isotherms and kinetics for CPO-27Ni/water and SAPO-

34/water were developed based on the experimental results.
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CHAPTER 4 FINITE ELEMENT MODELLING

FOR THREE ADSORPTION BED DESIGNS

4.1 Introduction

The adsorption working pair and adsorption bed design are two of the most important
issues affecting the performance of the adsorption air conditioning system, as
explained in section 2.11. Chapter 3 investigated several adsorbent materials based on
water as a refrigerant and it is concluded that CPO-27Ni/water is a promising working
pair to improve the performance of an adsorption air conditioning system for
automotive application. Apart from the adsorption working pair, investigation of the
adsorption bed design is also important to achieve better heat and mass transfer
performance and thus improve the cooling capacity and efficiency of the adsorption

air conditioning system.

Modelling techniques are powerful tools in investigating the performance and
improving the design of adsorption beds. This chapter investigates three adsorption
bed designs, including a rectangular finned tube adsorption bed, honeycomb finned
rectangular channel adsorption bed and helix finned tube adsorption bed. A finite
element modelling method was utilised in this research because of its advantages of
high accuracy, as explained in section 2.10.2.2. Finite element models using

COMSOL Multiphysics software were developed for these three adsorption bed
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designs and were applied using CPO-27Ni/water. The performances of the three

adsorption bed designs were then compared.

4.2 Governing equations

This section describes the governing equations of the finite element simulation
process. The governing equations are principally divided into four groups; which are
equations of adsorption isotherms and kinetics, diffusion, heat transfer and flow of

heating/cooling fluid.

4.2.1 Adsorption isotherms and kinetics equations

Adsorption isotherms and kinetics equations of the CPO-27Ni/water working pair

have been presented in detail in section 3.4; they are equations 3-14, 3-16 to 3-18.

4.2.2 Diffusion equations

There are two methods used to describe the diffusion process of refrigerant in the
adsorbent material in the finite element modelling. The first method is based on
modelling adsorbent material as physical particles using equation 4-1 [149]. The
second method considers adsorbent material as a solid volume with certain porosity
using Darcy equation 4-2 [150].

oC

S-v-(D,vC)=- Pay X

M gads at (4-1)
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a(pwgads ) + v|:pw [_gvpads Jj| = a(padsw)

(4-2)

Where C is the water vapour concentration; D is the diffusion coefficient; p, is

the density of the dry adsorbent; M is the molar mass of water; &, is the porosity of

S

the adsorbent bed; 4 is the dynamic viscosity of the water vapour; p,, and p,, are the

density of the water vapour and adsorbent granules respectively. « is the permeability
of the adsorbent granules which can be determined by the Kozeny-Carman
relationship as a function of the adsorbent porosity and radius of the adsorbent
granules: equation 4-3 [60, 150].

4¢% R?

ads’ ‘p

K= s

150(1- ¢ . )’ (4-3)
To simulate the cycling process of the whole adsorption cooling system including
adsorbers, evaporator and condenser, the first method is preferred because it takes the
movement of refrigerant particles into account. However, based on the published
research this method is only used to simulate the diffusion process inside the thin
layer of adsorbent material because its computational time is large [136, 149]. On the
other hand, although porous model has some limitations, the results of finite element
simulation calculated by all governing equations during our research work will be
validated by experimental results with the acceptable average deviation to prove the
equations' feasibility. Therefore the second method is chosen in our investigation
process. Besides, since only the adsorber bed is simulated in this research using finite
element modelling technique, the second method is used to save computational time.
Therefore, the Darcy equation 4-2 is used in the finite element modelling to take into

account the diffusion of water vapour in the adsorbent granules.
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4.2.3 Energy equations

Energy equations are used to describe the heat transfer in the adsorption bed.
Equations 4-4 to 4-7 describe energy conservation in the adsorbent granules,

heating/cooling water, copper tubes and aluminium fins respectively.

OT 4 K ow
peqcpeq atd + Cpref \% |:Tadspref [_; VF)ads Jj| =V (kquTadS ) + padsAH ads E

(@-4)
2,Cp,, % +Cp,uvT, =V (k,VT,)
(4-5)
oT.
pCuCpCu % = v(kCuVTCu )
(4-6)
oT
PaCPyy ?AI = V(kAl VTy )
(4-7)

Where Cp, k, p, T are heat capacity, heat conductivity, density and temperature
respectively. The subscripts of ads, ref , w, Cu, Al represent adsorbents, refrigerant
water vapour, heating/cooling water, copper tubes and aluminium fins respectively.

Term u is the velocity field of heating/cooling water. Cp,, and k,, are the thermal
capacity and thermal conductivity of the adsorbent materials as calculated by
equations 4-8 and 4-9 respectively.

PeqCPeq = (EatsPret + PagsW) CPret + Pgs P (4-8)

(4-9)

ads ads " “ref

Keg = (1= €a ) Kas + EasK

The thermal contact resistance between the adsorbent granules and the heat
exchanger’s metal surface are determined by equations 4-10 and 4-11, developed by

[1]. These equations are polynomial expressions for the thermal contact resistance for

77



three different granule sizes 50 and 100 mesh corresponding to granule diameters of

0.297mm, 0.149mm respectively.

Reonts0 = 0.0013T?—-0.1773T +8.6221 (4-10)

Roont 100 = 0.0012T 2 -0.1624T +7.6785 (4-11)

Since the diameter of CPO-27Ni particles used in this research is 0.24mm as

described in the section 3.4.3.1, the contact resistance is calculated using the

following equation 4-12. The unitof all R, o,, Rgy100 @Nd Ry S m* K/KW.,
0.297mm—0.24mm
Ron =R - -R 4-12
cont ‘cont,50 0297mm _ 0149mm ( cont,50 cont, 100 ) ( )

4.2.4 Flow of water equations

As for the equations that govern the flow of heating/cooling water, two conditions are
considered in the modelling of laminar and turbulent flows. Equation 4-13 is used in
the case of laminar flow with the Reynolds number less than 2300; while equation 4-

14 is used for the turbulent flow condition when the Reynolds number is larger than

2300.
pW%+ pw(uv)u=v{—PWr+ y[vm(vuﬂ} (4-13)
2 s p(av)a- v{_pwn(w ) [va+(vay -2 pwkkurr} (4-14)

Where P, is the pressure; I is the unit matrix and k., is the turbulent kinetic energy.

kur
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4.3 Finite element modelling and results

Finite element modelling is used to simulate the adsorption bed and study the
performance of different bed designs. In this research COMSOL Multiphysics
software has been used to simulate the adsorption process occurring in the adsorption
beds. The geometry of all adsorption bed designs are described in detail in the

following sections.

4.3.1 Rectangular finned tube adsorption bed

A rectangular finned tube adsorption bed is a commercially available type of heat
exchanger that contains tubes and rectangular fins as shown in Figure 4-1. This bed
design is used by Weatherite manufacturing Itd in their silica gel/water adsorption
chiller. The fins are uniformly distributed through the length of the tubes. To reduce
the mass of the adsorption bed, aluminium was chosen as the material for the fins.
The dimensions of each fin were 115>30>0.105mm. Four tubes were also distributed
uniformly along the width of the adsorption bed, with an outside diameter of
15.875mm (3/4 inch) and a wall thickness of 0.8mm. Copper tubes were used as they
have large thermal conductivity. Adsorbent granules were packed between the fins. In
the adsorption process, the cooling water flows through tubes to cool down the
adsorption bed; since the bed is hot after the desorption process. All parameters are

shown in Table 4-1.

Since the adsorption bed is symmetrical around its longitudinal and lateral axes and in

order to reduce computational time, only one quarter of the bed of full length and
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whole fin number has been modelled, as seen in the zone shown in red lines in Figure
4-1. Figure 4-2 shows the overall geometry of the modelled adsorption bed and Figure

4-3 is a zoom out section.
The boundary conditions contain fixing the evaporation pressure on the surfaces

between adsorbent material and refrigerant, and the symmetry around the surfaces on

one side and the underside surfaces.

, Built in model Adsorbent granules

Aluminium Fins
Copper Tubes A

Figure 4-1 Part of adsorption bed modelled

Table 4-1 Adsorption bed parameters

Parameters Value

Bed length 550mm
Fin width 115mm
Fin height 30mm

Fin pitch 1.016mm
Fin thickness 0.105mm
Tube outer diameter 15.875mm
Tube thickness 0.8mm
Fin number 540
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Adsorbent granules

Figure 4-3 Zoom out section of adsorption bed

4.3.2 Honeycomb finned rectangular channel adsorption bed

The honeycomb adsorption bed contained six rectangular aluminium tubes and two
layers of aluminium honeycomb structure. The cooling water flows through the tubes

to cool down the adsorption bed during the adsorption process. Honeycomb fins were
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attached on both upper and lower surfaces of the rectangular tubes, as shown in
Figure 4-4. Adsorbent granules were packed inside the honeycomb cells, with all the

design parameters shown in Table 4-2.

~ Aluminium
Honeycomb Fins

Aluminium :
Rectangular Tubes

Figure 4-4 Diagram of adsorption bed with rectangular tubes and honeycomb fins

Table 4-2 Honeycomb finned adsorption bed design parameters

Parameters Value
Bed length 275mm
Tube height 12mm
Tube width 25mm
Tube thickness 0.5mm

Honeycomb fin metal thickness | 0.8mm

Honeycomb fin height 10mm

Honeycomb fin cell size 6.4mm
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Due to the symmetry around its longitudinal and lateral axes and to reduce the
computational time, one quarter of the adsorption bed with full bed length was
simulated. Figure 4-5 shows a section of the adsorption bed with the honeycomb fins

simulated.

Cooling Water

Figure 4-5 Diagram of one quarter of the adsorption bed simulated

The boundary conditions contain fixing the evaporation pressure on the surfaces
between adsorbent material and refrigerant, and the symmetry around the surfaces on

one side and the underside surfaces.

4.3.3 Helix finned tube adsorption bed

Figure 4-6 shows a schematic diagram of the helix finned tube used in the adsorption
bed. It contained copper tube and small copper rectangular ring fins as shown in

Figure 4-6(a). The ring fins were welded onto the tube’s outside surface and they
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were distributed on a helix line. In the adsorption process the cooling water flows
through the tube to cool down the adsorption bed; since the bed is relatively hot after
the desorption process. Adsorbent granules were packed in the space between the fins
as shown in Figure 4-7(b); with the design parameters shown in Table 4-3. The
boundary condition is fixing the evaporation pressure on the surfaces between

adsorbent material and refrigerant.

Adsorbent
aterial

Cooling Water

(a) (b)
Figure 4-6 Schematic diagram of helix finned adsorption bed: (a) tube and fins;

(b) packed with adsorbent material

Table 4-3 Bed design parameters

Parameter Value
Rectangular ring fin height 7.5mm
Rectangular ring fin width 2.5mm
Rectangular ring fin wire diameter 1mm
Rectangular ring fin number 100
Helix pitch 5mm
Tube length 50mm
Tube outside diameter 16mm
Tube thickness 0.5mm
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4.4 Finite element modelling results and discussion

Adsorption process simulations for the three adsorption bed designs described in
section 4.3 were carried out using the finite element simulation method outlined in
section 4.2; with operating conditions which are normally used in research of

automotive adsorption air conditioning systems, as shown in Table 4-4.

Table 4-4 Simulation operating conditions

Condition Value

Initial bed temperature 90C
Evaporator temperature 15<C

Cooling water inlet temperature 30C

Cooling water flow rate 15L/min
Adsorption time 30min

Initial uptake rate 0.05 kQwater/KQads

Figure 4-7 shows the predicted temperature distribution at the last fin of the
rectangular finned tube adsorption bed at time intervals of 100, 300, 600, 900, 1200,
1500 and 1800 seconds. It is clear from the figure that as the time increases, the

temperature of the last fin approaches the coolant temperature.

The horizontal cut plane which has a distance of 8mm from the horizontal centre
plane of the fin height was used to investigate the refrigerant flow velocity, as shown
in Figure 4-8. Figure 4-9 shows the predicted refrigerant flow velocity magnitude
distribution of the plane investigated at time intervals of 100, 600, 1200 and 1800
seconds. It is clear from the figure that the refrigerant flow velocity magnitude
becomes smaller with the increase of time. This is because that the adsorption process

is quickly at the beginning and becomes slower as the time increases.
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Figure 4-7 Temperature distribution of the last fin of rectangular finned tube

(The unit of the label is K)
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adsorption bed at (a) 100s; (b) 300s; (c) 600s; (d) 900s; (e) 1200s; (f) 1800s
Figure 4-8 The horizontal cut plane to investigate the refrigerant flow velocity
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Figure 4-9 Refrigerant flow velocity magnitude distribution of the plane investigated

at (a) 100s; (b) 600s; (c) 1200s; (d) 1800s

(The unit of the label is m/s)

Figure 4-10 shows the predicted temperature distribution at the horizontal centre
plane of the fin height at time intervals of 100, 600, 1200 and 1800 seconds. The

distribution of the adsorbent material is not continuous in y-axis because this cut
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plane also contains areas of cooling water and copper tubes. It is clear from the figure
that as the time increases, the temperature of the adsorbent material approaches the

coolant temperature.
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Figure 4-10 Adsorbent temperature distribution at the horizontal centre plane of the
fin height at (a)100s; (b)600s; (c)1200s; (d)1800s

(The unit in the label is K)

Figure 4-11 shows the variation of water vapour uptake with time for the three
adsorption bed designs. It is clear that the rate of water uptake increases with time and
nearly reaches the equilibrium condition at the end of the simulation period. From the

figure it can be found that the water vapour uptake of the rectangular finned
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adsorption bed is higher than that of the honeycomb finned bed and helix finned bed,
by 5.9% and 7% respectively at 600s of the adsorption process which is normally
used as adsorption time in the research of adsorption cooling systems. This is due to
the effective mass and heat transfer performance of the rectangular finned adsorption
bed design. Therefore, the rectangular finned adsorption bed design has the largest

water vapour uptake and thus can achieve the highest SCP.
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Figure 4-11 Comparison of water vapour uptake for three adsorption bed designs

Figure 4-12 shows the temperature distribution of three adsorption bed designs at
600s of the adsorption process and Figure 4-13 compares the average bed temperature
with time of the three adsorption bed designs. The results show that during the
adsorption process the rectangular finned adsorption bed has the lowest average

adsorption bed temperature. This illustrates the better heat transfer performance of the
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rectangular finned adsorption bed compared to both the honeycomb finned bed and

the helix finned bed.
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Figure 4-12 Temperature distribution of three adsorption bed designs at 600s: (a)

rectangular finned tube adsorption bed; (b) honeycomb finned rectangular channel

adsorption bed; (c) helix finned tube adsorption bed
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Figure 4-13 Comparison of average bed temperature for three adsorption bed designs
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Apart from the water vapour uptake that affects the SCP of the adsorption air
conditioning system, another parameter, the heat capacity ratio (HCR), is also used to
measure the performance of the adsorption bed. The HCR is the ratio between the
thermal capacities of the adsorbent to those of the adsorption bed’s metal, as given in
equation 4-15. A higher HCR means a higher amount of heat received by the
adsorbent material compared with that received by the metal; which directly enhances

the COP of the adsorption air conditioning system.

HCR = _MacsCPags (4-15)
mmetal Cpmetal

Table 4-5 shows the HCR values of the three adsorption bed designs. It shows that the
HCR of the rectangular finned adsorption bed is much higher than that of the
honeycomb finned bed and the helix finned bed by 120% and 76% respectively.
Therefore the efficiency of energy utilisation of the rectangular finned adsorption bed

IS best; thus it can produce the highest COP.

Based on the results shown above, the rectangular finned tube adsorption bed offers
potential in producing efficient adsorption system, compared with the honeycomb
finned rectangular channel adsorption bed and the helix finned tube adsorption bed;
due to its high rate of performance including water vapour uptake and HCR. This is in
agreement with [151, 152] where various beds’ geometry parameters were
investigated; such as fin pitch, fin height, honeycomb fin height and honeycomb fin
cell size using silica gel adsorbent. The conclusion is that the rectangular finned

adsorption bed can achieve better performance than other designs.
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Table 4-5 HCR values of three adsorption bed designs

Adsorption bed design HCR
Rectangular finned adsorption bed 0.829
Honeycomb finned adsorption bed 0.377
Helix finned adsorption bed 0.471

Figures 4-14 and 4-15 present the desorption process with the initial bed temperature

of 30<C, hot water temperature of 90<C and initial water vapour uptake of 0.45.

Similar to the adsorption process results shown in Figures 4-11 and 4-13, the

desorption results indicate that the rectangular finned adsorption bed can achieve

better performance than the honeycomb and the helix finned bed designs.
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Figure 4-14 Water vapour uptake during desorption process for three adsorption bed

designs’ desorption
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Figure 4-15 Average bed temperature during desorption process for three adsorption

bed designs’ desorption

4.5 Mesh sensitivity investigation of finite element modelling

A meshing process is necessary before computing the finite element modelling in
COMSOL software. This section presents the investigation of mesh sensitivity of
finite element modelling developed in this research. The model to simulate the
adsorption process of the rectangular finned adsorption bed is computed three times
using the operating conditions shown in Table 4-4 and different meshing procedures.
The mesh number of each run is shown in Table 4-6. Figures 4-16 and 4-17 present
the results of the water vapour uptake and average bed temperature respectively. The

average deviations of the water vapour uptake and average bed temperature of these
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three runs are 0.36% and 0.37% respectively; indicating that the different meshing

densities have almost no influence on the finite element modelling prediction results.

Table 4-6 Mesh number of each meshing procedure

Runs Mesh number
Run 1 0.87x10°
Run 2 11.89x10°
Run 3 13.77x10°
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Figure 4-16 Water vapour uptake of three runs with different mesh numbers
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Figure 4-17 Average bed temperature of three runs with different mesh numbers

4.6 Summary

This chapter presented an investigation of three adsorption bed designs, including a
rectangular finned tube adsorption bed, a honeycomb finned rectangular channel
adsorption bed and a helix finned tube adsorption bed. A finite element modelling
method is utilised in this research because of its advantages of high accuracy, as
explained in section 2.10.2.2. Finite element models using COMSOL Multiphysics
software were developed for these three adsorption bed designs packed with CPO-
27Ni adsorbent material. The performances of three adsorption bed designs are
compared based on the simulation results. It is concluded that the rectangular finned

adsorption bed outperformed the honeycomb finned adsorption bed and the helix
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finned adsorption bed; due to its very effective adsorption performance in terms of

water vapour uptake and HCR.
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CHAPTER 5 EXPERIMENTAL TEST FACILITY

5.1 Introduction

This chapter introduces the design, construction and commissioning of a test facility
to evaluate the performance of rectangular finned tube adsorber beds packed with
MOF material. To improve the performance of an adsorption air conditioning system,
an efficient adsorption working pair and adsorption bed design should be investigated
and tested. There are two methods used for investigating adsorption cooling systems
as reported in the literature review, which are simulation and experimental methods.
The simulation method utilises mathematical analysis to predict the performance of an
adsorption refrigeration system based on solving all the governing equations. On the
other hand, experimental work is required to prove the concepts and validate
simulation work. Therefore, experimental investigation of performance including heat

and mass transfer performance, cooling capacity and efficiency is important.

This test rig is flexible so adsorption beds with different structures and adsorption
working pairs can be tested. Utilising this test facility, the performance of an
adsorption system with CPO-27Ni/water and a rectangular finned tube adsorption bed

design was investigated.
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5.2 Test facility description

The test facility is based on a one-bed cycle which has the simplest adsorption system
structure. Figure 5-1 shows a schematic diagram and Figure 5-2 is a pictorial
presentation of the test rig. The test rig consists of an adsorber, evaporator/condenser,
cooling water circulating system, chilled water circulating system and electrical
heating system. The adsorber consists of a steel shell in which two finned tube heat
exchangers packed with adsorbent material granules are fitted. Each of the finned heat
exchangers consists of four copper tubes; with two tubes fitted with electrical heaters
and two connected to the cooling water system. Electrical heaters were used to enable
testing to be carried out at wide range of temperatures, representing both water
heating and exhaust gas heating. The electrical heaters were used during the
desorption process; while the cooling water was used during the adsorption process.
There are three solenoid valves and two water pumps to control the water flow rate. In
the adsorption process all pumps and valves are open; while in the desorption mode,
valve 1, valve 2 and pump 1 are closed. In this test facility, evaporation and
condensation are performed in one heat exchanger to make the system simpler. It
works as an evaporator in the adsorption process and as a condenser in the desorption
process. A heater-chiller is utilised in the test rig to provide the energy for the
evaporation process and take heat out during the condensation process. Furthermore,
three vacuum pumps are connected to the adsorber and evaporator/condenser tank
respectively to suck air out and provide the required vacuum conditions. For
measurements, probe thermocouples, pressure transducers and flow meters are
installed in the test rig to measure temperature, pressure and water flow rate

respectively.
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Figure 5-1 Schematic figure of the whole test facility

103



Vacuum __| Evaporator

pumps = | /condenser
Solenoid
valve
Heater- Controllers
Chiller

Water pump

Figure 5-2 Pictorial figure of the whole test rig
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Each component of the test facility is described in the following sections, including
the adsorber, evaporator/condenser, heater-chiller, heaters and controllers, water

pumps, valves, vacuum pumps and measuring instruments.

5.2.1 Adsorber

The adsorber is the most important part in the whole test facility. The adsorber
consists of three parts: adsorption beds, shell and cover. The adsorption beds used in
this test rig are rectangular finned tube heat exchangers made by the Weatherite
Company. Each adsorption bed contains 270 aluminium fins and four copper tubes, as
shown in Figure 5-3. Adsorbent granules are packed between the fins. Two helix
electrical heaters are fitted in the two middle tubes respectively to heat the whole
adsorption bed in the desorption process. In the adsorption process, cooling water
flows through the remaining two tubes to cool down the adsorption bed; since the bed
is hot after the desorption process. Two adsorption bed modules are installed in the
adsorber shell and their tubes are connected by U-bends on one end. On the other side,
tubes are extended to pass through the cover. All design parameters are shown in
Table 5-1. The modules are covered by stainless steel mesh to contain the adsorbent
granules and prevent them from falling out. Figure 5-4 shows photographs of the

packed adsorption beds.
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Figure 5-3 Schematic diagram of a rectangular finned tube adsorption bed

Table 5-1 Adsorption bed parameters

Parameters Value

Bed length 275mm
Fin width 115mm
Fin height 30mm

Fin pitch 1.016mm
Fin thickness 0.105mm
Tube outer diameter 15.875mm
Tube thickness 0.8mm
Fin number in one adsorption bed 270

Figure 5-5 shows the adsorber steel shell with a height of 600mm, a diameter of

320mm and wall thickness of 6mm.

The finned tube heat exchangers are fitted to a metal plate. The metal plate is also
used to seal the adsorber shell by being connected to a flange attached to the shell. To
ensure effective sealing of the adsorber bed, an o-ring was fitted in a groove machined
in the flange, as shown in Figure 5-6. The flange and the metal plate had 24 bolts to

enable appropriate sealing of the adsorber, as shown in Figure 5-7.
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Figure 5-5 Adsorber shell
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Figure 5-6 O-ring sealing for adsorber

Figure 5-7 shows a drawing and a photograph of the metal plate; it contains eight
holes for fitting of the two adsorber bed modules; six holes for thermocouples; one
hole for both vacuum pump and pressure transducer; and one hole for refrigerant
vapour flow. The shell of the adsorber is covered with 20mm thick ROCKWOOL
thermal insulation material, which has a thermal conductivity of 0.023W/(m-K), to

reduce thermal losses to the environment.

5.2.2 Evaporator/condenser

In the test facility, there is one adsorber bed that works as an adsorber during the
adsorption process and a desorber during the desorption process. That means that the
adsorber will be connected to an evaporator during the adsorption mode and to a
condenser during the desorption mode respectively. Therefore the evaporator and

condenser can be integrated into one device.
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Figure 5-7 Cover of adsorber

The evaporator/condenser is a circular tank with a diameter of 320mm and a height of
340mm, as shown in Figure 5-8. The shell and base are made of steel with 3mm

thickness. On the wall, there are two holes for cooling/heating fluid inlet and outlet;
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two holes for thermocouples measuring the temperature of the refrigerant vapour and

liquid respectively; one hole for both the pressure transducer and vacuum pump; and

one hole for refrigerant vapour entering/leaving the shell.

Cover plate with diameter of 319mm

Rubber gasket—

1" vapour route hole +E—

340mm

*‘-f*“—'1/8" thermocouple for vapour hole

—7—8mm chilled water outlet hole

1/2" hole for vacuum pump
and pressure transducer

1/8" thermocouple for liquid hole

| . .
—Pﬁ‘—/—ﬁ<—8mm chilled water inlet hole

Figure 5-8 Evaporator/condenser
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The cover is an acrylic plate; it seals the shell through a rubber gasket as shown in
Figure 5-8. When the pressure inside the tank is smaller than that outside, the cover
and shell will push onto the rubber gasket, as shown in Figure 5-9. The deformation
makes the gasket contact the cover perfectly and prevent ambient air going inside.
With this sealing method, a high vacuum level inside the evaporator/condenser tank
was achieved. The results from the vacuuming test showed that the absorber and

evaporator/condenser lost only 1mbar during 3 days.

Cover J'

Gasket

Shell

Figure 5-9 Sealing method of the evaporator/condenser

The cooling/heating fluid used to extract the heat of condensation or supply the heat
of evaporation is water, which flows inside a tube coil. The coil is made of 8mm
outside diameter tube and consists of two parts as shown in Figure 5-10. The first part
is a coil made of a number of turns in the same plane and laid at the bottom of the
shell. This coil is submerged in the liquid refrigerant and provides the heat required

for evaporation. The second part is a helical coil with an outer diameter of 220mm
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and eight turns. This part is submerged in the vapour and provides a surface for

condensation.

During the adsorption process, chilled water flows inside the coil to provide heat to
evaporate the refrigerant liquid. On the other hand, during the desorption process,
cooling water flows inside the coil to condense the refrigerant vapour. The shell and
cover are covered with thermal insulation materials to reduce heat flow to or from

their surroundings.

Figure 5-10 Coil inside evaporator/condenser

5.2.3 Heater-chiller

To investigate the performance of the adsorption cooling system at various operating

conditions, the temperature of the evaporator and condenser needs to be controlled
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during the experiment. To achieve this, a heater-chiller is used in this test facility to

control the temperature of the heating/cooling fluid.

The heater-chiller system used is a CU-700 produced by the Betta-Tech company and
Table 5-2 shows its specification. Figure 5-11 shows the front and back view of this
heater-chiller, which has the following advantages: firstly, this heater-chiller can
control temperature of fluid from -15€ to 70<€, which is suitable for automotive air-
conditioning application; secondly, this heater-chiller controls the temperature
through a PID controller with an accuracy of 0.1 <€; finally, this machine is compact

and its operation is simple.

Table 5-2 Parameter of Betta-Tech CU 700 heater-chiller

Parameter Value

Temperature range -15€ to 70€

Cooling capacity at 159 water capacity 2500 kcal/h

Refrigeration 1 HP

Heating rating 2.5kW

Pump flow max zero pressure 0.05kPa

Tank capacity 3L

Dimensions 610mm>450mm>500mm
Weight 82kg

Electrical supply 230V
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Figure 5-11 Front and back view of Betta-Tech CU 700 heater-chiller

5.2.4 Heaters and controllers

An electrical heating method for the desorption process is used in this test facility, in
order to enable testing at a wide range of temperatures. Figure 5-12 shows the custom
made heater bought from Under Control Instruments Ltd. It includes a heating
element and connecting wires. Heating coils are inserted into the two middle tubes of
each bed to heat the whole adsorption bed as mentioned in section 5.2.1; thus four
heaters are used in total. There are also insulating materials on the surface of the
heating coils to prevent electric conduction from the heaters to the whole rig. A J-type
thermocouple is fixed in the inner ring of each heater's coils to monitor the heater

temperature.

To control the temperature of the heaters, a N322 PID controller from Novus
Company was used for each heater. It has a control range of 0€ to 600€ with an

accuracy of 3<€ for the attached J-type thermocouple. The controllers use the
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temperature sensed by the thermocouple fitted on the heater to switch on or off the
heater's electrical power input. They work continuously so that the temperature of the

heaters can be maintained at the setting value.

Figure 5-12 Heater

5.2.5 Water pumps

Two water pumps were used in the test facility. One was used to pump cooling water
in the adsorber bed heat exchanger. The other one was used to pump water in the
evaporator/condenser together with the pump inside the heater-chiller. An MSP-3
water pump from March May Ltd was chosen. The pumps are capable of circulating
water at a flow rate ranging from 1 to 19.5L/min and producing a maximum pumping

pressure of 3bar.

115



5.2.6 Valves

In this test facility, four valves were used at different positions, as shown in Figure
5-1. Valves 1 and 2 were used to control the flow of the adsorber cooling water; valve
3 was used to control the flow of the evaporator/condenser heating/cooling water and
valve 4 was used to control the flow of refrigerant vapour between the adsorber and

evaporator/condenser.

A motorised solenoid two port valve, type SMV2530 from the Inta Company was
chosen for valves 1, 2 and 3. This valve type can handle the maximum temperature of
120<€ which is adequate for this research. Also, the opening time of this valve is only
10 seconds and the closing time is 4 seconds. Table 5-3 shows the operation mode of

the valves and water pumps based on numbers shown in Figure 5-1.

Table 5-3 Operation of valves and water pumps

Mode Valve 1 Valve 2 Valve 3 Valve 4 Pump 1 | Pump 2
Adsorption | Open Open Open Open Open Open
Desorption Closed Closed Open Open Closed | Open

The control method for valves 1-3 is shown in Figure 5-13. An NI 6008 control board
was used to control these three valves. There were two voltage outputs from the
control board, one for opening and closing valves 1 and 2 simultaneously and the
other one controlled valve 3. The output voltage signal from the ports of the control
board can only be 0 or 5V to close or open the valve respectively. Since the valve can
only be powered by 230V voltage, relays (one for each output signal) are needed to

enhance the 5V output voltage signal to the 230V required by the valve. The NI
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control board was connected to a computer and controlled using LabVIEW software.

The operating interface in LabVIEW is shown in Figure 5-14.

For valve 4, a ball valve operated by hand was used to control the flow of refrigerant

vapour between the adsorber and evaporator/condenser.

)
Y
Power
230V Valve 1}
Labview | |nputq NI 6008 Output! 5V 30V |7
on > Control Board > Relay Valve 2| |
computer
Output2
! Eu v Relay 230V Valve 3

Figure 5-13 Control method for valve 1-3

Figure 5-14 Operating interface in the LabVIEW software
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5.2.7 Vacuum pumps

Vacuum pumps are needed to achieve the low pressure conditions required for using
water as a refrigerant. An Edwards nXDS15i dry vacuum pump was used as shown in
Figure 5-15. It has a maximum vapour pumping rate of 280g/h and can achieve
minimum pressure of 0.5Pa. This pump is an oil free pump thus eliminating the need
to change the oil when contaminated with condensate liquid water. In the test facility,
two vacuum pumps were connected to the adsorber to accelerate the adsorbent
granules’ drying process. One other pump, ECVP425, was connected to the
evaporator/condenser to evacuate the shell before the experiment. Ball valves (one for
each vacuum pump) were used to control the connection between the pumps and the

adsorber or evaporator/condenser tanks.

~.-—‘". — —

Figure 5-15 nXDS15i dry vacuum pump
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5.2.8 Measuring instruments

A computerised measuring system was used in the test facility to monitor and record
temperatures and pressures. This section describes the various measuring instruments

used.

5.2.8.1 Temperature measurement

Thermocouples were installed at different positions in the test facility to measure the
temperatures of the adsorption beds, heating/cooling fluid flowing through the
adsorber and evaporator/ condenser at the inlet and outlet, liquid and vapour in the

evaporator/condenser shell and adsorber space.

The thermocouples used for measuring the temperature of the adsorption beds and
adsorber space were T-type compact transition joint probes from Omega Engineering
Ltd., as shown in Figure 5-16. The transition joint has an outside diameter of 4.5mm
and a length of 30mm which is made of stainless steel. The thermocouple sheath has a
diameter of 1.5mm and different lengths were used at different positions. This type of
thermocouple can measure temperature up to 260 according to the manufacturer's

instructions.
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Figure 5-16 TJC100-CPSS thermocouple

All TIC100-CPSS thermocouples were sealed and fixed on the cover of the adsorber
and the shell of the evaporator/condenser using compression fittings, as shown in
Figure 5-17. The fitting was fixed at the transition joint of the thermocouple and it

included a compression nut, compression ring and compression seat.

Figure 5-17 Thermocouple assembly

There were two thermocouples fixed similarly at each adsorption bed; one at the

middle of the length and the other at the bottom, as shown in Figure 5-18. All these
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thermocouples were probed through the metal mesh and immersed into the adsorbent
granules. The thermocouples were fixed using aluminium tape to ensure firm contact
with the surface. To monitor the temperature of refrigerant vapour in the adsorber
space, one thermocouple was fixed such that the probe was suspended in the adsorber
volume. In the evaporator/condenser, two thermocouples were fixed in the shell; the
upper one to measure the temperature of the refrigerant vapour and the bottom one to

measure the temperature of the refrigerant liquid.

Figure 5-18 Adsorption bed temperature measurement

To measure the heating/cooling water temperature at the inlet and outlet of the
adsorber and evaporator/condenser, Platinum RTD sensors were used owing to their
high degree of accuracy of measurement, as shown in Figure 5-19. They have a sheath
of 100mm in length and the tip was fixed at the centre of the flow of water inside the
tube. The RTD thermocouples at the inlet and outlet of the evaporator measures the
chilled water temperature ranging from 8.799<C to 15.093<C, with the accuracy of
#0.025<C. While the T-type thermocouples fixed in the adsorption bed have the
measuring range from 20.57<C to 107.712<C, with the accuracy of #0.1<C. Then the

uncertainties of the chilled water temperature and the bed temperature, which are
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measured by RTD thermocouples and T-type thermocouples respectively can be

determined. They are 0.6-0.7% and 0.5-0.9%.

Figure 5-19 RTD thermocouple and the fitting

The voltage signal of all the thermocouples were logged using DataTaker-DT85 and
the temperature values were displayed on the computer. Therefore, the temperature

could be monitored and recorded during the experiment.

5.2.8.2 Pressure measurement

Two pressure transducers were used in the test facility to measure the pressure in the
adsorber and evaporator/condenser respectively. The pressure transducers utilized
were from Impress Sensors & Systems Ltd which can measure pressure from 0 to
10kPa. The measurement accuracy is ).01kPa with the output signal of the
transducer being electrical current ranging from 4 to 20mA. The relationship between
pressure and current is linear, as shown in Figure 5-20 [153]; thus the current signal

can be converted to a voltage signal through 1000hms resistance connected to the data
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logger terminal board. The electrical wiring of the pressure transducer with the data

logger and power supply is illustrated in Figure 5-21.
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Figure 5-20 Relationship between pressure and current [153]
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Figure 5-21 Electrical wiring diagram of pressure transducers
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5.2.8.3 Flow rate measurement

The flow rate of the heating/cooling fluids through the adsorber and
evaporator/condenser were measured respectively using two flow meters. The flow
meters utilised in the test facility are FLC-H14 from Omega with the range of 0-57
L/min, as shown in Figure 5-22, with an accuracy of #L/min and a maximum
operating temperature of 121<€. The flow meters are tubular with all internal wetted
parts sealed within the body casing. Running through the centre of the body casing is
a tapered centre shaft which is centred in the bore. Encircling the shaft is a sharp-
edged, floating metering poppet. The metering poppet is held in the 'no flow' position
by the biased return spring. As the flow moves through the meter it creates a pressure
differential across the floating orifice disk, forcing the disk and transfer magnet
against the return spring. As flow increases, the pressure differential across the
metering poppet increases, forcing poppet to move along the tapered centre shaft. As
flow decreases, the biased return spring forces the poppet down the tapered centre
shaft, returning to the 'no flow' position [154]. The flow rate was measured manually
and during the experiment, several readings were taken and their average was
calculated. In the experiment, the flow meter was used to measure the water flow rate

ranging of 8-14L/min. The uncertainty of the flow meter is between 7.1% and 12.5%.

Figure 5-22 FLC-H14 flow meter

124



5.3 Test rig commissioning

The adsorber consisting of the adsorber shell, adsorber cover and adsorption bed was
integrated with the evaporator/condenser, chiller and cooling water tank as shown
schematically in Figure 5-1. The system was commissioned and initial testing for the

various aspects of the investigation was carried out.

Firstly, the adsorber and evaporator/condenser were vacuumed to as low a pressure as
possible at 3mbar and then left while the pressure was monitored to check whether
there was any leak into the system. As a result, it was ensured that the pressure in the
adsorber and evaporator/condenser would only increase by 1mbar during the 3 days,
through eliminating any source of leakage. With this small pressure change, the
adsorber and evaporator/condenser were capable of holding the vacuum. Besides,
each dry vacuum pump can achieve the minimum pressure of 0.005mbar which
indicates that the vacuum level of the test facility is high. This test is important
because the refrigerant liquid can evaporate only when the pressure in the
evaporator/condenser is at/below the saturation pressure corresponding to the
operating temperature. If the adsorber and evaporator/condenser cannot hold the
vacuum, the pressure in the evaporator/condenser will increase quickly to higher than
the saturation pressure of the refrigerant in the adsorption process; which stops the
evaporation process, as well as reduces the refrigerant uptake amount and cooling
capacity. Besides, the air flowing into the system can affect the mass transfer and heat

transfer performance of the adsorber beds and evaporator/condenser.

Secondly, the leakage of all pipes was inspected by opening all the water pumps and
valves after the pipes were connected.
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Thirdly, the heater's performance was tested. With all four heaters opening and the

controllers of the heaters being set at 250<C, the adsorption beds could reach an

average temperature of around 90<C after 3 hours; which was adequate for

regenerating the adsorber beds.

5.4 Testing procedure

The following steps describe the testing procedure in detail, including preparation and

regeneration, adsorption, desorption and cycling.

A.

1-

Preparation and regeneration

Fill the evaporator/condenser with 2.5L water and fill the water tank with

cooling water.

Vacuum the adsorber using the two dry vacuum pumps. In the vacuum
process, valve 4 is closed to isolate the adsorber from the
evaporator/condenser tank. At the same time, adsorption beds are heated using
all four heaters. The controllers of the heaters are all set at 250<€. The data of
the temperature and pressure is monitored and recorded simultaneously using
a data logger and computer. The power consumed by the heater is also

recorded using a plug-in power monitor.

Half an hour before the end of the predefined heating time, the heater-chiller is
switched on and set at the required evaporation temperature. The refrigerant
water inside the evaporator/condenser is cooled to the evaporation temperature
by heat transfer with the chilled water going through the coils. At the same

time water pump 2 and valve 3 are open to allow a large water flow rate to go
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through the evaporator/condenser to reach a stable temperature in as short a
time as possible. Simultaneously, the vacuum pump is used to vacuum the
evaporator/condenser until the pressure inside reaches the saturation pressure

corresponding to the evaporation temperature.

. Adsorption

When the predefined heating time is reached, the adsorber and evaporator/
condenser are isolated from the vacuum pumps and the heaters are switched
off. The set temperature of the heater-chiller stays at the evaporation
temperature. Water pump 1 is turned on and valves 1 and 2 are opened to
allow the cooling water flow through the adsorption beds. The required flow
rate is controlled by the flow control valve and a bypass valve (see Figure 5-
1). The flow rate is recorded for both the water flowing through the adsorber

and the evaporator.

When the flow rate becomes stable, valve 4 is opened. The evaporator is
connected to the adsorber to start the adsorption process for a specified length

of time.
Desorption

After the adsorption process for a predefined adsorption time, water pump 1 is
turned off and valves 1 and 2 are closed. Cooling water flowing through the

adsorption beds is stopped.

Heaters are switched on to heat the adsorption beds. The set temperature of the
heater-chiller is changed to the condensation temperature. In this process, the

refrigerant vapour is desorbed from the adsorbent granules and condensed in
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the condenser as valve 4 is open. The power consumed in the heating process

and the flow rate of water flowing through the condenser, are recorded.
D. Cycling

8- After the desorption period, steps 4 to 7 are repeated to test the cycling

performance of the adsorption system.
E. End

9- When the predefined times of the cycle are finished, the data of temperature
and pressure recorded by the data logger is uploaded. All instruments are

switched off.

10-Use the temperature and pressure data to evaluate the performance of the
adsorption system. Two main results are calculated: the average bed
temperature and the water vapour uptake during the adsorption process. The
average bed temperature is the average value of the four temperature values
measured by thermocouples fixed on the adsorber beds. The variation of the
water vapour uptake w(t) during the adsorption process is calculated using

equation 5-1.

1 =t/A .
madshfgw(t) = ?Z:llzi/ t(Tchw,in - Tchw,out)mchwcpctht (5'1)

where mg, is the dry adsorbent mass, hf, is the water latent heat of
evaporation, At is the time interval of data recording of the data logger, Tcpy in
and Tgp,, oue are the temperatures of the chilled water at the inlet and outlet of
the evaporator respectively recorded during the adsorption process, m,p,, iS
the chilled water's mass flow rate and Cp.,, IS the chilled water's specific heat
capacity. The uncertainty of the average bed temperature is the same with the

uncertainty of T-type thermocouples which is 0.5%-0.9% described in the
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section 5.2.8.1. The uncertainty of the water uptake can be calculated using the

following equation,

fi 2 f, 2 f 2
= w w w . -
UW - (Tchw,in UTChW,iTl) + (Tchw,out UTchw,out) + (mchw Umchw) (5 2)

Where f,, is the funtion to calculate the water vapour uptake shown in

eugation 5-1; U,,, UT i and Uy, ~are uncertainties of water

UTchw,out
vapour uptake, temperatures of chilled water at inlet and outlet, and flow rate
of the chilled water respectively. The calculated uncertainty of the water

uptake is ranging from 5.2% to 10.1%.

5.5 Repeatability test

All instruments of the test facility were examined through a repeatability test. Three
independent tests have been conducted at the same operating conditions, shown in
Table 5-4. The time difference between the three tests is more than 12 hours to make
sure the temperature of the system is the same as the ambient temperature at the
beginning of each test. The results of liquid temperature, vapour temperature, heating/
cooling water temperature at the inlet and outlet of the evaporator in the adsorption
process, pressure of adsorber and evaporator, average bed temperature are shown in

Figures 5-23 to 5-26.
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Table 5-4 Operating conditions of repeatability test

Operating condition Value
Regeneration set temperature of heaters 250€
Regeneration time 180mins
Evaporation temperature 15€¢
Condensation temperature 15€¢
Adsorption time 30mins
Water flow rate through adsorption beds 8L/min
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Figure 5-23 Refrigerant liquid and vapour temperature of the evaporator during the

adsorption process
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Figure 5-26 Average bed temperature of repeatability test
Table 5-5 shows the average deviations of the measured parameters for the three
repeated tests. The results show that the average deviations are all within 1.33%,

indicating the consistency of the instruments used.

Table 5-5 Deviations of results for repeatability test

Result parameter Average deviation
Average bed temperature 0.43%
Evaporator liquid temperature 0.82%
Evaporator vapour temperature 1.15%
Evaporator inlet temperature 0.37%
Evaporator outlet temperature 0.41%
Adsorber pressure 1.33%
Evaporator pressure 0.78%
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5.6 Validation of the finite element simulation model

Chapter 4 presented the development of the finite element modelling of the adsorption
beds and described all governing equations. In this section, the finite element

simulation model is validated using the experimental results.

5.6.1 CPO-27Ni/water working pair

Figures 5-27 to 5-29 compare the finite element predicted water vapour uptake,
average bed temperature and cooling water outlet temperature in the adsorption
process of the first, second and third cycles to the experimental results of the CPO-
27Ni adsorbent; with the same cooling water inlet temperature and flow rate, initial
bed temperature and refrigerant vapour pressure in the adsorber. Table 5-6 presents
the average percentage deviation (APD, equation 5-3) and absolute average percent
deviation (ABS — PD, equation 5-4) for water uptake, average bed temperature and
cooling water outlet temperature in the adsorption process of all the first, second and
third cycles. The results show that the maximum average percentage deviation is 5.5%
and maximum absolute average percent deviation is 5.7%. Figures 5-27 to 5-29 and
Table 5-6 clearly indicate the good agreement between the finite element model and

the experimental results.

1 Ngatq Predicted value—experiment vale

APD = x 100 (5-3)

Ngata =0 experiment valur

1 N |Predicted value—experiment vale|
ABS — PD = ——y[ldata

data experiment valur

X100  (5-4)
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Table 5-6 Finite element simulation model deviation analysis of CPO-27Ni/water

Term First cycle Second cycle | Third cycle

APD ABS-PD APD ABS-PD APD ABS-PD
Water vapour uptake 4.6% | 4.8% 5% | 5.5% 5.5% | 5.7%
Average bed temperature -1.5% | 1.8% 0.9% | 3.5% 0.3% | 4.4%
Cooling water outlet -0.1% | 0.9% -0.3% | 0.8% -0.1% | 0.7%
temperature

5.6.2 SAPO-34/water working pair

Figures 5-30 to 5-32 compare the predicted and experimental results for water uptake,

average bed temperature and cooling water outlet temperature for an adsorption

cooling system using a SAPO-34/water working pair. Table 5-7 gives the values of
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APD and ABS — PD and therefore shows the good agreement between the finite

element model and the experiments.
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Table 5-7 Finite element simulation model deviation analysis of SAPO-34/water

Term First cycle Second cycle

APD |ABS-PD APD ABS-PD
Water vapour uptake 2.3% | 2.6% -1.3% | 4.6%
Average bed temperature -0.7% | 5.5% 5.5% | 5.9%
Cooling water outlet 0.4% | 0.5% 0.5% | 0.5%
temperature

5.7 Summary

A test facility built for investigating the performance of an adsorption air-conditioning
system was introduced in this chapter. This test facility is flexible as it can be used to
test different adsorption beds with different structures and adsorption working pairs.
All components of the test facility are described in detail including the adsorber,
evaporator/condenser, heater-chiller, heaters and controllers, water pumps, valves,
vacuum pumps and measuring instruments. The test facility is based on a one-bed
adsorption system. The evaporator and condenser are integrated in one tank and its
operating temperature is controlled using the heater-chiller. The test rig’s
commissioning and test procedure are also explained. The repeatability test of the
whole test facility has been conducted and the results show that average deviations of
all measured parameters are small enough to prove the consistency of the test facility.
Finally, the finite element model with all the equations described in Chapters 3 and 4

was validated using the experimental results.
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CHAPTER 6 EFFECT OF OPERATING

CONDITIONS ON ADSORPTION COOLING

PERFORMANCE

6.1 Introduction

In this chapter, the effects of operating conditions on the performance of an
adsorption cooling system packed with CPO-27Ni granules will be experimentally
investigated; including heating time in the first cycle and steady operation, cooling
water flow rate, adsorption time, desorption time and evaporation and condensation
temperature. The operating conditions affect the adsorption cooling system’s
performance; therefore they can be optimised to obtain the maximum performance.
Heating time in the first cycle is one of the operating parameters that affects the
adsorption cooling system’s performance, especially in the first cycle. The flow rate
of the cooling water also affects the performance, as it controls the heat transfer rate
from the adsorber [4, 31, 34, 35, 50, 113, 155]. The time required for the adsorption
and desorption processes has an effect on the adsorption air-conditioning system’s
performance [37, 86, 143, 156-158] as well. Furthermore, evaporation and
condensation temperatures affect the cooling capacity and efficiency of the adsorption
cooling system [29, 36, 142]. Therefore, investigation of the operating conditions’
effect on the performance of the adsorption refrigeration system is important to
improve the cooling capacity of the system and determine the optimum operating

conditions.
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The experiment with the operating conditions shown in Table 6-1 is used as the

baseline for comparison.

Table 6-1 Reference operating conditions

Operating condition Value
Heater set temperature 250<€C
Regeneration time 3h
Evaporation temperature 15
Condensation temperature 15€¢
Adsorption time 1800s
Desorption time 3600s
Water flow rate through adsorption beds 8L/min

To compare the performance of the adsorption beds, two parameters are used as
criteria. The first parameter is the specific cooling capacity (SCP ) defined as the
cooling capacity per unit mass of adsorbent material, equation 6-1. The second
parameter is the coefficient of performance (COP) defined as the ratio of cooling
capacity to the rate of heat used, equation 6-2. All calculations in this research
exclude the consideration of dynamic losses for the casing to the ambience which is
difficult to be defined and usually has a small proportion to the total amount of heat
consumed.

t

cycle

I mChWCPChW (Tchw,in _Tchw,out ) dt

1
SCP = -0 :
tcycle mads (6-1)
tcycle
j mChWCpChW (Tchw,in _Tchw,out ) dt 1
COP =-¢ :
tcycle Qheat (6-2)
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and T

chw,out

Where my,,, Cpy» T, are flow rate, heat capacity and temperatures at

hw,in

the inlet and outlet of the chilled water, respectively; m,, is the mass of adsorbents

and Q,., is the rate of heat input during one cycle time.

6.2 Effect of heating time in the first cycle and steady operation

The heating time in the first cycle is different from the desorption time in the
following cycles. During the heating process in the first cycle, the adsorber is isolated
from the condenser and the water vapour desorbed from the adsorbent material will be
sucked out by vacuum pumps. While in the following desorption process, the adsorber
is connected to the condenser and isolated from the vacuum pumps thus the water
vapour desorbed will be condensed in the condenser. Therefore the heating time in the
first cycle and the desorption time in following cycles are different. Figure 6-1
compares the water uptake variation with time, of the first cycle with 1h, 3h and 5h
heating times. As heating time increases the water vapour uptake increases by up to
61.9%. However, the rate of increase of water uptake decreases with the increase of
heating time. Increasing the heating time from 1 hour to 3 hours increased the water
uptake by 0.11; while increasing the heating time from 3 hours to 5 hours increased
the uptake by only 0.01. On the other hand, the refrigerant vapour pressures in the
adsorber after the heating process are 21.6mbar, 9.4mbar and 4.5mbar with heating
times of 1h, 3h and 5h respectively; which shows that the adsorbent granules are dryer

with a longer heating time.
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and 5h heating time for dry adsorbent preparation using CPO-27Ni
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Figure 6-2 compares the water vapour uptake of the second and third cycles for 1h, 3h
and 5h heating time at the start of the experiments. There is no significant difference
among the different groups. It can be concluded that different heating times of the
adsorbent preparation only affects the performance of the adsorption bed in the first

cycle and has no effect on the following cycles.

Figure 6-3 compares the average bed temperature variation with heating time used in
the first cycle adsorption process. The results show that the average bed temperature
with 1 hour heating time is much lower than that of 3 hours and 5 hours heating time
in the adsorption process of the first cycle and the desorption process of the second
cycle; this is due to the small amount of refrigerant adsorbed and the associated
adsorption heat produced during the adsorption process. However, there is no
significant difference between the average bed temperature with 3 hours and 5 hours
of heating time. Also as concluded from Figure 6-2, Figure 6-3 shows that the average
bed temperature during the 3rd cycle is not affected by the heating time used in the

first cycle.

Figures 6-2 and 6-3 also indicate that there is no difference of water vapour uptake
and average bed temperature between the second cycle and third cycle in all
experiments. Therefore, it can be concluded that the adsorption cooling system in the
test facility becomes stable from the second cycle. Therefore, only the performance of
the first adsorption cycle and second adsorption cycle are investigated in the

following sections.
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Figure 6-3 Comparison of average bed temperature for 1h, 3h and 5h heating time for

dry adsorption preparation using CPO-27Ni

6.3 Effect of cooling water flow rate

Cooling water flow rate significantly affects the adsorption cooling system’s

performance. Increasing the cooling water flow rate increases the heat transfer

between the adsorption beds and the cooling water; thus increasing the adsorption rate.

Therefore, the refrigerant water uptake is increased in the adsorber and the cooling

capacity is enhanced.

This section experimentally investigated the effect of the adsorber bed’s cooling water

flow rate variation from 8L/min to 14L/min on the performance of the adsorption

cooling system using CPO-27Ni adsorbent with 3h of heating in the first cycle. Figure

6-4 compares the water vapour uptake with experiments of 8L/min, 11L/min and
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14L/min cooling water flow rate respectively. It shows that water vapour uptake
increases by up to 3.2% with the increase of the cooling water flow rate in both the
first and second cycles. However, when the cooling water flow rate is higher than
11L/min, the effect of its variation on the adsorption cooling system’s performance is
very small, less than 0.6%. The measuring error of water flow rate and the water
vapour uptake are 7.1%-12.5% and 5.2%-10.1% respectively as explained in the

sections 5.2.8.3 and 5.4.
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Figure 6-4 Comparison of water vapour uptake for 8L/min, 11L/min and 14L/min

cooling water flow rate using CPO-27Ni

Figure 6-5 compares the average bed temperature using 8L/min, 11L/min and
14L/min adsorbent bed cooling water flow rate. It can be seen that average bed
temperature decreases with increasing the cooling water flow rate, due to the higher

heat transfer coefficient produced by the increase in the cooling water flow rate. The
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bed temperature is relatively high after the desorption process and adsorption heat is
produced in the adsorption process. A high bed temperature slows down the rate of
the adsorption process. Therefore, when cooling water flow rate increases more heat
is taken by the cooling water and the average bed temperature decreases; which

results in increasing the water vapour uptake thus producing a higher cooling effect.
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Figure 6-5 Comparison of average bed temperature for 8L/min, 11L/min and 14L/min

cooling water flow rate using CPO-27Ni

Table 6-2 shows all SCP and COP values for both the first and second cycles at the
three flow rates tested. The SCP of the second cycle is higher than that of the first
cycle due to its shorter cycle time. The SCP slightly increased by up to 3.2% with the
increase of the cooling water flow rate. However, the COP did not change with
variation of cooling water flow rate. In the first cycle, the COP is lower than that of

the second cycle because of its longer heating time and larger energy input.
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Table 6-2 SCP and COP values for variation of cooling water flow rate

Cycle 8L/min 11L/min 141L/min
SCP COP SCP COP SCP COP
(W/kg) (W/kg) (W/kg)
1st 67.1 0.09 67.4 0.09 67.5 0.09
2nd 101.9 0.26 103.6 0.26 105.2 0.26

6.4 Effect of adsorption time

During the adsorption process, adsorbent granules adsorb the refrigerant vapour from
the evaporator to develop a cooling effect through the evaporation process. In the
adsorption process, heat is generated which should be removed together with the heat
input during the desorption process by cooling water, to sustain the adsorption process
and obtain a cooling effect. However, during the adsorption period the rate of
adsorption decreases with the increasing amount of refrigerant vapour adsorbed by the
adsorption bed, until the adsorbents become saturated with refrigerant. Therefore, the

cooling effect produced decreases with time.

This section experimentally investigated the effect of the adsorption time on the
performance of the adsorption bed fitted in the test facility presented in Chapter 5.
The experiments were conducted with adsorption times of 600s, 1800s and 3000s
respectively, with the same heating time used for desorption of 3600s. Figure 6-6
compares the water uptake in both the first and second cycles. It clearly shows that
with the increase of adsorption time the water uptake increased from 0.167 to 0.374
for the first cycle and from 0.128 to 0.239 for the second cycle. Also, the results show
that the rate of adsorption decreases with time of the adsorption process. In the first

cycle, the water uptake increased by 92% with adsorption time increasing from 600s
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to 1800s; while it increased by only 17% when adsorption time increased from 1800s

to 3000s. In the second cycle, these values are 63% and 15% respectively.
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Figure 6-6 Comparison of water vapour uptake for 600s, 1800s and 3000s adsorption

time using CPO-27Ni

The adsorption process is much slower than that of measurement by DVS analyser
shown in Figure 3-3. It is mainly due to following two reasons. The first one is that in
the desorption process, the adsorbent material is heated to 150 <C during the DVS test
process. Thus after the desorption process the adsorbent material is totally dry and has
a very large adsorption capacity in the following adsorption process which makes the
adsorption process very quick. While in the experiment using the lab-scale test facility
described in Chapter 5, the adsorbent granules are only heated up to around 100 <C by
3 hours which is not enough to make adsorbent totally dry. Therefore, at the

beginning of adsorption process, the adsorption capacity of adsorbent material is
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lower than that of during the DVS test which makes the adsorption process much
slower. The second reason is that the adsorption beds packed 676g CPO-27Ni
granules in the experimental test facility while the DVS analyser only conducts the
measurement with 10mg CPO-27Ni granules. The large amount adsorbent granules
packed reduces the heat and mass transfer performance of the adsorption beds
dramatically and thus decreases the adsorption kinetics. Due to these two reasons, the
adsorption rate shown in Figure 6-6 is not as large as that of the measurement results

of DVS test.

Figure 6-7 compares the average bed temperature with an adsorption time of 600s,
1800s and 3000s. With longer adsorption time, the adsorption bed can reach a lower
temperature after the adsorption process, leading to a larger refrigerant uptake and

cooling effect.

Table 6-3 shows the SCP and COP values due to the variation of adsorption time for
the CPO-27Ni adsorption system. For the first cycle SCP increased with a longer
adsorption process due to the increase in the amount of refrigerant adsorbed. In the
second cycle, SCP also increased with an adsorption time increase from 600s to 1800s.
However, it decreased with an adsorption time increase from 1800s to 3000s, due to
the small increase in the refrigerant uptake. Therefore, with longer time the specific
cooling power decreases. On the other hand, a long adsorption process can increase

COP by enhancing the cooling capacity with the same energy input.
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adsorption time using CPO-27Ni

Table 6-3 SCP and COP values for a variation of adsorption times

Cycle 600s 1800s 3000s
SCP COP SCP COP SCP COP
(W/kg) (W/kg) (W/kg)
1st 38.6 0.05 67.1 0.09 71.8 0.1
2nd 80.6 0.16 101.9 0.26 95.9 0.3

6.5 Effect of desorption time

During the desorption process, the adsorption bed is heated to desorb the refrigerant

vapour which is then condensed in the condenser to repeat the cycle. As the

desorption time increases, more refrigerant is released from the adsorbent material;

thus increasing the adsorption bed’s capacity to adsorb refrigerant in the adsorption

process and obtain higher cooling effect. This section experimentally investigates the

effect of the desorption time ranging from 1800s to 5400s on the performance of the
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adsorption bed fitted in the test facility, with the same heating time in the first cycle of
3h and the same adsorption time of 1800s. Figures 6-8 and 6-9 present the variation of
water vapour uptake and average bed temperature in both the first and second cycles
with time at different desorption times. The performance in the first cycle is the same
because of the same operating conditions. In the second cycle, the water vapour
uptake increased by up to 75.8% with the increase in the desorption time; due to dryer
adsorbents in the adsorption beds. Figure 6-9 also shows that the average bed
temperatures are higher at the end of the desorption process with a longer desorption
time, which results in more refrigerant being desorbed. The adsorber pressure reached
1.98kPa, 1.89kPa and 1.83kPa with the increase of desorption time to 1800s, 3600s
and 5400s, respectively; thus a lower amount of rerigerant remained in the adsorption
bed. This is due to the refrigerant desorption rate in the adsorber being higher than the
refrigerant condensation rate in the condenser at the beginning of the desorption

process and becoming lower as time progresses.

Table 6-4 shows the values of the SCP and COP with variations of desorption time. In
the second cycle, the SCP increased by 5.3% with the increasing of the desorption
time from 1800s to 3600s, but decreased by 16.5% with the increasing of the
desorption time from 3600s to 5400s. This is due to the increase in water vapour
uptake, when desorption time increased from 1800s to 3600s being larger than that
obtained with increasing the desorption time from 3600s to 5400s. Therefore, the SCP
for a desorption time of 5400s became smaller than that with 3600s desorption; this
was mainly due to the longer cycle time. However, the second cycle COP increased
with the decreasing of the desorption time because of the decrease in the amount of

heat input.
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Table 6-4 SCP and COP values for a variation of desorption times

Cycle 1800s 3600s 5400s
scp COP scP COP scpP COP
(W/kg) (W/kg) (W/kg)

Lst 67.1 0.09 67.1 0.09 67.1 0.09

2nd 96.8 0.31 101.9 0.26 85.1 0.22

6.6 Effect of evaporation and condensation temperature

Evaporation and condensation temperature affects the adsorption cooling system’s
performance. During the adsorption process, increasing evaporation temperature can
increase the mass transfer performance of the adsorption bed and thus increase the
refrigerant uptake rate [4, 35, 36, 52, 155]. On the other hand, decreasing the
condensation temperature can help condensing the refrigerant vapour which is
desorbed from the adsorption bed. In this way, adsorbents desorb more refrigerant in
the desorption process and obtain a larger capacity to adsorb refrigerant in the

adsorption process leading to a higher cooling effect [29, 142].

This section experimentally investigates the effect of the evaporation and
condensation temperature on the performance of the adsorption cooling system. Since
there was only one tank used as both the evaporator and condenser in the test facility,
experiments were conducted with the same evaporation and condensation temperature
in each test. Figures 6-10 and 6-11 compare the variation of water vapour uptake and
average bed temperature respectively with time while both evaporation and
condensation temperatures varying from 15<C, 20C and 25<C. In the first cycle, the
water vapour uptake increased by up to 8.2% by increasing the evaporation

temperature from 15<C to 25<C with the heating time held constant. Thus the
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adsorption cooling system can achieve a larger cooling capacity with a higher
evaporation temperature. However, in the second cycle increasing both evaporation
and condensation temperatures resulted in decreasing the water uptake by up to 18.4%.
These results show that the performance of the adsorption bed is more sensitive to the
variation of condensation temperature. It can be concluded that the variation of
condensation temperature has a larger effect on the adsorption cooling system’s
performance than the variation of evaporation temperature; similar conclusion was
also made by [29]. Therefore, optimising condensation temperature is important to
enhance the adsorption cooling system’s performance. To obtain a larger cooling

power, a lower condensation temperature is needed.
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Figure 6-10 Comparison of water vapour uptake for 15<C, 20<C and 25<C for both

evaporation and condensation temperature using CPO-27Ni
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Figure 6-11 Comparison of average bed temperature for 15<C, 20<C and 25<C for

both evaporation and condensation temperature using CPO-27Ni

Table 6-5 presents the SCP and COP values with a variation of evaporation and
condensation temperature. During the first cycle, the SCP and COP increased by 8.2%
and 11.1% respectively with the increasing of the evaporation/condensation
temperature, due to the increase of the water vapour uptake and cooling capacity.
Conversely, in the second cycle the values of the SCP and COP decreased by 18.4%
and 19.2% with the increase of both the evaporation and condensation temperature,

resulting from the decrease of water vapour uptake.
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Table 6-5 SCP and COP values for a variation of evaporation and condensation

temperatures
Cycle 1555 20T oRe
scpP COP scP COP scpP COP
(W/kg) (W/kg) (W/kg)
Lst 67.1 0.09 71 0.09 72.6 0.1
2nd 101.9 0.26 89.7 0.23 83.1 0.21

6.7 Summary

The effects of various operating conditions have been experimentally investigated
using the test facility introduced in Chapter 5 with an adsorber bed packed with CPO-
27Ni granules; including heating time in the first cycle and steady operation; cooling
water flow rate; adsorption time; desorption time and evaporation and condensation

temperatures.

It has been concluded that the increasing of the adsorbent heating time in the first
cycle can improve the cooling capacity of the first cycle but has no effect on the
performance of the following cycles. The water uptake performance can be enhanced
as the cooling water flow rate increases before it reaches 11L/min and after that, the
effect of the cooling water flow rate becomes negligible. It is observed that water
vapour uptake is higher with longer adsorption and desorption time. However, the
specific cooling power of the adsorption cooling system increased gradually and
subsequently reduced with the increasing of the adsorption time or desorption time.
Raising evaporation temperature and reducing condensation temperature can increase
the refrigerant uptake. However, the control of the condensation temperature is more

important than that of the evaporation temperature.

156



CHAPTER 7 PERFORMANCE OF A TWO-BED

SYSTEM FOR AUTOMOTIVE APPLICATION

7.1 Introduction

This chapter investigates the performance of an adsorption air-conditioning system for
automotive application with a two-bed refrigeration cycle; using the same bed design
described in section 5.2.1 packed with CPO-27Ni as the adsorbent material. In
Chapter 6 an experimental investigation on the effect of operating conditions on the
performance of an adsorption cooling system, based on CPO-27Ni MOF adsorbent
material packed in the adsorber of the test facility, which was described in Chapter 5,
was presented. The test facility was constructed based on a single bed refrigeration
cycle, containing only one adsorber and one heat exchanger used as both an
evaporator and condenser. However, the single bed cycle cannot provide a continuous
cooling effect because the adsorber can only work on either the adsorption process or
desorption process at any one time. An adsorption air-conditioning system for
automotive application should provide a continuous cooling effect in the car cabin,
which means that a refrigeration cycle with two or more adsorption beds is needed.
Based on the literature review of adsorption cooling systems for automotive
application presented in section 2.10, two-bed refrigeration cycles are mostly utilised
by researchers to obtain good performance while maintaining as low as possible

overall weight.
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This system includes two adsorbers, one evaporator and one condenser as shown in
Figure 7-1. As for the investigation method, the lumped-parameter mathematical
simulation technique described in section 2.10.2.1 was chosen in this work due to its
simplicity and high level of accuracy. The development of a lumped-parameter
mathematical model using MATLAB Simulink software for the whole automotive
adsorption air-conditioning system is presented in the following sections. To simplify
the mathematical model and save computational time, the temperature is assumed to

be uniform along the adsorption bed, evaporator and condenser.
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Figure 7-1 Adsorption air conditioning system investigated
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7.2 Governing equations of the mathematical model

This section explains all the governing equations of the mathematical modelling
process. They include adsorption isotherms and kinetics equations, energy equations
of the adsorber, evaporator and condenser, and the mass balance equation. The
adsorption isotherms and kinetics equations of the CPO-27Ni/water working pair have

been presented in section 3.4, which are equations 3-16 to 3-18.

7.2.1 Energy equation for adsorption beds

Energy equations are used to describe the heat transfer in adsorption beds. In the
lump-parameter mathematical technique, the adsorbent material, refrigerant and metal
in one adsorber are assumed to have the same temperature momentarily. Also the
adsorption cooling system is assumed to be perfectly insulated, which means there is
no heat or mass transfer to the surroundings. Utilising these assumptions, the energy
balance of the adsorption beds can be written as equation 7-1.

dTbed

(mCubedeCu + mAICpAI + madstads + madsWCpref ) dt

d (7-1)
w
=M, AH E + Myey CPheqt (Tbed ,in ~ Theg out )

Where T, is the adsorption bed’s temperature; m,,, is the mass flow rate of the

and T

bed ,out

heating/cooling fluid flowing through the adsorption bed; T, are

ed,in
temperatures of the heating/cooling fluid at the inlet and outlet.

The terms on the left side of equation 7-1 are the rate of heat required to heat or cool
the copper tubes, aluminium fins, adsorbent material and refrigerant remaining in the

pores of the adsorbent material, respectively. The terms on the right side of equation
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7-1 present the rate of adsorption heat generated or extracted during the adsorption
process or desorption process, respectively and the rate of heat added or removed by
the heating/cooling fluid.

The outlet temperature of the heating/cooling fluid T, is calculated by equation 7-

ed ,out

2.

U
Toed,out = Toed T (Tbed in ~ Toed )exp (_ ﬁ] (7-2)
bed bedo

Where UA,, is the overall heat transfer conductance of the whole adsorption bed,

which is calculated using the sum of all thermal resistances as described below.

The components of the heat transfer resistances for the adsorber bed are shown in
Figure 7-2. Figure 7-2(a) presents all the heat transfer resistances in one element of
the adsorption bed; where R1 is the convection thermal resistance from the
heating/cooling fluid to the tube wall; R2 is the thermal resistance in the copper tube
wall; R3 and R4 are contact thermal resistances between adsorbent granules and the
tube surface and fin surface respectively; R5 and R6 are thermal resistances through
the adsorbent granules in radial and axial directions respectively. To simplify the
process of simulation, rectangular fins are transformed to circular fins with the same
fin surface area as shown in Figure 7-2(b). Figure 7-2(c) shows the thermal resistance

electrical analogy.

R1 is calculated by equations 7-3 to 7-6, and equations 7-7 to 7-11 are used for

calculating R2-R6 [1].
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8s

R6 = ZSfin,sidekads (7-11)
Finally, UA,,, is calculated by equation 7-12.
UA,, = L (7-12)
ed — -
R1+R2 4+ (R3+R5)(R4+R6)
R3+R4+R5+R6

Where d;, d,and d, are the inner, outer and fin diameters of the tubes respectively;

k., k, and k,, are the thermal conductively of the heating/cooling fluid, tube and

S

adsorbent material respectively; Nu, Re and Pr are the Nusselt number, Reynolds

number and Prandtl number respectively; f. and ¢, are the friction factor and the

tube internal wall roughness; S, and S are the surface area of the tube’s internal

fin,side

wall and fins; 3, is half of the thickness of the adsorbent material between two of the

fins; R, is the thermal contact resistance between the adsorbent material and the

metal. R was calculated using equation 4-12 given in Chapter 4.

cont

7.2.2 Energy equation for the evaporator

The energy equation for the evaporator presents the heat transfer between the
refrigerant, finned tubes and the chilled water in the evaporator. Assuming that the
refrigerant and metal in the evaporator are at the same temperature momentarily, the

energy balance of the evaporator can be expressed as equation 7-13.

dT,

evap

mCuevap C pCu +m refevap C p refevap =
dt

dWads -m dees h (7-13)

I’ﬁchwcpchw (Tchw,in _Tchw,out ) - madshfg T ads T condw
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Where m and m are the mass of the copper tubes and liquid refrigerant in

Cuevap refevap

the evaporator respectively and m_, is the mass of the adsorbent material packed in

and T

chw,out

the adsorber beds; T

evap '

T

chw,in

are the temperatures of the evaporator and
the chilled water at the inlet and outlet respectively; h, is the water’s latent heat of

evaporation and h

Lonaw 1S the enthalpy of the water in the condenser; w,, is a positive
value presenting the adsorption rate of the adsorption bed in the adsorption process;

while w

des

is a negative value presenting the desorption rate of the adsorption bed in

the desorption process.

Terms on the left hand side of equation 7-13 present the rate of heat transfer to the
metal and the refrigerant maintained in the evaporator respectively. Terms on the right
hand side are the rate of heat transferred from the chilled water, heat loss by
evaporation of refrigerant adsorbed by the adsorption bed during the adsorption
process; and energy added by liquid refrigerant coming from the condenser and

entering the evaporator.

7.2.3 Energy equation for the condenser

The energy equation for the condenser presents the heat transfer between the
refrigerant, tubes and cooling water passing through the tubes of the condenser. Here
it is assumed that the refrigerant and the metal in the condenser are at the same
temperature momentarily. The energy balance of the condenser can be explained as

equation 7-14.
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dT

cond _
(mCucondeCu + mrefcondcprefcond ) dt -

dees (7-14)

dt

mcondwcpcondw (Tcondw,in _Tcondw,out ) —Mygs hfg

Where m, and m are the mass of the copper tubes and liquid refrigerant in

Cucond refcond

the condenser respectively and m_, is the mass of the adsorbent material packed in

and T

condw,out

the adsorber beds; T T

cond ! 'condw,in

are the temperatures of the condenser

and the cooling water flowing through condenser at the inlet and outlet, respectively.

Terms on the left hand side of equation 7-14 present the rate of heat transfer to the
metal and refrigerant maintained in the condenser respectively. Terms on the right
hand side are the rate of heat added by the cooling water and heat added by the
condensation energy of the refrigerant desorbed from the adsorption bed during the

desorption process.

7.2.4 Mass balance equation

The evaporator/condenser’s mass balance can be determined by equation 7-15 with
the assumption that there is no liquid receiver in this automotive adsorption air

conditioning system.

— ads dees

dt ads T ads dt (7-15)

dmrefevap ——m dw,
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7.2.5 Modelling using MATLAB/Simulink

A mathematical simulation model of a two-bed adsorption air-conditioning system for
automotive application is set up and all the governing equations presented above are
solved by MATLAB Simulink software. Simulink is integrated with MATLAB,
providing an interactive graphical environment and a customizable set of block
libraries used to design, simulate, implement and test various time-varying systems
[159]. Users can build models simply by dragging and dropping blocks from the
library browser on to the graphical editor and connecting them with lines that
establish mathematical relationships between the blocks. It can update the state of
each block of the model at each time step during the time span of the calculation
process [159]. Figure 7-3 presents the flow chart of the model; and the model built in
Simulink for the two-bed adsorption air-conditioning system packed with CPO-27Ni

is shown in Figure 7-4.
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Figure 7-3 The flow chart of the model
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Figure 7-4 Model built in Simulink for the two-bed adsorption cooling system
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7.3 Validation of Simulink mathematical model

In this section the mathematical model presented above was validated using the
experimental results described in Chapter 6. The lumped-parameter mathematical
model using MATLAB Simulink software was run based on a single bed cycle and
using the same dimensions as the adsorption cooling system used in the test facility.
Figures 7-5 to 7-7 compare the predicted water vapour uptake, cooling water outlet
temperature and chilled water outlet temperature in the adsorption process with their
actual analogous values obtained experimentally using the test facility with the same
cooling water inlet temperature, initial bed temperature, chilled water inlet

temperature and flow rate of both cooling water and chilled water.

Table 7-1 presents the average percentage deviation and absolute average percentage
deviation for water uptake, cooling water outlet temperature and chilled water outlet
temperature in the adsorption process. The results show that the maximum average
percentage deviation and maximum absolute average percentage deviation are both
8.1%. Figures 7-5 to 7-7 and Table 7-1 show clearly the good agreement between the

mathematical model and the experimental results.

Table 7-1 Mathematical simulation model deviation analysis

Terms APD ABS-PD
Water vapour uptake 8.1% 8.1%
Cooling water outlet temperature -1.4% 1.5%
Chilled water outlet temperature -0.3% 1.3%
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7.4 The automotive adsorption air-conditioning system

The automotive adsorption air-conditioning system contains two adsorbers, one
evaporator, one condenser and several valves. Each adsorber includes eight adsorption
bed modules with the same structure as described in section 5.2.1. All adsorbers are
generated by hot secondary fluid in the desorption process; while the desorbed
refrigerant vapour is condensed in the condenser. Thermal oil is utilised for heating
the adsorber beds to enable a performance prediction of CPO-27Ni at a wide range of
temperatures. The generated energy can be obtained from exhaust gas or engine
coolant water from the automotive engine. In the adsorption process, cooling fluid
flows through the tubes of the adsorption beds to cool down the adsorbent material.

Refrigerant is evaporated in the evaporator to produce a cooling effect. The operation
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principle has been described in detail in section 2.6.2. The evaporator and condenser
are both shell and tube heat exchangers. The refrigerant flows on the shell side and the
heating/cooling water flows inside the tubes. The evaporator is constructed from
externally enhanced high efficiency finned copper tubes; while the condenser is
constructed from plain copper tubes. Some specific dimensions of adsorption beds, an

evaporator and condenser are shown in Table 7-2.

Table 7-2 Simulated physical data for adsorption beds, evaporator and condenser

Adsorption beds

Bed length 275mm
Fin width 115mm
Fin height 30mm

Fin pitch 1.016mm (25fins/inch)
Fin thickness 0.105mm
Tube outer diameter 15.875mm
Tube thickness 0.8mm

Fin number in one adsorption bed 270
Number of adsorption bed in one adsorber | 8

Total adsorbent mass 5.422kg
Evaporator

Tube outer diameter 15.875mm
Tube thickness 0.8mm

Fin diameter 17.875mm
Fin pitch 0.5mm
Fin height 1mm

Fin thickness 0.2mm
Tube length 5500mm
Tube number 4
Condenser

Tube outside diameter 15.875mm
Tube thickness 0.8mm
Tube length 5500mm
Tube number 4
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7.5 Investigation of the performance of a two-bed adsorption system

The validated mathematical model was then used to simulate the working process and
investigate the performance of a two-bed adsorption cooling system for automotive
application. This section presents the performance of the system and the effects of
cycle time, heating fluid temperature and flow rate, fin height and fin number on the
system’s performance. The operating conditions shown in Table 7-3, which are
normally used in the research of automotive adsorption air conditioning systems [34,

36, 37, 85] are used as the baseline for comparison.

Table 7-3 Reference operating conditions

Operating condition Value
Heating fluid inlet temperature 90T
Cooling oil inlet temperature 30€¢
Chilled water inlet temperature 15€¢

Condensation second fluid water inlet temperature 20€¢

Hot water flow rate 15L/min
Cooling water flow rate 15L/min
Chilled water flow rate 15L/min
Condensation second fluid water flow rate 15L/min
Initial refrigerant liquid mass in evaporator 15kg
Initial refrigerant liquid mass in condenser 15kg
Cycle time 900s

To compare the performance of the adsorption air-conditioning system the cooling
load, COP and SCP are used as criteria; as described in section 6.1. The cooling load
is the cooling effect produced during the adsorption and evaporation process, which is
equal to the SCP multiplied by the adsorbent’s mass. All calculations in this research

exclude the consideration of dynamic losses for the casing to the ambience which is
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difficult to be defined and usually has a small proportion to the total amount of heat

consumed.

7.5.1 Effect of temperature and flow rate of the heating fluid

This section investigates the effect of temperature and flow rate of the heating fluid on
the performance of the adsorption air-conditioning system. Normally, increasing the
temperature and flow rate of the heating fluid can improve the amount and rate of
refrigerant desorption in the desorption process; which increases the refrigerant
adsorption capacity of the adsorbents in the following adsorption process. In this way,
the cooling load and SCP can be enhanced. However, the energy input increases with
the increase in temperature and flow rate of the heating fluid. The variation of cooling

load, SCP and COP are shown in Figures 7-8 to 7-10.
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Figure 7-8 Variation of cooling load with different temperatures and flow rates of hot
oil
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Figures 7-8 and 7-9 present the variation of the cooling load and SCP with
temperatures ranging from 90<C to 170<C and flow rates ranging from 5L/min to
25L/min of the heating fluid respectively. It is shown that the cooling load and SCP
increased with the increase of the heating fluid’s flow rate when the temperature was
lower than 130<C. When the temperature was higher than 130<C, the SCP and cooling
load increased dramatically with the increase of the hot oil’s flow rate below 10L/min;
while the flow rate has no significant effect on the performance at values higher than
10L/min. The cooling load and SCP increased by up to 2.45 times with increasing the
flow rate from 5L/min to 15L/min. Therefore a flow rate of up to 15L/min is adequate

to produce high cooling load and SCP values.

200

400

[15]
=
(=]

SCP (W /kg)

200 //_,
#—Thot=90"C

/ -r-Thot:110°C
100 /

fe-Thot=130°C
==Thot=150°C
#—=Thot=170"C

0 5 10 15 20 23 30

Flow rate (L/min)

Figure 7-9 Variation of SCP with different temperatures and flow rates of the heating

fluid
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On the other hand, increasing the hot oil temperature from 90<C to 170 <C, the cooling

load and SCP increased by 4.46 times at a hot oil flow rate of 5L/min. It can be

concluded that a hot oil temperature of 130<C and flow rate of 15L/min can produce

the maximum cooling load of 2.39kW and SCP of 440W/kg; which proves the

potential of the developed system for automotive air-conditioning.

Figure 7-10 shows the variation of the COP with different heating fluid temperatures

and flow rates. The results show that increasing the hot oil flow rate above 10L/min

has no significant impact on the coefficient of performance. With the increase of the

hot oil flow rate from 5L/min to 10L/min, the COP increased when the hot oil

temperature was lower than around 150 <C but decreased when the hot oil temperature

was higher than 150 <C.
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of the heating fluid

As for the effect of the heating fluid’s temperature, the COP increased by 99% when
the hot oil flow rate was 5L/min by increasing the temperature from 90<C to 170<C.
With a flow rate of higher than 5L/min, as the hot oil temperature increased, the COP
increased at first and then decreased. In conclusion, a maximum COP value of 0.471
was achieved with a hot oil temperature and flow rate of 130C and 10L/min

respectively.

Figure 7-11 presents the variation of heat input rate with different temperatures and
flow rates of the heating fluid. The results show that the rate of heat input increased
with the increase of temperature and/or flow rate of the heating fluid. The heat power
input increased significantly with the increase of the hot oil’s temperature from 90<C

to 130<C and flow rate from 5L/min to 10L/min; while the increase becomes
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relatively slower with the increase of the hot oil’s temperature to higher than 130C

and flow rate to higher than 10L/min.

Finally, as a conclusion, the CPO-27Ni MOF adsorption air-conditioning system
developed in this work can achieve the required cooling load of 2.39kW with a
specific cooling capacity of 440W/kg and COP of 0.456 with a hot oil temperature of
130<C and flow rate of 15L/min. A hot oil temperature of 130<C can be achieved
since the exhaust gas, with a temperature of around 200<C from the automotive

engine, can be used to provide the required heat for the desorption process.

Since the system with a hot oil temperature of 130<C can achieve the best
performance, the following investigations were carried out using this hot oil

temperature as the baseline.

7.5.2 Effect of cycle time

Normally, in the operation process of a two-bed refrigeration cycle the adsorption
time is the same as the desorption time. The cycle time has a significant effect on the
performance of an adsorption air-conditioning system, as described in sections 6.4 and
6.5. In this section, the effects of cycle time on cooling load, SCP and COP are

investigated, as shown in Figures 7-12 and 7-14.
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Figure 7-12 Variation of cooling load and SCP with different cycle times

Figure 7-12 shows the variation of cooling load and SCP with different cycle times.
The cooling load and SCP both increased with the increase of the cycle time from
300s to 900s; and then decreased when the cycle time was longer than 900s. Each run
was carried out at the same operating conditions and adsorbent mass but with a
varying cycle time; thus the cooling load and SCP had the same trend. Since the
refrigerant adsorption rate is high at the beginning of the adsorption process and then
it becomes slower with time, the cooling load is enhanced by increasing the cycle time
from 300s to 900s. When the cycle time is longer than 900s, the increase in the
cooling effect with the increase of cycle time becomes smaller, resulting in a lower
cooling effect. As a conclusion, the cycle time of 900s produced the highest cooling

load of 2.39kW and SCP of 440W/Kkg.
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Figure 7-13 Variation of the COP with different cycle times

Figure 7-13 presents the variation of the COP with different cycle times. The results
show that the COP increased by 80% with the increase of cycle time from 300s to
2400s. It means that this system can achieve the larger energy utilisation efficiency
with a longer operating cycle time. Furthermore, the COP increased significantly by
58% with the increase of cycle time from 300s to 900s; while the increase becomes
relatively slower at 14%, with the increase of cycle time from 900s to 2400s. Figure
7-14 presents the variation of heat input with different cycle times. The results show
that the rate of heat input decreases by 47% with the increase of the cycle time from
300s to 2400s; thus increasing the COP with the increase of the cycle time, as shown
in Figure 7-14. However, significant reduction in the rate of heat input by increasing
the cycle time from 300s to 900s while lower reduction occurred with increasing the

cycle time above 900s.
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Figure 7-14 Variation of rate of heat input with different cycle times

7.5.3 Effect of fin height and fin number of the adsorption beds

Apart from operating conditions, adsorption bed physical parameters also affect the
performance of an adsorption cooling system. This section presents a study of the
effect of fin height and fin number of the rectangular finned tube adsorption beds on

the performance of the whole system.

Figures 7-15 and 7-16 present the variation of cooling load and SCP with fin height
ranging from 20mm to 50mm and fin number ranging from 15 fins/inch to 35
fins/inch respectively. Figure 7-15 shows that the cooling load increased with fin
height. It is because adsorption beds with large fin height can be packed with more
adsorbents to adsorb more refrigerant vapour and produce higher cooling effect. As

for SCP, it increased when the fin height is smaller than 30mm and then decreased
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when the fin height is larger than 30mm as shown in Figure 7-16. On the other hand,
variation of fin number produced no significant effect on the cooling load as shown in
Figure 7-15. However, with the fin height higher than 30mm the SCP increased by up
to 12% with increasing fin number from 15 fins/inch to 35 fins/inch due to the higher
heat and mass transfer performance achieved with smaller fin number. With fin height
of 20mm, SCP decreased by 8.5% with the increase of fin number. In conclusion, the
results described above show that the adsorption bed with fin number of 25fins/inch

and fin height of 30mm can achieve the highest SCP.
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Figure 7-15 Variation of the cooling load with different fin height and fin numbers
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Figure 7-17 shows the variation of the COP with different fin height and fin numbers.
The results show that the COP decreased by 17% with the increase of the fin number
from 15 fins/inch to 35 fins/inch and increased by 27.1% with the increase of the fin

height from 20mm to 50mm.

7.5.4 Performance of system with the optimum operating conditions

Based on the investigations presented in sections 7.5.1, 7.5.2 and 7.5.3, optimum
operating conditions can be concluded as shown in Table 7-4. Using these operating
conditions, the water vapour uptake, inlet and outlet temperatures of the adsorber bed,
evaporator and condenser are shown in Figures 7-18 to 7-20 when the performance of

the refrigeration cycles are stable.

Figure 7-18, shows the water uptake performance of the two adsorbers. The results
show that the water uptake increases from around 0.07 to 0.25 during the 450s long
adsorption process and in the next desorption process of 450s the uptake reduces back
to 0.07. The difference of water vapour uptake among the first and second cycles is
smaller than 0.0001, which indicates that the cycling process is steady during the

cycles.
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Table 7-4 Optimum operating conditions

Operating condition Value
Heating fluid inlet temperature 130C
Cooling oil inlet temperature 30¢
Chilled water inlet temperature 15€¢
Condensation second fluid water inlet temperature 20¢
Hot water flow rate 15L/min
Cooling water flow rate 15L/min
Chilled water flow rate 15L/min
Condensation second fluid water flow rate 15L/min
Initial refrigerant liquid mass in the evaporator 15kg
Initial refrigerant liquid mass in the condenser 15kg
Cycle time 900s
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Figures 7-19 and 7-20 present the heating/cooling fluid temperatures during the
adsorption/desorption cycles. The working process of both adsorber beds were stable
since the temperatures of the heating/cooling fluid through the adsorbers at the inlet
and outlet achieve repeatable values, as shown in Figure 7-19. The condenser outlet
temperature is almost the same during the working process since the condensation rate
of the refrigerant desorbed does not change in the desorption process, as shown in
Figure 7-20. As for the evaporator outlet temperature, it decreases at first due to the
high adsorption at the beginning of the adsorption process leading to a high
evaporation rate and cooling effect. Then the evaporator outlet temperature increases
slowly as heat is transferred from the water passing through the evaporator tubes to

the refrigerant liquid in the evaporator shell.

Based on the simulation results, the SCP of the adsorption air conditioning system
with the basic operating conditions can achieve 440W/kg. This value is larger than
that of all the adsorption cooling systems for automotive application using water as a
refrigerant and packed with adsorbents like silica gel, SAPO-34 or zeolite, which
were reviewed in the literature presented in section 2.10. Based on the literature, the
system using water as a refrigerant achieved a maximum SCP of around 334W/kg
[36]. The automotive adsorption air-conditioning system developed in this work can
improve the SCP by 31.7%, which means that it saves around 1/3 of the adsorbent
mass to provide the same cooling load. With the consideration of the error produced
by the deviation during the validation process of the mathematical model using
experimental results, the increase of SCP by this automotive adsorption air-
conditioning system developed is between 21% and 42.4%, which also indicates a

dramatic improvement. Besides, the cooling load with the basic operating conditions
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can achieve 2.39kW, which is adequate for the cooling requirements of a car’s cabin.
The COP can reach 0.456 which is also higher than most of the adsorption air-
conditioning systems for automotive application based on the literature review

presented in Chapter 2.

7.5.5 Comparison of CPO-27Ni/water and SAPO-34/water

This section compares the performance of an adsorption cooling system with CPO-
27Ni and SAPO-34 respectively. Table 7-5 compares the cooling load, SCP and COP

of these two adsorbents at the optimum operating conditions shown in Table 7-4.

Table 7-5 Comparison of cooling load, SCP and COP between CPO-27Ni/water and

SAPQO-34/water

Terms CPO-27Ni/water | SAPO-34/water
Cooling load (kW) | 2.39 1.79

SCP (W/kg) 440 311

COP 0.456 0.422

The results show that with the same operating conditions the cooling load of an
adsorption cooling system packed with CPO-27Ni is larger than that of a system
packed with SAPO-34, by around 0.6kW. The SCP of CPO-27Ni/water is higher than
that of SAPO-34/water by 41.5%; while the COP of the adsorption cooling system
using CPO-27Ni/water is higher than that of SAPO-34/water, by around 8%. With the
consideration of the error produced by the deviation during the validation process of
the mathematical model using experimental results, the improvement of SCP by the

automotive adsorption air-conditioning system using CPO-27Ni is between 30% and
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53% compared to that using SAPO-34, which also indicates a dramatic increase. In
conclusion, the CPO-27Ni/water working pair can produce a higher cooling load per
unit of adsorbent mass and can utilise energy more efficiently than the SAPO-

34/water pair.

7.6 Summary

In this chapter a lumped-parameter mathematical simulation model using MATLAB
Simulink software was developed and used to investigate the performance of an
adsorption air-conditioning system for automotive application, with a two-bed
refrigeration cycle and the same bed structure shown in section 5.2.1 packed with
CPO-27Ni as the adsorbent material. This model was validated using the experimental
results. Then the performance of the adsorption cooling system was investigated at
varying cycle times, varying heating fluid temperatures and flow rates and different
adsorption bed fin numbers and fin heights using this validated mathematical model.
The results show that this adsorption air-conditioning system can work steady and be
generated by hot oil with a temperature of 130<C heated by the engine’s exhaust gas
to produce a cooling power of 2.39kW, which is adequate for the cooling of a normal
car’s cabin. The SCP of this adsorption air-conditioning system can reach up to
440W/kg, which is higher than all the systems reported in the literature review in
Chapter 2 using water as a refrigerant. An adsorber bed with a fin number of 25
fins/inch and a fin height of 30mm produced the highest SCP value. Comparing CPO-
27Ni to SAPO-34 showed that the MOF material can achieve a 41.5% higher SCP

value.
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CHAPTER 8 CONCLUSIONS AND FUTURE

WORK

8.1 Introduction

Adsorption air conditioning systems have received significant interest during the last
few decades as an alternative technique for traditional vapour compression
refrigeration systems to satisfy the market demand for cooling systems and cope with
current environmental issues. The present study developed an MOF based adsorption
air conditioning system for automotive application. The system performance was
theoretically and experimentally investigated at various operating conditions and

physical parameters in terms of the cooling load and the coefficient of performance.

8.2 Conclusions

This PhD project was set out to develop and investigate an MOF based adsorption air
conditioning system for automotive application; to improve the performance,
including specific cooling power and coefficient of performance. To achieve this,
utilising a working pair with high refrigerant adsorption capacity and an adsorption
bed design with good heat and mass transfer performance are two selected methods.
Therefore, the adsorption characteristics of three water based adsorbents: silica gel
RD-2060, SAPO-34 and CPO-27Ni, were experimentally tested using a DVS analyser

and their adsorption characteristics were compared. In addition, a finite element
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model was developed to evaluate and compare the adsorption performance of three
different adsorption bed designs: a rectangular finned tube adsorption bed, a
honeycomb finned rectangular channel adsorption bed and a helix finned tube
adsorption bed. Then an MOF based adsorption air conditioning system for
automotive application was developed. The CPO-27Ni/water combination was
selected as the adsorption working pair and the rectangular finned tube adsorption bed

was utilised.

A lab-scale test facility, based on a single bed refrigeration cycle containing one
adsorber and one heat exchanger used as both the evaporator and condenser, was
constructed. The effect of various operating conditions on the system’s performance,
including dry adsorbent desorption time, cooling water flow rate, adsorption time,
desorption time and temperatures of evaporation and condensation was
experimentally investigated using this test facility. Finally, a lumped-parameter
mathematical simulation technique was developed to simulate the working process of
a two-bed automotive adsorption air conditioning system. The performance of the
adsorption cooling system was investigated at varying cycle times, varying heating
fluid temperatures and flow rates and with different adsorber bed fin number and fin

height using this mathematical model. The main findings could be summarized:

e CPO-27Ni has the best water adsorption characteristics among several MOF
adsorbent materials tested particularly at the relative pressure range suitable
for automotive air conditioning. The adsorption characteristics of three water
based adsorbents: silica gel RD-2060, SAPO-34 and CPO-27Ni were
experimentally tested. For relative pressure values ranging form 0 to 0.4, the

water vapour uptake of CPO-27Ni is much higher than that of SAPO-34 and
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silica gel RD-2060; indicating that the CPO-27Ni is the most promising
among these three adsorbent materials.

A finite element model was developed to simulate the adsorption process of an
adsorption bed which was validated using the experimental results with good
accuracy 35.7%. The rectangular finned adsorption bed is the most promising
design compared to the honeycomb finned adsorption bed and the helix finned
adsorption bed; this is due to its outstanding adsorption performance including
water vapour uptake and HCR.

Operating conditions such as dry adsorbent desorption time, cooling water
flow rate, adsorption time, desorption time and evaporation and condensation
temperatures affect the adsorption air conditioning system’s performance.
Increasing the dry adsorbent desorption time can improve the cooling capacity
of the first cycle by up to 61.9% but has no effect on the performance of the
following cycles. The water uptake performance can be enhanced by up to 3.2%
as the cooling water flow rate increases before it reaches 11L/min and after
that the effect of the cooling water flow rate becomes negligible. The water
vapour uptake is higher with a longer adsorption and desorption time; and
raising the evaporation temperature and reducing the condensation
temperature can increase the refrigerant uptake. It is concluded that it is
preferable to optimise the cooling water flow rate, adsorption time, desorption
time and condensation temperature to obtain higher cooling capacity.

A lumped-parameter mathematical model was developed to simulate the
working process of the whole adsorption air conditioning system with a two-
bed refrigeration cycle and rectangular finned tube adsorption beds packed

with CPO-27Ni as the adsorbent material. The model was validated using the
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experimental results with a good accuracy of 8.1%. The system’s
performance was investigated at varying cycle times, varying heating fluid
temperatures and flow rates and with different adsorption bed fin number and
fin height. The results show that this adsorption air conditioning system can
produce the required cooling power of 2.39kW with SCP of 440W/kg and
COP of 0.456, generated by hot oil with a temperature of 130<C heated by the
engine’s exhaust gas. This SCP value is higher than all adsorption air
conditioning systems for automotive application reported in the literature
using water as a refrigerant.

e Based on the results by Johnson, the average value of waste heat for a
representative vehicle Ford Taurus, using a 3.0L engine to output maximum
115kW engine power, is 23KW over the Federal Test Procedure [160]. The
MOF based adsorption air conditioning system investigated in this research
with the optimum operating conditions can produce the cooling load of
2.39kW which is sufficient to provide the required cooling effect to the
vehicle's cabin, with the heat power input of 5.2kW which is only 22% of the

waste heat available.

8.3 Future work

This thesis described the experimental and theoretical work for developing an MOF
based adsorption air conditioning system for automotive application and it can be
considered as a strong foundation for further work. It is suggested that more research

is needed in the following points:
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This research presented the finite element modelling technique to simulate the
adsorption process of the adsorber bed. Future research is needed to develop
the finite element model to simulate the cycling process for the whole
adsorption air conditioning system to predict a more accurate performance.
This thesis presented the construction of a test facility based on a single bed
refrigeration cycle containing one adsorber and one heat exchanger. Most of
adsorption air conditioning systems use two-bed refrigeration cycles.
Therefore, a test rig based on a two-bed cycle containing two adsorbers, one
evaporator and one condenser is needed to be developed to achieve better
performance. Also, using electrical heating in the desorption process is not
practical in the automotive adsorption air conditioning system. The hot fluid
(water or oil) heating method should be utilised in the future test rig.

This thesis concluded that the developed adsorption air conditioning system
can achieve the best performance when generated by hot oil with a
temperature of 130<C heated by the engine’s exhaust gas. More experimental
research is needed to realize the hot oil heated by the engine’s exhaust gas to
130T in order to ensure enough energy is provided to the automotive
adsorption air conditioning system.

In this research, CPO-27Ni adsorbent material was experimentally tested with
the highest generating temperature of around 100<C. It is desirable to test the
cycling performance of CPO-27Ni with all temperatures up to 200<C to

investigate its stability with water vapour at both low and high temperatures.
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