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Abstract

Refrigeration devices for essential food storage and preservation of medicine are among the most
significant techniques developed in the past few decades. In many regions of Africa, the shortage of
sustainable power sources and the abundance of solar energy make solar refrigerators a promising
solution for basic refrigeration needs. Among all the solar cooling techniques, the solar sorption
refrigerator is considered to be a promising alternative to the dominant vapour-compression
refrigerator, which encompasses both absorption and adsorption refrigerators. It has advantages of
being silent, having no compressor, lasting a long life cycle, and utilising waste heat or solar energy.
In this work, the development of sorption refrigerators is outlined, and as a part of it, a theoretical
diffusion absorption chiller using organic compounds is designed. The alternative working fluids used
is R134a as the refrigerant, tetracthylene glycol dimethyl ether (TEG.DME) as the absorbent, and
helium as the auxiliary gas. The corresponding modelling is carried out as a potential cooling system

based on calculations.

Furthermore, as a second part of this work, a laboratory prototype of a solid adsorption system being
developed by the “Institute of Chemical Process Engineering (ICVT)” in Stuttgart University, is
studied and compared. The study focuses on adsorption properties of methanol on activated carbon in
adsorption process. Adsorption equilibrium data has been measured, and a good agreement between
the measured equilibrium data and theoretical Dubinin-Astakhov model has been obtained. This
prediction model can now be used to provide accurate data-sets, and consequently help to optimise the

adsorption performance of the cooling unit.

The results of the project lead to a two-fold conclusions with respect to the liquid-gas absorption and
solid-gas adsorption systems based on laboratory-size prototypes. The derived experimental hardware
and procedures of the absorption system and the experiments conducted in determining
pressure/temperature relationships of the adsorption system can help to optimise proposed designs

and operating conditions that will facilitate the development of a new energy-efficient cooling plant.

iii



Nomenclature

Acronym:

AC: Activated carbon

CFC: Chlorofluorocarbon

HCFC: Hydrochlorofluorocarbon

HFC: Hydrofluorocarbon

HFO: Hydrofluoroolefin

COP: For refrigerator: The ratio of the refrigeration capacity to the power absorbed by
the compressor. For heat pump: The total heat delivered to the power absorbed by the
compressor.

DAR: Diffusion absorption refrigeration

DMAC: N,N-Dimethyl acetamide

DMEU: Dimethyl-Ethylene Urea

DMEF': N,N-Dimethyl formamide

GHX: Gas heat exchanger

GWP: Global warming potential(A measure of how much heat a greenhouse gas traps in
the atmosphere relative to carbon dioxide).

Heat Sink: A destination, to where a device provides heat energy from a source of heat
(e.g. eternal temperatures). Corresponding to the low temperature heat source.

HTC: Heat transfer coefficient

MCL: N-methyl e-caprolactam

NREL: American national renewable energy laboratory

Nu: Nusselt number

ODP: Ozone depletion potential. The potential of a substance to destroy stratospheric

ozone.
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PAC: Powdered activated carbon

Pr: Prandtl number

Re: Reynolds number

R134a: 1,1,1,2-tetrafluoroethane(HFC)

SCP: Specific cooling power, the ratio of cooling capacity to mass of adsorbent in the
absorbers.

SEM: Scanning electron microscope

SHE: Solution heat exchanger

TEG.DME: Tetraglyme, or tetraethylene glycol dimethyl ether

TGA: Thermogravimetric analysis

VOC: Volatile organic compounds
Units and Symbols:

A: fingstrém

c: Specific heat capacity (kJ/kg - K)

f': Circulation ratio(solution circulation rate per unit of refrigerant generated)
f: Darcy friction factor

k: Thermal conductivity (W/m - K)

m: mass flow rate (kg/s)

AHvap: Latent heat of vaporization (kJ)

v: Momentum diffusivity (kinematic viscosity) (m?/s)

a: Thermal diffusivity (m?/s)

: Specific heat (J/kg - K)

p: Dynamic viscosity (kg/m - s)

M: Molecular weight of methanol (J/kg)

R: The universal gas constant (J/mol/K)

U: Overall heat transfer coefficient (W/m? -° C).

hi/ho: The individual convection heat transfer coefficient of the inside or the outside of the
heat transfer wall (W/m? - K).

A;/Ay: The area of the inner or outer surface of the heat transfer wall.
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Subscripts:

c: Condenser

cr: Refrigerant states at the condenser

cw: Cooling water states at the condenser
e: Evaporator

er: Refrigerant states at the evaporator
ew: Cooling water states at the evaporator
pc: Pre-cooler

pcr: Refrigerant states at the pre-cooler
pcw: Cooling water states at the pre-cooler
a: Absorber

ar: Refrigerant states at the absorber

aw: Cooling water states at the absorber
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Chapter 1
Introduction

The term sorption encompasses both absorption and adsorption processes, which is also
known as thermochemical sorption or liquid sorption for absorption, and physisorption or solid
sorption for adsorption, respectively. Conceptually, sorption refrigerators utilise “thermal
compressors” instead of electrically-driven compressors found in conventional household
refrigerators. The vapour is obtained by applying heat to a refrigerant solution or subjecting

it to vacuum. The primary category of solar cooling techniques is summarised in Figure 1.1.

Figure 1.1: Solar-driven cooling systems category
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According to the International Institute of Refrigeration, refrigeration technology and air
conditioning account for approximately 15 % of the worldwide electricity consumption [60] [15].
In Mediterranean countries, solar-driven cooling systems are predicted to reduce energy
costs by approximately 50 % [6].

Although this appealing concept has been studied for centuries and has become a relatively
advanced technology, the lack of economic viability is the biggest hindrance to its large scale
adaptation. The majority of the latest installed solar cooling systems are still prototype-based,

although some manufacturers have entered the market with series production [14].

1.1 Dissertation aims and organisation

The dissertation mainly encompasses two branches of study of sorption refrigeration. It
starts with a background literature survey on the classification of existing refrigerators,
followed by specific study of absorption and adsorption cooling techniques, respectively.

In the absorption cooling study, the primary focus was on the macroscopic design, which aims
at modelling of a three-fluid diffusion absorption refrigeration unit using organic compounds
(R134a and TEG.DME). Helium was used as the third fluid instead of Hydrogen for the
diffusion process.

In the adsorption cooling study, the focus was on the particle level about working pairs’(methanol
and activated carbon) characteristics and thermochemical performance, which aims at theo-
retical modelling of an intermittent adsorption system and experimental verification of the
predictive performance. Computerised control of the adsorption unit was employed, intensive
pressure and temperature responses were captured and used to fit theoretical models.
Both theoretical study and experimental investigation were combined in this work for a

better understanding of sorption refrigeration.

1.2 Classification and review of refrigerators

In this section, the existing literature on cold generation technologies is outlined, the result

will build the accumulation of solar refrigeration know-how in our research.
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1.2.1 Vapour-compression refrigerator using refrigerant of

HCFCs/HFCs

Vapour-compression system, used by common household refrigerators, was first built in the
late 19th century and became commonplace after 1940. The basic cooling cycle is shown in

Figure 1.2.

Figure 1.2: Vapour-compression refrigerator and its Pressure-Enthalpy diagram

From 1930~1990, CFCs and HCFCs were increasingly used, such as R22, for air conditioning,
and R12, for medium and high-temperature refrigeration. Following the significant damage
to the environment, and the depletion of O-zone layer, the Montreal protocol was signed
in 1989. CFC refrigerants were no longer available in Europe after January 1, 1995, and
globally after January 1, 1996.

HCFC refrigerants like R22 have also been banned for use in new systems in Europe since
January 1, 2000. HFCs were proved to be transition substances from 1990 up to the recent,
among which, R134a (1.1.1.2-tetrafluoroethane) is seen to be a promising refrigerant because
of its favourable solubility with some organic solvents, and a relatively smaller GWP of 1430
compared to other HFCs (such as R404a, R410a, etc.). Substances that have even lower
GWP, such as HFO-1234yf are under-way.
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Table 1.1: Refrigerant representatives of CFCs, HFCs and HFOs [28]

Refrigerant R-12 R134a R1234-yf
Dichlorodifluoromethane Tetrafluoroethane Tetrafluoroprop
ODP 0.82 0 0
GWP 10900 1430 4
STATUS  No manufacture universally 2030 in developed countries Potential replacement
after-1996-01-01 2040 in developing countries for R134a

1.2.2 Vapour absorption refrigerator using working pair of

NH;3(R717) and H,0

Ammonia system has its advantages of good solubility and high latent heat and disadvantages
of toxicity and comparatively low COP. An evolution in the early age of refrigeration
development was with the launch of the first absorption refrigerator introduced by Ferdinand
Carre in 1859 using N Hs and H2(O. The working pair is then in latter days, seen as the
most common commercially working agent.

The first diffusion absorption refrigeration system was invented by two students, Baltzar
von Platen and Munters. It went into production in 1923 by Electrolux [18] as illustrated in

Figure 1.3. This system forms the basis of the design employed in this project.

Figure 1.3: The first version of diffusion absorption refrigerator(DAR) by Baltzar von Platen and
Munters
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1.2.3 Vapour absorption Einstein refrigerator

At around the same time that Von Platen and Munters were developing the ammonia
refrigerator, Albert Einstein and his colleague Leo Szilard jointly invented another version
of the diffusion absorption refrigerator. The invention was motivated by a tragic death of an
entire family in Berlin due to the leakage of toxic refrigerants (the commonly used methyl
chloride, ammonia or sulphur dioxide [12]). The more stable thermally-driven refrigerator [1]
avoided abrasion, which was a common problem in mechanical systems. It used pressurised
ammonia as a pressure equalizing fluid instead of inert gas, butane as the refrigerant, and

water as the absorption liquid. An illustration of this system is shown in Figure 1.4.

Figure 1.4: Einstein refrigerator

The changes of the system configurations and working fluids improved COP to 0.25 in
comparison with that of 0.15 < COP < 0.2 [36] achieved by the Platen and Munters cycle.
As a result of low COPs and the advent of the electric refrigerator, these designs soon faded
out after 1930. However, many variations based on the original DAR cycle were developed

and were mainly used for camping and caravans.
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1.2.4 Vapour absorption refrigerator using working pair of

H>0 and LiBr

The first single-effect HoO-LiBr absorption refrigerator was developed by Carrier company
in 1945. The system was not able to work efficiently at generation temperatures lower
than 90 °C [26], and with water as refrigerant, the minimum temperature of 0 °C is used
more in the air-conditioning industry. Disadvantages include the ease of crystallisation, and
the occurrence of severe corrosion problems at generation temperatures higher than 200
°C. It operates below atmospheric pressure, at around 0.008 bar in the evaporator, with a

corresponding vaporization temperature of approximately 3 °C [43].

1.2.5 Vapour absorption refrigerator using working pair of

organic compounds

As very few single substances are suitable to be used as refrigerants/absorbents, extensive
research has been carried out on the use of blends of existing substances.

Since the late 1950s, some pioneering studies on the use of fluoroalkane refrigerants with
organic absorbents were carried out to investigate new refrigerant/absorbent pairs for the
vapour-absorption cycle.

R134a as an alternative to CFCs in a single-stage absorption system is evaluated combined
with DMAC, and the COP is varied from 0.35 to 0.46 with different evaporating and
condensing temperatures [5]. The COP of R-134a/DMF (dimethyl formamide) pair is found
to be 0.473 [62]. Organic absorbents like MCL (N-methyl e-caprolactam), DMEU and
TEG.DME were investigated by I Borde et al. in 1994 [9]. The values of the COP for the
three combinations were similar (DMEU-0.49, MCL-0.47, and TEG.DME-0.46), but the
R134a-TEG.DME system showed the best performance with lower circulation ratios, which
motivated the implementation of our design with this working pair.

The literature states that there are almost 40 refrigerant compounds and 200 absorbent

compounds available [31]. Table 1.2 presents some other working combinations.

1.2.6 Solid-gas type adsorption refrigerator

The adsorption process differs from the absorption process in that absorption is a volumetric

phenomenon, whereas adsorption is a surface phenomenon. The technologies for refrigeration
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Table 1.2: Some working combination for three-fluid single pressure absorption refrig-
erator

Auxiliary Gas Refrigerant Absorbent

1 carbon dioxide anodynon water

2 N Hj 3-methyl pentane water

3 NH; butane water

4 NH; butane ethylene glycol
5 methyl-amine 3-methyl pentane ethylene glycol
6 ethyne sulphur dioxide acetone

7 N Hj methyl bromide water

purposes are rather recent. Some former intermittent cycle solar adsorption prototypes
summarised by Fernandes et al. [17] were referenced. These gave rise to prototypes using

the four dominated working pairs presented in Table 1.3.

Table 1.3: Common working pairs for adsorption refrigeration

Adsorbate- Advantages Disadvantages COP
Adsorbent
Methanol-AC high latent heat of vaporization unsuitable for heat source 0.1-0.5
[3] [20] [4] [13] low adsorption heat temperatures higher than 120 °C
large sorption capacity
Ammonia-AC high latent heat of vaporization toxicity and pungent smells 0.1-0.8
[49] [45] [48] [33] low sorption capacity
incompatible with copper
Water-Zeolite high latent heat of vaporization; unsuitable for applications below 0 °C  0.1-0.6
[26] [10] [4] suitable for the re-utilisation of  high desorption temperature
high-temperature exhaust gas low heat conductivity

Water-Silica gel ~ high latent heat of vaporization unsuitable for applications below 0 °C  0.16-0.6
[38] [56] [53] low adsorption heat sensitive to the leakage risk

The ammonia and methanol refrigerants are the most commonly paired with activated
carbon. The former is more suitable than the methanol-AC pair in case of the heat sources
are higher than 200 °C [54] [29]; zeolites are hydrated aluminosilicates having porosity of
45 %~50 % [42]. Natural zeolites have been widely used as adsorbents in separation and
purification processes in the past decades; silica gel (SiOy - ©H20) is prepared from pure
silica and retains chemically bonded traces of water (about 5 %). If it is overheated and loses
this water, its adsorption capacity is lost, and hence, it is generally used in air conditioning.

Among these alternative agents, Methanol-AC is one of the most promising working pairs in
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practical systems [52] [48]. It has large adsorption quantity, low adsorption heat(1800~2000
kJ/K) [55], and low desorption temperature of about 100 °C, which is within a suitable
range for using solar energy and waste heat.

An adsorption ice maker using methanol and activated carbon was built to produce ice
of about 4~5 kg/d at an evaporator temperature of about -6 °C, and could achieve solar
refrigeration COP of about 0.1~0.12 [27]. Much achievement was obtained on the methanol-
AC systems, especially at Shanghai Jiao Tong University. A prototype using the methanol-AC
pair was developed and tested, producing ice of 14 kg/d in 1998 [57]. The behaviour of a
continuous heat regenerative adsorption refrigeration/heat pump system employing methanol-
AC pair [59] was studied, and a mathematical models to simulate the system was presented.
A recent achievement by the team further realised a production of 2.6 kg ice per day per kg
AC with a heat source temperature of 100 °C, and a COP of 0.13 [58]. Other than these, a
recent prototype was designed with the purpose of vaccine storage by Giulio Santori et al. in
2013 (Figure 1.5). The machine operates with a 24h intermittent cycle and can produce up
to 5 kg of ice per day with a solar COP of 0.08. All these confirm the possibility to employ

this technology for vaccines or food conservation in remote areas.

Figure 1.5: Operational phases of an intermittent solar adsorption ice maker by Giulio et al. [40]



Chapter 2

Absorption Cooling Study

2.1 Principle and Design

A solar absorption refrigerator is a device that utilises the phase-change of the refrigerant,
which can be obtained by changing system temperatures and pressures, to generate an
endothermic and exothermic process. Current absorption technology can provide various
absorption machines with COPs ranging from 0.3 to 1.2 [22].

Conventional refrigeration systems (two-fluid design) are dual-pressure cycles where the
saturation temperature difference is produced by a system pressure difference between
the condenser and evaporator. However, three-fluid single-pressure diffusion absorption
refrigeration (DAR) maintains a single pressure, and requires no mechanical or electrical
energy, thus making it more economically viable due to fewer construction complications.

Table 2.1 presents the comparison between single-pressure and dual-pressure systems.

Table 2.1: Comparison of two-fluid and three-fluid absorption systems

Criteria Two-fluid Three-fluid
Mechanic component pump and expansion valve none
Driving force heat and electricity heat only
Moving components pump and valves none
Maintenance yes no
Fatigue crack likely (pressure change)  unlikely (constant pressure)

12
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Table 2.2: Properties of the working fluids

R134a TEG.DME
(CHZFCFS} {ClDHZZOS}
Lo
Chemical 0 O\/\ 0
—C—(— - ~
ctructure F $ (l: H H3C vf\o/\/ O/\/I CH3
F H
Boiling point
(atmospheric -26.3°C 275°C
pressure)
Critical 122 °C NA
temperature
Molar mass 102.03 g/mol 222.28g/mol
Density 0.00425 g/ml, 1.009 g_ij,
gas liquid
Solubility i ..
olubility in miscible ~0.15 % at room temperature
water

The following section presents the design of the 100 W solar-powered single-pressure ab-
sorption refrigeration prototype that was developed in this project. It uses R134a as the
refrigerant, TEG.DME as the absorbent, and helium as the auxiliary gas. Additionally, it
requires no pump for operation. The thermophysical properties of the main working fluids
are as Table 2.2.

The third fluid must be chosen so as to be non-reactive to R134a, and insoluble in TEG.DME.
Hydrogen is the most commonly used inert gas; other possible substitutes include Neon and
Argon [39]. Helium was proposed by former researchers as the most ideal one [34].

Work done by Zohar et al. showed that the COP of an ammonia-water DAR unit working
with helium was higher by up to 40 % compared to a system using hydrogen [63].

The preliminary configuration is borrowed from the first diffusion-absorption refrigeration

system introduced in Sweden aforementioned [18], and the prototype built by Rodriguez-
Munoz [39]. They use a non-condensable inert “expansion process” and realise a single-
pressure process. The flow diagram in Figure 2.1 illustrates this model.

The cooling unit consists of the following components:

- Boiler/Generator

Conventional absorption refrigerators have shown disadvantage on cost efficiency,
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Figure 2.1: Schematic layout for a diffusion-absorption system [39]

circulation pumps alone tend to inhibit wider application, especially for those small-

scale machines, hence any improvement that would alleviate the need for electrically-
powered pumps would be of a beneficial.

A heat-driven bubble pump was employed in the single-effect absorption system. The

mechanism moves the fluid through the cycle against flow friction and gravity. When

heat is introduced to the boiler (an electrical heating element was used instead of solar

heated source to simplify commissioning), bubbles of R134a gas are produced from

the strong solution. The bubbles rise and pump the solution through the lift tube.
The resulting weak solution then flows back in to the absorber from the separator

while the R134a vapour goes to the condenser [41] [8].

For this configuration, most manufacturers used to consider multiple lift-tube bubble

pumps instead of single lift-tube ones to increase its refrigeration capacity by increasing

volumetric flow. However, Vicatos [50], concluded that the bubble pump with multiple

tubes can increase the fluid flux but also depends strongly on the amount of heat

being provided.
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Figure 2.2: Configuration of bubble pump generator

- Separator:
As illustrated in Figure 2.3, the R134a vapour and the bubbling absorbent are separated

at this component.

- Condenser and evaporator:
A condenser, as well as a evaporator, is typically a double pipe, counter-flow heat
exchanger. The configuration has proven to be easier to construct in comparison to

shell-and tube and plate-and-frame heat exchangers.

- Pre-cooler:
A pre-cooler is usually used between the condenser and the evaporator to drop the
refrigerant temperature from the condensate temperature to a reasonable choice before
entering the evaporator. The refrigerator built by L.Filipe Mendes and M. Collares-
Pereira realised a 10 % increase in COP with a 0.85 efficiency pre-cooler [32]. The
use of a condensate pre-cooler in S. Arivazhagan’s research [5] on R134a-DMAC also

resulted in an improvement of 5 %~15 % in the COP.

- Generator:

A diagrammatic approach that was given from Vicatos [51] in an ammonia system
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was used to determine the conditions in the generator. Heat supplied to the generator
raises the temperature of the non-equilibrium liquor from the heat exchanger to its
saturation condition. Extra heat supplied to the generator will liberate R134a and

increase the saturation temperature of the solution.

- Absorber:
The main purpose of the absorber is to absorb all the R134a vapour coming from
the evaporator into the TEG.DME, and to separate the inert gas from the R134a
vapour in the process. The weak solution (TEG.DME) coming from the solution heat
exchanger enters the inner pipe of the absorber, while cold water counter flows at the

annular space.

- Solution Tank:
The level of the fluid in the solution tank is the same level as the solution in the boiler.
It is equipped with a glass window to visually monitor the level of the solution both

in the solution tank and in the generator/boiler.

- Solution Heat Exchanger:
As depicted in Figure 2.3, the weak solution (TEG.DME) flowing into the inner pipe
is the hot fluid and the strong solution (R134+TEG.DME) in the annulus is the cold
fluid. The heat exchanger results in a reduction in both the heat supplied to the

generator and in the cooling required by the absorber.

The cycle is as follows (reference to Figure 2.3):

The strong solution is heated by the heat source and produces high-pressure saturated
refrigerant vapour. The vapour escapes through the lift-tube and the separator, and flows
to the inner pipe of the condenser through the inverted “U” tube. Meanwhile, the separated
hot weak solution flows to the absorber by gravity (hydraulic potential difference), through
the inner pipe of the heat exchanger, entering the solution tank.

The liquid refrigerant passes through the pre-cooler to the evaporator and evaporates by
absorbing surrounding heat at low pressure (its partial pressure).

The low-pressure vapour passes through the pre-cooler in a counter-flow direction to the
liquid refrigerant from the condenser, and is entrapped by the absorbent in the absorber,
liberating the inert gas, which will be free to return to the evaporator. The heat released by

the absorption process will be taken away by cooling water (counter flow through the outer
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tube of the absorber).

The strong solution is collected in the solution tank and flows to the generator (boiler) by
gravity. The solution is then re-heated and the process is repeated.

The system remains at constant pressure by partial pressure regulation of the third fluid,
which predetermines the saturation temperature of the refrigerant, and expedites the
evaporation process in the evaporator. A pressure equalising tube is fitted between the
condenser and the solution tank. In comparison to the vapour-compression refrigeration,
the absorber, SHE, and the generator are collectively equivalent to a compressor. Further

theories can be found in Waterman Gore’s literature [47].

2.2 Theoretical Model

An absorption refrigeration system is based on the working fluid’s characteristics, including
mass and heat transfer, and chemical compositions. In order to size and build a working

model, the following assumption were made:
e Steady state flow
e Kinetic and potential energy change are negligible
e The specific heat of a fluid is constant
e Axial heat conduction along the tube is negligible
e The outer surface of the heat exchangers are perfectly insulated
e Laminar flow regime expected
e Thin walled pipe neglect the conduction rate through the pipe
e Overall heat transfer coefficient based on the outside area of the inner pipe
e Average temperature used to evaluate other fluid properties

With the objective of a 100 W three-fluid DAR system in mind, the unit was designed
with the assumption of a 40 °C condensing temperature, a 15 °C pre-cooler temperature,
and a -5 °C evaporating temperature. From the condenser condition and the properties of

saturated R-134a, the overall system pressure is 10 bar [11]. At the evaporator temperature
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Figure 2.3: Schematic diagram for absorption refrigeration prototype
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of -5 °C, the saturation pressure of R134a liquid is supposed to be roughly 2.5 bar [11].
In order to establish a uniform pressure in the system, and yet to maintain the pressure
difference between the condensing and evaporating pressures, a third fluid (Helium) was
added. This would enable the refrigerant to evaporate at its partial pressure in the evapora-

tor. The value of this partial pressure was identified from Dalton’s law as 7.5 bar according to:

Ptotal = PHe + PR134(1 (21)

The basic design parameters are summarised in Table 2.3.

Table 2.3: Prototype basic design parameters

Working Fluid Generator Type Tubing Material Assumed Parameter
R134a Vapour-driven 100 W Condenser Temp. T,=40 °C
TEG.DME “Pump” Three-fluid Copper Pre-cooler Temp.7,.=15 °C
Helium DAR Evaporator Temp.T,=-5 °C

The enthalpy values are shown in Table 2.4 from the p-h diagram in Appendix E. The
section below presents a part of the design calculations, details of which can be found in

Appendix C. The subscript numbers correspond to the numbers shown in Figure 2.3.

- Evaporator
The basic parameters and values, presented in Table2.5, are taken from the properties
tables ( [11] and Appendix D).
1)Confirm the mass flow rate
Assuming steady flow and negligible changes in kinetic and potential energies, each
component has one inlet and one outlet. Thus the first law is applied for each device

as:

Q =W + 11, (hous — hi) (2.2)

Since there is no work in the evaporator, we can find the heat removed from the

Table 2.4: Enthalpy values at the main points

State point enthalpy | Refrigerant conditions Temperature (°C) | Enthalpy (kJ/kg)
ho superheated vapour at the inlet of the condenser 90 375
ht saturated vapour state at the condenser 40 322
hs de-superheated at the outlet of the condenser 40 158
hy = hs saturated liquid at the inlet of the evaporator 15 123
he saturated vapour at the outlet of evaporator -5 298
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Table 2.5: Calculation parameters for the evaporator

Refrigerant | Temperature (°C) | m(kg/s) | 1 (kg/ms) Pr | k(W/mK) Pipe Size(mm)
R134a -5 (saturated liquid) | 0.00057 | 2.947 x 107% | 4.36 0.0968 De; =9.53,The; = 0.57
Water 13 (mean) 0.00239 1.21 x 1073 | 4.36 0.585 Deo = 15.88,The, = 0.71

refrigerated space (the evaporator) as follows:
Q = mr(hout - hz) (23>

Therefore, )

. Q
my = 2.4
T Ahe ( )

From Ah, = hg — hs = 175 kJ/kg,
R, 100 W

mr -

— = ———— = 0.00057k
Q. ~ 17500 /kg 9/s
As the amount of heat lost by the refrigerant equals to the amount of heat gained by

the water, we can have 1, from the heat transfer formula below:
AQ = 11, CAT (2.5)

Where,

C = the specific heat, which for water is 4.189 kJ/kg - K,

AT = the temperature difference between the water inlet and outlet temperatures.
The value of the inlet water temperature is estimated as 18 °C and AT, is 10 °C.

2) Calculate the Reynolds number

From the equation:

i
Re = m

2.6
~Dip (2.6)

Where

D;, = the inside hydraulic diameter of the pipe,

1 = dynamic viscosity of the liquid which can be found in Appendix D.
And confirmed that both the refrigerant and the coolant flows are laminar.
3) Estimate overall heat transfer coefficient

From the equation:
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— WD
Nu = D (2.7)
k
We got:
— Nuk
.= 2.8
> (2.9

And as Nusselt number is a constant of 4.36 throughout the fully developed region [37].
Thermal conductivity values can be found from Appendix D.
From the total thermal resistance equation:

1 In 72 1

oy (2.9)

R=x Yo " A

For the pipes with thin wall and high thermal conductivity material, it is estimated

that:
~ I .

)

UA=

==

4) Confirm the length

The heat transfer rate across a heat exchanger is usually expressed in the form:
Q = UAAT,, (2.11)

Where

() = heat transfer rate,
U = overall heat transfer coefficient,
A= heat transfer surface area,

AT}, = logarithmic mean temperature difference.

ATy — ATy

ATy
In AT

AT}, = (2.12)

Also,

A=nDL (2.13)
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Therefore, the equation below is used for the confirmation of the length:

Q

L= UrDAT (2.14)

- Condenser
Similar steps were taken for the calculation of the condenser, while it needs to be
separated as one part from the superheated vapour state to the saturated vapour state,
and the other part from the saturated vapour state to the saturated liquid state.
As for the first part, turbulent flow is involved, and the following equation is used for

calculation of Prandtl number:
Pr=—=—"- 2.1
r (2.15)

Where

v = momentum diffusivity (kinematic viscosity) (m?/s),

a = thermal diffusivity (m?/s),

w = dynamic viscosity (kg/m - s),

k = thermal conductivity (W/m - K),

¢ = specific heat (J/kg - K).

And for turbulent flow, Gnielinski correlation is used for Nusselt number for 0.5 <

Pr <2000, and 3000 < Re < 5 x 106,

— £)(Re — 1000) P
Nu = (s)(fe i (2.16)
1+ 12.7(L)V2(Pr2/3 — 1)
Where friction factor f follows the equation:
f=1(0.7901n Re — 1.64) 72,3000 < Re < 5 x 10° (2.17)

And with similar calculation steps for the overall heat transfer coefficient and the

logarithmic mean temperature difference, the length of the condenser can be confirmed.

Other values confirmed by the calculation (Appendix C) are presented in Table 2.6.
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2.3

Table 2.6: Components dimensions of the prototype

Component Lengths (mm) Diameters (mm)
condenser 456 D, = 1588, D; =9.53
pre-cooler 174 D, = 1588, D; =9.53
evaporator 369 D, =15.88, D; =9.53
absorber 618 D, =2223, D; =15.88
solution heat exchanger 629 D,=19.5, D, =12.7
generator 220 D, = 2223

Construction and Testing of the Prototype

2.3.1 Experimental Preparation

A prototype was constructed in view of obtaining a clearer concept of absorption refrigeration

using organic compounds. The final experimental prototype presented in Figure 2.4 is built

to comply with the analyses and calculations performed in the previous section. A heating

element was used instead of a solar heater in order to use the unit during laboratory testing.

A pressure gauge, and thermocouples were installed for experimental data capture.

Material

Given the working fluids, evaporating temperature and refrigeration capacity, copper is
used as common material in refrigeration industry due to its high thermal conductivity,
recyclability, and water resistance. It is also a highly versatile material to be used for
design applications due to the availability of a variety of fittings in a wide range of

diameters.

Hermeticity

Hermeticity is critical as not only externally, good gas tightness for the unit allows
working fluids be filled smoothly, but also avoid leakage internally, which directly
determine if the experiments can be conducted in safe. It was reported by Siemens [30]
that approximately 3,000 tonnes of refrigerant p.a. of leakage occurs in Europe, and
10 % is lost during the transport, dispensing and filling processes.

With the ease of assembly and maintenance in mind, the device was initially designed
with different parts, connected as shown in Figure 2.5. However, with threaded con-

nections and a pressurised working environment, the issue of leakage was encountered
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Figure 2.4: 100 W diffusion absorption refrigerator prototype using an electrical heating element
as heating source. The yellow arrow indicates the position of the solar heater when the unit will be
connected to use solar energy.
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and fixed.

To guarantee the hermeticity and the pressure-bearing capacity of the whole system,
the rig was eventually adjusted and all components were connected by welded tubes
as a whole instead of threaded connections. Further, testing and pressure-verification
were done by the company of “AVcape”. The pressure was verified to be maintained
at 20 bar for 20 minutes (Appendix B), which was a prerequisite for the experiments

outlined in the following section.

Figure 2.5: Preliminary non-integrated as-built of 100 W diffusion absorption refrigerator

- Valve Connection

For the employment of valves, connections as shown in Figure 2.6 were used.

- Instrumentation
Figure 2.3 shows where such measurements should be placed on our cooling system.
Upgrade automatic controls can be developed further to provide accurate and flexible
operation.
Plant log sheet were kept containing information on recording day to day operation.

These logs allow performance to be assessed.
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Figure 2.6: Copper pipe connection with olive

Table 2.7: Log sheet

Physical Quantity Recording Data Testing Point Measuring Apparatus
Inlet/Outlet Cooling Water Temp tin, tout (°C) Inlet and Outlet of Piping Temp. Gauge
Pressure \ \ Pressure Gauge
Cooling Water Flow G (m?/h) Piping Flow Meter
Power Consumption W (kw) Switch Box Electrodynamometer

2.3.2 Experimental Procedure

1. Draw vacuum from the system.
Draw vacuum from from the system using a high vacuum pump, which can allow the
working fluids fill into the system by pressure difference, and meanwhile provides a

suitable operation environment of thoroughly dry and free of non-condensables.

2. Charge the absorbent.
The TEG.DEM was charged into the system. The glass tube on the solution tank was

used to monitor the liquid level and ensure the liquid level is just above the bubble

pump.

3. Charge R134a gas into the system.
The pressurised R134a bottle was connected to the valve. The right amount of R134a

is determined by the pressure gauge.
4. Charge helium into the system.
5. Open cooling water valves to begin the cooling cycle.
6. Heating via heat element (to substitute solar unit temporally).
7. Record data every 5 minutes.

8. Stop operation by stop heat providing, and shutting down water valves.
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2.3.3 Analysis of experimental failure

Experiment is the most efficient and visible way to verify a mechanism design. It is not only
to have a better understanding of the operation but also to give suggestions for retrofit and
reference for other similar designs.

Ideally, the prototype is supposed to perform circuit and function refrigeration. However,
with the experiments carrying forward, series of concerns were met inevitably, like the heated
vapour can be only lifted up to roughly 250 mm and stopped at the separator region; Or
no bubbling in the boiler after several times of running. The discussion below is going to
present these on-site malfunctions, retrofit was carried out using the procedure detail in the
following. Some of the anomalies can be commonly confronted in experimental processes for

similar designs.

- Failure Cause 1: Circulate Malfunction

It was observed that heated vapour was only lifted up to separator region and no
temperature increase was detected after the separator.

Due to the small size of piping, welding block was firstly taken into consideration,
while the conjecture can be directly disproved given there is always legible readings
shown on the pressure gauge.

A design defect is another possibility of the system that can lead the R134a gas to go
down to the inner pipe of heat exchange instead of being lifted up by the bubbling
absorbent, which can also explain the phenomenon of the rising fluid level in solution
tank, which can be seen from the glass window. A steel ball then added as shown in
the Figure 2.7 function as a one-way valve to avoid return of the fluid to the solution

heat exchanger.

- Failure Cause 2: Improper Inert Gas
To test if it was the problem from helium, we first released gas till the system reached
0 bar gauge pressure. The boiler temperature was adjusted to 80 °C by controlling the
electric tension of a variable transformer. Phenomena showed the working fluid began
to boil at the temperature around 40 °C and no noticeable temperature increase after
the separator still. The failure conjecture was at this moment disproved.
However, it should be pointed out that the superiority of helium was mostly exam-

ined by researchers on aqua-ammonia systems [23] [34] [24] [63]. Zohar’s numerical
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Figure 2.7: Perspective of “one-way” connection between boiler and heat exchanger

investigation (Figure 2.8) elucidates an evidently better performance by using helium
as the inert gas at different experimental conditions.

Thermodynamically, helium has a smaller heat capacity than hydrogen, i.e. more heat
can be absorbed by the evaporating refrigerant instead of heating of the inert gas.
Consequently, more heat is absorbed from the cooling chamber, thus increasing the
COP.

However, the friction losses for helium may be higher since its viscosity and density
are twice as much as hydrogen (Table 2.8). But nevertheless it performs better in
H>0O-N Hj system, literature does not give evidence how a Helium would behave with
organic compounds. Therefore, more experiments are needed to establish the influence
on the currently used mixture of TEG.DME-R134.

Table 2.8: Thermophysical properties of Helium and Hydrogen [39]

Mass (g/mol) | Specific Heat (kJ/kg - K) | Viscosity (1P./s)) | Density (kg/m?)
Helium 4 5.19 19.850 0.1635

Hydrogen 2 14.312 9.011 0.0823

- Failure Cause 3: Improper charge

Although we can know the system is charged through the glass window of the solution
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Figure 2.8: A numerical prediction of COP vs. generator temperature and evaporator outlet
temperature(T5;) using Ho and He respectively on an aqua-ammonia DAR system [63].

tank, it should be noted that it is possible to have problems from the improper
quantity of charge. A refrigeration machine having an improper charge may exhibit
reduced capacity or even not run at all. An undercharged system may tend to lead
the generator to operate at an excessively high temperature that can result in failure,
and an overcharged machine may cause the solution to boil up over the separator and
enter the condenser, on event that would degrade the performance of the system.

Also, the mingled non-condensable gas in the process of charging should be avoided.
Internally, the non-condensable cannot only weaken the effect of condensation but
can also decrease the refrigerant’s partial pressure on the surface of the absorber and

decrease the effect of absorption and even stop the absorption further in the absorber.

Failure Cause 4: Improper Heat Source

Following the prior testing, another consideration was given to the performance of
the heating element. This was used to simplify the commissioning, however, the
temperature rise from this component is robust and barely controllable, which may
be too fast to lead a proper reaction.

A simple heating experiment to simulate the response in the generator was conducted.
The liquid sample (TEG.DME liquid with dissolved R134a) was directly collected from
the prototype. Similar to the last testing, the temperature was slightly increased via

the variac. Weak bubbles were observed on the surface of the element at temperatures
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above 40 °C. When the temperature at the surface of the element was increased to
160 °C, the temperature of the liquid reached only 92°C, followed by weak bubbling
and combustion.

This gave information that: there is a significant gap between the temperature of
the heat source and the temperature of our working fluid, while the heating process
was neither even nor smooth. The heat source from the heating element as a “point

heating” was not favourable.

- Failure Cause 5: Contaminated Working Fluid

After all the failure tests performed as described above, chemical decomposition issues
were concerned. This can be either contamination of the fluid by external objects, or
chemical decomposition.

It is worthwhile to mention that both the refrigerant and absorbent are soluble in
water. TEG.DME may form peroxides during prolonged and careless storage, and
should be stored in a tightly closed container and avoid contact with light.

To gather more information about the sample fluid, a thermogravimetric analysis
(TGA) was carried out. Mass loss can be detected during this investigation to verify
decomposition, oxidation, or loss of volatiles and it cannot be influenced by pressure.
A sample of pure Tetraglyme was analysed. The temperature program was set from
30 °C to 300 °C at 10 °C/minute heating in a Nitrogen atmosphere. As shown in
Figure 2.9, the descending TGA thermal curve indicates a weight-loss has occurred. 5
% loss occurs when the temperature reaches 95 °C, and only 1 % of the Tetraglyme is
left when the temperature reaches to 178 °C. The diagram of the full results is shown
in Appendix A. It was concluded that the liquid used to reach a temperature above

160 °C experienced pyrolysis.
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Chapter 3

Adsorption Cooling Study

3.1 Introduction and aim of the study

Gas-solid interfaced adsorption is most commonly used in cooling aimed adsorption tech-
nology. As previously mentioned, compared to the bulk-phenomenon absorption chillers,
the surface-based adsorption process, is seen as capable of operating with heat source
temperatures as low as 50 °C (the lowest heat source temperature for absorption system
being 90 °C [26]), and can use refrigerants having zero ozone depletion potential (ODP)
and low global warming potential (GWP) such as methanol and water. Higher efficiency
advanced adsorption refrigeration cycles have been developed in the past, namely continuous,
heat recovery cycle, mass recovery cycle, and forced convective thermal wave cycle [2]. Due
to their solid character, adsorption systems are more viable for vibration applications like
vehicles, fishing boats and even space missions.

To provide quasi-continuous commissioning, predecessors of this project, Ana Markovic et al.
developed a multi-sorption-bed system, in which half the modules operate a heat recovery
process while the others are adsorbing. The study was carried out at Stuttgart University,
where the as-built prototype was initially developed for commercial use in an automotive
air-conditioning application using methanol and activated carbon. However, the COP of
these units is barely satisfactory (Table 1.3).

The key operation in the adsorption systems is the proper analysis and understanding of the
heat and mass transfer of the working agents between the components of the unit. The major

motivation behind the present work was to investigate the theoretical steady state behaviour

32
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of a basic, intermittent adsorption cycle. The focus was to commission an adsorption unit,
working with methanol and activated carbon in order to collect experimental data and
create a theoretical model, which would predict its performance. This data was collected
at different temperatures in the adsorption process. The Dubinin-Astakhov equation (3.3)
was used for fitting the experimental data, from which the adsorption process and the COP
can be analysed and calculated. As in all cooling sorption systems, the absorption and
adsorption processes are the most crucial processes involving mass and heat transfer. The
current investigation is focussed only in the adsorption of methanol vapour into the activated
carbon, and not in the desorption process. The theoretical model developed helped the
ongoing research of the “Institute of Chemical Process Engineering” in Stuttgart University,

on solid adsorption and organic compounds.

3.2 Operating Principle

- Adsorption mechanism
Adsorption is the accumulation of ions, atoms, or molecules from the adsorbate that
adhere onto the surface of the solid adsorbent surface. Two types of adsorption
processes are considered, which are physisorption and chemisorption. The former
reversible physisorption is processed with electrostatic forces, van der Waals forces,
and the adsorbate remains chemically stable during the process. In contrast, the latter,
chemisorption, is caused by strong interaction between ionic or covalent bonds. The

adsorbed molecule is therefore chemically altered in its structure.

- Working agents

Activated carbon (AC) is one of the most exploited and variously applied substances
in the current century due to its micro-porosity. Except for its cooling applications,
the adsorption of VOCs onto these porous adsorbents has been also widely used for
environmental treatment.

AC is obtained by thermal decomposition (at temperatures lower than 1000 °C) or
combustion of carbonaceous source materials, such as charcoal, coconuts, wood, and
lignite [7]. In this process, the internal structure of the charcoal particle is eroded,
creating an internal network of even smaller pores, which makes the AC two to three

times more efficient in its adsorption capability. From these diverse raw materials,
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activating agents, and the conditions of the treatment process, a large number of
randomly distributed internally connected voids of various shapes and sizes can be
formed and used in different fields. Figure 3.1 illustrates a microscopic view of a
granular activated carbon sample. Other than the nature of the adsorbate (methanol),
and the experimental conditions (temperature and pressure), the adsorption capacity
of AC depends heavily on its surface micro-structure. The specific surface area of its
micro-pores (radii<2 nm) constitutes about 95 % of the whole surface [7], meso-pores
(2 nm<radii<50 nm) and macro-pores (radii>50 nm, frequently in the 500 nm to 2000
nm range), function as transportation routes for adsorbate molecules. In this work,
a locally available AC was used, which was manufactured from powdered activated

carbon (PAC) extruded with ceramic binder.

Figure 3.1: Scanning electron microscope (SEM) picture of a sample granular activated carbon
from coconut shell [61].

Methanol’s small molecular diameter (about 4 A) allows it be easily adsorbed in
micro-pores with a diameter less than 20 A [27]. Tt is adsorbed in to the AC and
held by the Van der Waals force. The interaction force is weak and can therefore, be
easily reversed by heating or decreasing the pressure. The specific characteristics of
the two working pairs are presented in Table 3.1. Since the emphasis of this study is
to examine the performance of mass transfer and adsorption behaviour of methanol
vapour on monolithic AC. The determination of micro-pore size distribution and

material optimisation will not be discussed.
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Table 3.1: Adsorption prototype working agents’ characteristics [46]

Methanol PAC sample
':' Mass 0.64g
Structural formula H-C-O-H
|1{ Thickness 1.15 mm
3
Boiling point (at atm.) 64.7°C True density 2.41 g/cr.n
(Hg intrusion)
Critical temperature 239°C
Total 0.69
Density 0.792g/cm? porosity (calculated)
Vapour pressure 13.02 kPa (at 20°C) Thermal 0.36 W/m-K
conductivity | (cold/ hot plate)
Specific heat capacity 2460 1/kg-K —
. N Specific heat
(liquid) (at 20°C) capacity 755 l/kg-K
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- Adsorption cooling cycle
The cycle is intermittent and is described best as: a) Desorption-Condensation;
b) Evaporation-Adsorption. The cycle illustrated in Figures 3.2a and 3.2b can be

described as follows.

a) Desorption—Condensation b) Evaporation—Adsorption

«— —

Adsorption
2

3 1 Qd Qe 3
f— =

B A C
Figure 3.2: Adsorption prototype cooling cycle

Desorption-Condensation

- State A:
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The activated carbon is saturated with methanol. Heat is received from the
external energy (solar-heated water flow is supplied as heat source). The tem-
perature increases and desorption takes place (i.e. vapour methanol leaves the

activated carbon).

- A — B (“compression process”):
The pressure increases from evaporating pressure to condensing pressure which
is governed by the condenser’s lower temperature cooling environment. This

step corresponds to the “compression” stage in the vapour-compression cycle.

- State B:

Vapour methanol condenses at the condenser and collected in the liquid receiver.
Evaporation-Adsorption

- State C:
The condenser becomes the evaporator. Heat is received from the surrounding
space and the methanol boils and evaporates at the low pressure governed by
the adsorber.

- C —» D (“expansion process”):
A low pressure environment is created at the adsorption bed, leading to the pres-
sure drop. This is equivalent to the “expansion” step in the vapour-compression
cycle. The pressure drop allows the methanol to evaporate at low temperature

(saturation temperature) and produce the desired refrigeration effect.

- State D:
Adsorption occurs at the activated carbon bed where the methanol vapours are
re-adsorbed in the voids in the carbon. The heat of adsorption generated is

extracted to the lower temperature environment.

3.3 Experimental procedure

The as-tested adsorption cooling system is essentially composed of two zones, which are
the methanol reservoir-3 (acting as the evaporator/condenser) and the methanol-AC ad-
sorption/desorption bed-1 (acting as the adsorber/desorber) as shown in Figure 3.3. Other

components include the vacuum pumps, and several control valves, which are presented in
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Figure 3.4.
a) b)
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Figure 3.3: Adsorption cooling system. a)-Adsorption process, b)-Desorption process 1: adsorption
bed (adsorber/desorber) 2: condenser (only at the desorption process) 3: evaporator

Since pressure in a methanol-AC system is sub-atmospheric, the unit is built with standard

high-vacuum parts to ensure that minimum leakage occurs as discussed in Chapter 2.

3.3.1 Charging the unit

Reference is made to the schematic diagram and to the photograph of the unit in Figure 3.4

and Figure 3.5.

For purposes of clarity, chambers V1 and V2 are connected by a valve V-F which remained
open during the entire experiment. It was placed in this position for a different reason,
which was not part of this study. Henceforth chambers V1 and V2 will be considered as one
chamber, named, “dosing chamber”.

A high vacuum was drawn through valve V-A, by the unit’s incorporated membrane vacuum
pump, P1, prior to charging with methanol. After the vacuum was drawn, valve V-A was
shut.

Liquid methanol is drawn under vacuum into the “degasser” chamber where pure methanol
vapour is produced by evaporation. This vapour is introduced into the “dosing chamber”,

through the valve V-C, while valve V-E is closed. Fine control of the methanol vapour
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Figure 3.4: Schematic diagram of the experimental set-up

transfer is regulated by the throttle valve, positioned immediately after pump P2. The
purpose of the pump P2 is to draw the methanol from the degasser and introduce it into
the “vapour reservoir”, thus maintaining purity of the vapour.

The dosing chamber, is fitted with a pressure transducer, which indicates when the chamber
is filled with the precise mass of methanol.

The adsorption process of the methanol vapour into the “adsorption/desorption chamber” V3
(with built-in activated carbon sample), starts by closing valve V-C and opening valve V-E.
The heat generated by the adsorption process is extracted by the cooling water circulating
through the adsorption bed (Figure 3.6). Temperature data collected by the thermocouples
in the sorption chamber, is plotted, and when the graph shows that equilibrium is reached,
the adsorption process of the predetermined methanol vapour has been completed, see
Figure 3.7.

The remaining methanol vapour in the dosing chamber is pumped out through valve V-A

and the membrane pump P1. To ensure that no methanol vapour is remained in the dosing
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chamber, the chamber is purged with helium, which afterwards is also removed through
valve V-A and membrane vacuum pump P1.

The helium leftover inside the dosing chamber, after the evacuation process is assumed to

be negligible and not influence the adsorption/desorption and evaporation/condensation
processes.

Once valves V-B and V-C are closed and valve V-E is opened, the combined dosing chamber
V1 and V2 become the condenser or the evaporator chamber, and the chamber V3 becomes
the adsorption or the desorption chamber.

To maintain a constant temperature within the reaction environment, the dosing and adsorp-
tion/desorption chambers are embedded within a heat-controlled outer shell, and the free
space between the various components and the outer shell is filled with aluminium pellets as
shown in Figure 3.5. All other parts exterior to the unit were covered with asbestos cloth

for insulation purposes.

Figure 3.5: Dosing and adsorption/desorption chamber of the adsorption prototype

Figure 3.6 shows the adsorbent/desorbent unit. This unit is embedded into the adsorp-

tion/desorption chamber and acts as the testing of the adsorption/desorption processes.
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Figure 3.6: Adsorption/desorption chamber, where adsorption/desorption processes occur

Cooling and heating for the adsorption and desorption processes, is provided to this unit by
cold and hot water respectively, circulating in the annular space between the carrier of the
activated carbon bed and the holding shell. In order to achieve isothermal conditions inside
the activated carbon bed throughout the adsorption and desorption processes, this unit was
designed to be of small size; consequently all the other components of the system were sized
accordingly.

Figure 3.6 also shows the position of the three thermocouples monitoring the temperature
during the process at: a) the surface of the AC, b) the casing of the AC-sample carrier,
and c) the vapour space above the AC. Figure 3.7 shows the temperature response of the

chamber, initially at a temperature of 30 °C.

3.4 Mass And Heat Transfer Performance

In this section, the mass transfer of the methanol to the activated carbon (AC) sample
is presented, with aim of showing data, which would assist in generating an accurate
theoretical model of the adsorption/desorption processes and thereby predict its performance
as aforementioned. The schematic diagram of the experimental set-up is shown in Figure 3.4.
The adsorption-desorption process and the operation procedures are intermittent. To obtain
the experimental data efficiently, an open-close mechanism for the valves and a data capturing
approach were graphically programmed and computer-controlled by the software “Test.con”

(Gantner Instruments).
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Figure 3.7: Adsorption temperature responses at the AC measurement chamber

3.4.1 Data acquisition procedure

Figure 3.8 demonstrates the computer-control flow of the apparatus (valves alphabet reference

to Figure 3.4). Temperature and pressure data were captured automatically every 0.1 second.

- Preparation

The preparation procedure is explained in section 3.3.2

- Dosing
Valve C is set between the vapour reservoir and the dosing chamber. Vapour methanol
is released into the dosing chamber by opening valve C till the dosing chamber is filled
(valve F is always open, which means V1 + V2 is the dosing chamber as a whole). The
dosing process is completed when the pressure inside the dosing chamber has reached
the pressure value set by the control program. This set pressure is the saturation
pressure of methanol at conditions prevailing in the dosing chamber when it becomes
the condenser during operation process, (refer to Figure 3.2a). When this pressure

has been reached and recorded, valve V-C is closed and, the status data is saved.
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Figure 3.8: Flow chart of the valves and pumps control in the adsorption prototype during the
charging up (preparation) and test operation procedures.
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- Adsorption
Adsorption starts when the valve E is opened (V-E true), and the vapour methanol
starts gaining access to the activated carbon sample (measurement chamber, Fig-

ure 3.4). The temperature response curves are tracked till the equilibrium is reached.

- Purging
After each experiment, the adsorbed vapour in chamber V3 is evacuated, by using the
membrane pump P1, for 24 hours until the pressure is stable. Then helium is used
to purge the dosing and V3 chambers through valves V-B and V-E and facilitating
dispersion due to its chemically inert nature . The last step is to open the valves V-A
and V-B (V-A and V-B true) and to operate the membrane pump P1 to draw vacuum

of the measurement chamber V3, in preparation for the next testing run.

3.4.2 Mass And Heat Transfer Analysis

Adsorption isotherms

With the adsorption process, an equilibrium is reached when the rate of adsorption and the
rate of desorption are balanced (Figure 3.9). At this point, the gas-solid system is seen to
be in adsorption equilibrium because the number of molecules adhering to the adsorbent

surface is equal to the number of molecules escaping from the surface [7].

Figure 3.9: Adsorption equilibrium dynamics [19]

The adsorption process or the equilibrium relationship is usually described using isotherm
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graphs, which are also utilised as empirical models for fitting the isotherms that are found in
the lab tests. The isotherm depicts the amount of the adsorbate adsorbed on the surface of
adsorbent as a function of the pressure at a constant temperature. Several models describing
the process are most commonly observed, namely: Freundlich isotherm, Langmuir isotherm,
and BET (Brunauer-Emmett-Teller) isotherm [16].

In particular, Langmuir isotherms are used to accurately describe the gas-solid-phase
adsorption onto activated carbon as in Figure 3.10, which shows an adsorption isotherm plot
of Nitrogen on AC at 77 K [35]. It demonstrates that the surface coverage increases with
the partial pressure of the adsorbents. The isotherm was published in 1916 [21], depicting a

mono-layer adsorption by assuming that the adsorbate behaves as ideal gas.

Figure 3.10: Langmuir adsorption isotherm of Nitrogen on AC at 77 K [35]

This happens when a constancy of pressure or temperature inside the adsorption chamber
is observed. Adsorption equilibrium was then measured using the volumetric method,
(manometry). Adsorbed loading is of equivalence as a pressure difference between the initial

and final equilibrium pressure, described by the equation below.
m = (PoVo — PegVeq)/RTM (3.1)

In the set-up under investigation, the initial pressure of the dosing chamber is known. This
pressure is assumed to be the saturation pressure of methanol at the dosing chamber when

it is acting as a condenser during the desorption phase of the system. With reference to
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Figure 3.4, the adsorbed amount can be computed by:

m= (PO(VI +V2) _Peq(vl +V2+V3_Vac))/RTM (3'2>

Where

m is the weight of the AC sample,

Py is the initial pressure in the methanol vapour reservoir in V; + Vo (before opening valve
V-E),

V3 is the volume of the recipient reservoir (measurement chamber),

Vie is the volume of AC sample,

P, is the equilibrium pressure in Vi + V2 + V3.

Equation 3.2, together with the data collected from the dosing and adsorption/desorp-
tion chamber V3 were fed into MATLAB, and the isotherms derived in temperatures of 30 °C

and 60 °C are shown in Figure 3.11. The measured pressure data represents the adsorption

Figure 3.11: Adsorption isotherms of methanol-AC

behaviour at the particle level in the adsorption chamber. The adsorption rate continues
to decrease with the increasing coverage of the AC surface by the methanol molecules.

The predicted pressure-concentration behaviour and the measured pressure data have good
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correlation. From Figure 3.11, it can also be seen that at the initial adsorption process, the
isotherm for 30 °C has a steeper slope than the 60 °C isotherm curve. This indicates that

the adsorption rate decreases with the increase of temperature.

Dubinin-Astakhov-Theory

The Dubinin-Astakhov (DA) theory has wide application for the methanol-AC system
to evaluate adsorption equilibrium in microporous material like AC [25]. As for physical
adsorption of gasses on micro-porous solids, it permits the calculation of the surface area
and the pore volume distribution, if:

1. The area of AC occupied by a single adsorbed molecule is known;

2. The number of adsorbed molecules of a fluid that covers the adsorbent with a monomolec-
ular layer could be determined;

3. Surface area available to the adsorbate molecules could be calculated.

Its equation is one of the most popular isotherm equations in adsorption theory. It is about
the volume filling of micro-pores, the analysis of the capillary structure, and was found
to be the most ideal isotherm to simulate experimental data. The experimental data was
used to evaluate the isotherms by using the DA theory to characterise the strength of the

adsorbent-adsorbate affinity. The equation is expressed as:
W = Wyexp|—[bRTIn(Ps/Peq)]"] (3.3)

Where the meanings of the variables are:

W (cm3/g) = the volume of the micro-pores filled with the adsorbate;

Wo(em?/g) = the maximum volume of the adsorbent micro-pores (maximum loading);
P, = the equilibrium pressure;

P, = saturated pressure corresponding to the adsorbent temperature T}

Parameters b and n depend on the chosen adsorbent/adsorbate pair.

Equation 3.3 can be re-written as :

W = Wyexp(—(A(E,))") (3.4)

Where A = RTIn(Py/P) is the adsorption potential energy (J/g) on the adsorbent surface

pores;
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n and E depend on the different adsorbate-adsorbent pair and are temperature-based param-
eters. It was mentioned by Stoeckli [44] that the exponent value n=2~3 for homogeneous
carbons, n<2 for heterogeneous active carbons and n>4 for zeolites.

The potential energy is a function of the position in the pore. This enables the characteristic
curves (plots of W/Wj versus A) of different adsorptives on the same solid to be superim-
posed.

The aim of this work was to establish the values of n, where a satisfactory agreement could
be obtained between experimental adsorption data and the DA equation 3.4, thereby trying

to verify the obtained DA parameters referring to related results calculated.

Figure 3.12: Adsorbed micro-pore volume as a function of adsorption potential for the tested
sample

A MATLAB program was developed based on equation 3.2 and 3.4 to use captured experi-
mental pressure data and predict the performance by:

1. Converting experimental data from data-type(.txt) to Matlab data-type(.dat).

2. Generating prediction with the pressure data for graphic presentation.

The detailed code can be found in Appendix F.
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From the result in Figure 3.12, a satisfactory agreement is seen between the experimental
adsorption data and the DA simulation. This programme can be used to predict and linearise
methanol-AC adsorption data over different ranges of relative pressure on an adsorption
isotherm.

The validation of the experimental data against the standard adsorption isotherms are
hereby completed. As a regression approximation, this is of long-standing importance for
an accurate data correlation, as well as a true reflection of the activated carbon adsorption

capability.



Chapter 4
Conclusions and Future Work

Both absorption and adsorption cooling methods were investigated. A further understanding
of the sorption processes from the macroscopic to the microscopic scales was achieved.
Some problems arose when running the absorption prototype, causing break-down of the
experimental procedures. These were discussed in the text, from which, the following
conclusions are drawn.

It is of importance that heat is supplied evenly over the surface of the heating element. A
heating element may have surface “hot-spots”, which could denature the absorbent and
render it unable to absorb the refrigerant. The pyrolysis temperature for Tetraglyme was
verified to be 95 °C, hence the operation of any absorption system with TEG.DME should
not be higher than this value.

In spite of the absorption hardware difficulties encountered during construction and further
during its testing, thermodynamic and equilibrium properties show that such a system is of
potential use at low generator temperatures.

With respect to the adsorption section, temperature dependent experiments of methanol
adsorption on monolithic activated carbon were carried out and pressures were recorded,
which gave rise to estimation of the methanol concentration in the activated carbon. It
was concluded that faster adsorption equilibrium was observed at a lower temperature for
the same concentration. Mass transfer and adsorption kinetics parameters were fitted to
the pressure-temperature experimental data, which verified Dubinin-Astakhov equation’s
applicability to characterise methanol-AC adsorption equilibrium.

The study focussed mainly on prototype testing, and the design of these units was based

49
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on their thermodynamic parameters and experimental data. The data and the theoretical

model developed are in agreement, allowing precise prediction of methanol-AC adsorption

process.
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Appendix A: TEG.DME thermogravimetric analysis result
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Appendix B: Certificate of prototype pressure testing
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Appendix C: Design calculations

Subscripts:

c¢: condenser; pc: pre-cooler;

cr: refrigerant states at the condenser; pcr: refrigerant states at the pre-cooler;
cw: cooling water states at the condenser; pew: cooling water states at the pre-cooler,
e: evaporator; a: absorber;

er: refrigerant states at the evaporator; ar: refrigerant states at the absorber;

ew: cooling water states at the evaporator; aw: cooling water states at the absorber;
Given:

Table C-1: Prototype basic design parameters

Parameters Assumed values
Refrigeration capacity 100 W
Condenser temperature 40 °C
Pre-cooler temperature 15°C
Evaporator temperature -5°C

Table C-2: Selected pipe sizes

Parameters Pipe sizes
Condenser D, =5/8"(15.88 mm), 0.71mm thickness
Pre-cooler D; = 3/8" (9.53 mm), 0.57 mm thickness
Evaporator
Absorber Dgo = 7/8"(22.23 mm), 0.81mm thickness

D, = 5/8"(15.88 mm), 0.71mm thickness

Solution heat exchanger Dexo = 3/4"(19.5 mm), 0.71mm thickness
Deyi = 1/2"(12.7 mm), 0.61mm thickness

Generator Dgo = 7/8"(22.23 mm), 0.81mm thickness
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Appendix C: Design calculations

Enthalpy values can be discerned directly from the R134a P-h diagram from Appendix E.

Table C-3: Refrigerant enthalpy values at main points

state point refrigerant temperature | enthalpy value
enthalpy conditions (°C) (kJ/kg)
h, superheat vapour at the inlet of the condenser 90 375
hgt saturated vapour at the condenser 40 322
hs de-superheated vapour at the outlet of the 40 158
condenser
hy = hg saturated liquid at the outlet of the pre-cooler 15 123
and the inlet of the evaporator
he saturated vapour at the outlet of the evaporator -5 298

From the values above and the Figure 2.6, it can be known that:
Ahg = hg - hg =298- 123 = 175 k] /kg,
Ah, = hs - h, = 158 —375= -217 k] /kg,
Ahy,e =h4-hs =-35K] /kg,
h; = hg — Ahy,. =333 K] /kg.
1. EVAPORATOR:

1.1 Select pipes:

Since a laminar flow regime is expected due to low mass flow rate. A plot of Reynolds number at
different diameters was used and showed that tubes with diameters that bigger than 2 mm is suitable.

According to the available industrial-standard copper pipe sizes and related strength analysis, inner
pipes with a diameter of 3/8"/(9.53 mm) and outer pipes with a diameter of 5/8"(15.88 mm)
were selected for the evaporator and the condenser, both of which are outer diameters with thickness
of 0.57 mm and 0.71 mm respectively. Other dimension can be found in Table C-2.

1.2 Estimate the pipe length:

The first law is applied for open systems, assuming steady flow and negligible changes in kinetic and
potential energies; each component has one inlet and one outlet. Thus our first law for each device is:

Q = W+m(hout_hi) (H

Since there is no work in the evaporator, we can find the heat removed from the refrigerated space
(the evaporator) as follows.

Q = 1iv(hour — hy) 2)
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Appendix C: Design calculations

1.2.1  Confirm the mass flow rates at the state of the evaporator:

Q

~ AR, @)

mer

100w

= =0.00057k
Mer = 17500/ /kg g/s

Since the amount of heat lost by the refrigerant equals to the amount of heat gained by the water, we
can get 1,,, from the heat transfer formula below:

Q = mCAT )

Where

C = the specific heat, which for water is 4.189 k] /kg - K,

AT = the changed temperature.

As mentioned in the previous chapters, the inlet water temperature is estimated as residential water
temperature of 18 °C and AT,,, is 10 °C. At the average of 13 °C, it can be found that C,,, = 4.189
k] /kg - K from Appendix D.

100

- —0002
4189 x (18 —8) _ 00239 kg/s

Sm ew

1.2.2 Calculate Reynolds number:
Reynolds number is defined by

inertial forces Dpvp

Re = 6)

viscous forces U

Where

Dy, = the inside hydraulic diameter of the pipe,

v =the average velocity of the fluid,

p =the density of the fluid,

p = dynamic viscosity of the liquid which can be found in Appendix D.

It is common to use the mass flow rate m instead of the average velocity. The mass flow rate is
related to the volumetric flow rate, m = pV, and we can write V = %thv. Therefore, the Reynolds

number also can be defined as:

4m

e=pm (6)

Throughout the length of the tube, the mass flow rate is assumed to be constant.
For a circular tube, the hydraulic diameter is simply the diameter of the tube. Specifically,
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Dpr=9.53 -2 % 0.57 =8.39 mm,
Dpw=(15.88-2 x 0.71) - 9.53 =4.93 mm,
Uer = 2.947 X 10™* kg/m - s (Saturated liquid state at average temperature of -5 °C),

Hew = 1.21 X 1073 kg/m - s (Saturated liquid state at average temperature of 13 °C).

Therefore,
41, 4 % 0.00057
Re, = = — =294
TDpfter T X 0.00839 X 2.947 x 10~*
Atigy 4% 0.00239
Re,, = = =510.4

T TDpwhtew T X 0.00493 x 1.21 x 1073

The Reynolds number provides convenient criteria for distinguishing the flow regime in the pipes,
which is critical to analyse the convection heat transfer problems. Values depend on the surface
roughness of the pipe and the velocity fluctuations in the flow. It is generally accepted that [42]:

Re < 2300, laminar flow
2300< Re < 4000, transition to turbulence
Re > 4000 , turbulent flow
So both the refrigerant liquid and the coolant are laminar flow.
1.2.3  Estimate overall heat transfer coefficient

For fully developed laminar flow with constant heat flux, Nusselt number is constant value of 4.36
[42]. Find thermal conductivity from Appendix D, k,,=0.0968 W /m - K k,,,=0.585 W /m - K

Since
h; X Dy,
=7 7
u . (M
The following relationship is used to calculate the heat transfer coefficient:
b= Nu X k.. ®)
1 Dh

_Nuxkey _436x00968 .,
=T D. _ ooogzy " 03W/m

hei

_ Nuxkg, 4.36x0.585 S17 W /m? - K
=T D, 000493 /m

heo
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Except of the Equation (4), the heat transfer rate across a heat exchanger is usually expressed in the
form:

Q = UAAT 9)
Where
Q=heat transfer rate,
U = overall heat transfer coefficient,
A= heat transfer surface area.
A=mnDL (10)

AT= logarithmic mean temperature difference (K);

From
Q= AITT = UAAT (11)
We have:
R=p; (12)
The total thermal Resistance becomes
D
R=R;+Ryqu+ R, = +lnﬁ‘? ! (13)

= hd; 2k T hoa,

As when the wall thickness of the pipe is small and the thermal conductivity of the pipe material is
high, as is usually the case, the thermal resistance of the pipe is negligible (R,,4;; = 0) the Equation
(12) for the overall heat transfer coefficient simplifies to:

(14

The smaller heat transfer coefficient creates a bottleneck on the path of heat flow and seriously
impedes heat transfer. This situation arises frequently when one of the fluids is a gas and the other is a
liquid. Also, phase-processes involve very high heat transfer coefficients. To enhance the heat transfer
on the gas side, we estimate U = h,. And given the inner and outer surfaces of the pipe are almost
identical (4; = A, = A), therefore:

1 1 1
U, h, 517
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1.2.4  Confirm the length

From equation (9) and (10), we have
Lo @ (15)
UxmxDXxAT

Logarithmic mean temperature difference follows the equation:

ATl - ATZ
AT, (16)
n A_TZ

AT =

Where
AT, = the temperature difference between the two fluids at end 1,

AT, = the temperature difference between the two fluids at end 2.

[18 — (=5)] = [8 = (=5)]
m23
"13

B 100

T 517 xmx9.53x 1073 x 17.5

AT, = ~17.5°C

L, ~ 369 mm
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2. CONDENSER:
Likewise, by assuming:
Mer = Mg, = 0.00057 kg/s
Mey = Mgy = 0.00239 kg/s

The dimension of the condenser is estimated by separating it into two parts, which is:
The process from superheated vapour to saturated vapour, and the process from the saturated vapour
to saturated liquid.

2.1 The length from saturated vapour to saturated liquid state.
2.1.1 Calculate the Reynolds number

Find the refrigerant’s dynamic viscosity values from Appendix D:
1.408 X 105 kg/m - s is the R134a’s dynamic viscosity value at saturated vapour state with

temperature of 40 °C, 1.660 X 10™* kg/m - s is the R134a’s dynamic viscosity value at saturated

oo . _ 1.408x1075+1.660x10*
liquid state with temperature of 40 °C . The mean value, g = - ; x =9 X

1075 kg/m - s is taken and substituted to the Reynolds Equation (6):

o — 4 % 0.00057 o617
Cer = 9% 1075 x 7 x 0.00839 "

2.1.2 Estimate the overall heat transfer coefficent:

The heat released from saturated vapour to saturated liquid state Ah., = hg — h3, hy; is the enthalpy
of the saturated vapour refrigerant at 40 °C.

From equation (2), heat released from condenser:
Q. = Ty X Ahey = 0.00057 X (322 — 158) = 93.5 W
Steady state condition is required, so the heat from the water:
Qo = Mgy X Cy, X AT, a7

93.5 =0.00239 x C,, X (T, — 18)
By assuming the C,, = 4.189, estimate the coolant temperature at the middle state of T,,:

(T, 18) = 93.5 =93°C
em 7 0.00239x 4189

Therefore, T;,, = 9.3 + 18 = 27.3 °C.
The estimated value of 4189 J/kg. Kcan be re-checked by interpolation calculate the C,, from
appendix D, and resulted in the same T,,, = 27.3 °C.
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Therefore, uc,, = 0.937 X 1073 kg/m - s (Saturated liquid state at average temperature of 22.7 °C).

41y, 4 % 0.00239

Re,, = = ~ 659
W = I Dpmtiow 7 X 0.00493 X 0.937 x 103

For laminar flow, it can be confirmed that, Nu, = 4.36.

Find thermal conductivity from Appendix D:
0.0161+0.0757

kcr—f = 0.0459W /m- K, k.,=0.603 W /m - K. And substitute to Equation (8):
Nug, X ke 4.36 X 0.0459 ,
hei = Dn,  0.00839 2385 W/[m=-K
Nugy X ke 4.36 X 0.603
h. = = ~ 5333 W/m?-K
co D 0.00493 /m
1 1 1

2.1.3 Confirm the length:

(40 — 27.3) — (40 — 18)
ATe, = 12.7
1 12

53

~ 16.9

From equation (15):

93.5

L. =
€2 75333 xm X 9.53x 1073 X 16.9

~ 347 mm

2.2 The length from superheated vapour to saturate vapour state.
2.2.1 Calculate the Reynolds number
Find the refrigerant’s dynamic viscosity values from Appendix D:

1.408 x 1075 kg/m s, and 2.187 x 1075 kg/m- s are the R134a’s dynamic viscosity value at

saturated vapour state with temperatures of 40°Cand 90 °Crespectively. We estimate the g =
1.408x1075+2.187x107°
2

= 1.8 x 1075 kg/m - s, and substitute the values to Equation (6):

4x0.00057

Re., = —mMmM@8M8M—
T 1.8x10~5xmx0.00839

~ 4808.5 (Turbulent flow)

2.2.2 Calculate the Prandtl number

_ viscous dif fusionrate  Cpu 18
" thermal dif fusionrate ~ k (18)

Where
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u = dynamic viscosity (kg/m - s),

k = thermal conductivity (W /m - K),

C, = specific heat (J/kg - K).

Find the mean values of the refrigerant parameters from Appendix D.

(€, =22 = 19195 /kg - K. k = 2252005 = 0.0198 W/m - K ), and substitute to
Equation (18),

_19195x18x1075
Ter = 0.0198 &

2.2.3 Calculate Nusselt number

For turbulent flow, Gnielinski correlation is used to reduce errors of the Nusselt number for 0.5 <

Pr < 2000, and 3000 < Re < 5 X 10°.

(g)(Re —1000)Pr

1
5 2
14127 (g)z (Pr3—1)
Where, friction factor
f =(0.790InRe — 1.64)"2 3000 < Re < 5 x 10°
o ferr = (0.790InRe,, — 1.64)™2 ~ 0.039

Substitute the values of Prandtl number and the friction factor to Equation (19)

2939 x (4808.5 - 1000) x 1.745
Nug, = 1 ~ 232
00307 . . 2
1+127 (=) (17453 - 1)

2.2.4  Estimate overall heat transfer coefficient

(19)

(20)

The heat released from the superheated vapour to the saturated vapour state Ah.; = h, — h., From

equation (2), heat released from this part of the condenser:
Qo1 = Mgy X Ahgy = 0.00057 x (375 —322) =53 W
Estimate the outlet temperature of the cooling water:

From Equation (4):
53 =0.00239 x C, X (T — 27.3)
By assuming the C,, = 4.189 kj/kg. K, estimate the coolant temperature at the outlet:

53
Ty = ———————+ 27.3 = 32.6 °C
€wor " 0.00239 x 4189 +
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As mentioned in the previous section. The estimated value of 4189 J/kg. K can be re-checked by
interpolation calculate the C,, from appendix D, and resulted in the same T,,,, = 32.6 °C.
Therefore, ycy,; = 0.798 x 1073 kg/m - s (Saturated liquid state at average temperature of 30 °C);

41y, 4x0.00239 _
TDpwhiew:s 7 X 0.00493 X 0.798 x 10~3
For laminar flow, it can be confirmed that, N, = 4.36.
Find thermal conductivity from Appendix D,

Recyr =

774

kcr1=0'01612ﬂ = 0.0459 W /m - K; k,;=0.615 W /m - K; Substitute the values to the Equation

®):

Nugq Xker 23.2%0.0198
hei = =

~ 54.75 W /m? - K

Dy ~0.00839
Nugy, X ket 4.36 X 0.615
h. = = ~ 5439 W/m?-K
co Dr 0.00493 /m

Ug = heor = 5439 W/m? - K
2.2.5 Confirm the length

(90 —32.6) — (40 — 27.3)
= 57.4

niy7

AT, ~29.8

From equation (15):

53

L..=
‘1 7 5439 x 7 x9.53 X 1073 x 29.8

~ 109 mm

2Ly =Ley +Ley = 347 + 109 = 456 mm
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3. PRE-COOLER:

The heat exchanger design is an iterative process. Likewise,
Qpc = 1y X Ahye = 0.00057 X 35 ~ 20 W
Uy = 350 W /m?.°C was estimated from empirical approximation table[23].
Assuming the temperature conditions of the evaporator as shown in Figure C-1.
Ty = 40 °C

T,=15°C — T, = 40°C

T, = 35°C

Figure C-1. Temperature condition at the pre-cooler

ATmper =40 —35=5, ATy = 15— (=5) = 20
ATppe = 11°C

20
L, = x 10% = 174
PC T 350 x 77 X 9.53 x 11 mm

71



Appendix C: Design calculations

4. GENERATOR:

For the conditions in the absorber, the heat exchanger, and the generator. The mixture of R134a and
TEG.DME is involved. Therefore, the previous method using the pure liquid properties is not
applicable.

The h-x diagram in Figure C-2 depicts the enthalpy of the mixture as a function of the weight fraction
of the refrigerant based on correlations between the pressure, temperature and weight fraction in the
state of equilibrium. By assuming the given heat is 120 °C,

hy = 165 kcal/kg = 689 k] /kg;

x5t = 0.25 kg/kg (The concentration of the strong solution at the boiler).

Figure C-2. Redrawn Enthalpy-Concentration diagram of the mixture of R134a-TEG.DME from Borde[11].

From Vicatos[50] approach, the generator receives strong solution with concentration x5¢ with the
mass flow rate of f kg, so that 1kg of vapour with concentration y is released. At the same time (f-1)
kg/kg weak solution with concentration x"¢ is returned to the absorber. f is the rate of relative
circulation.

1 xSt — xwe

f=1" y—xf

The equation (21) is from Figure C-3, which was initially developed from an ammonia absorption

@n

system. If a unit length is assigned to the length (x5 — x"®). From the similar triangles 8-K-A and
10-L-A, it can be observed that the ratio (8-10):(10-A) represents the ratio of the mass flow rates of
the vapour to the weak solution. That is, 1:(f-1).

y — xwe

=S (22)

In our case, y=1 kg/kg, x"¢ = 0 (pure TEG.DME., ideally), x5t = 0.25 kg/kg,
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tger = f X 111, = 4 x 0.00057 = 0.00228 kg/s

Mmye = (f —1) X m, = (4 —1) x 0.00057 = 0.00171kg/s

Figure C-3: Source: Picture courtesy of G. Vicatos [50]

A reasonable choice of 200 mm length heating element was selected among the available options,
shorter ones can lead risk of liquid damaging due to its high heat transfer. The boiler height was then
determined to be 220 mm.

5. SEPARATOR:

From the analysis of the bubble pump, separator parameters such as the diameter and the length are
not critical. It was eventually designed to be 5/8" (15.88 mm) in diameter, 140 mm length, which is
able to allow 60 mm immersed lifting section.
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6. ABSORBER:

A heat balance of the system gives:

Qg + Qe = Qc + Qpc + Qa (23)
689 x 0.00228 + 175 x 0.00057 = (217 + 35) x 0.00057 + Ah, X 0.00171
Ah,=893 k] /kg
Qa = My, X Ah, = 0.00171 X 893 = 1527 W

By estimating:
AT,, =80—28=52°C
AT, =40—-18=22°C

AT, — AT,
ATy, = —21 9% ~ 359°C
In ATal
AT,,
At an average temperature of 23 °C
kaw =0.0842 W/m- K
Uaw = 2.064 X107 kg/m - s
4m,, 4 x0.00239

Raw = = =3119
W T Dpwlaw T X 0.00473 X 2.064 x 10~

From Equation (20)
f, = (0.790InR, — 1.64)~2 = 0.045

Find the mean values from Appendix D.

—— __ 1401+1440

Cpa = 00 = 1420.5 ] /kg - K,
kg = 22002 = 0.0839 W/m - K,
flg =222 = 2,068 X 107 kg/m .

Substitute to Equation (18):

_14205x2068x 107
Ta = 0.0839 e
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(%)(Re —1000)Pr
Nug = . ~ 18.63

14127 (g)7 (PT§ -1)

_ Nug Xk

“Ugo = hygo d,

~ 330 W/m?-°C

L, = 618 mm
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7. HEAT EXCHANGER:

Typ = 40°C Ty, = 70°C
Tyo = 80 °C — Ty = 90 °C

Figure C-4. Temperature condition at the solution heat exchanger

As confirmed: Ah,= 893 k] /kg = hy3 + h;, hy3 = Ah, — h; = 893 — 333 = 560 k] /kg,
We have:
hg = h, =375k]/kg
hyo = hy3 =560 kJ/kg
From
Qex = (f = 1) X (hg — hyg) = f X (h1z — hy1) (24)

(4—1)x (375 —-560) =4 x (hy; —298)
hy, = 553 kJ /kg
Ahgy = (f — 1) X (hg — hyo) = 1020 kJ/kg
o Qe = Mgy X Ahyy = 0.00228 x 1020 = 2.3 kW

7.1 For inner pipe (weak solution)
Applying the equation:

H
T+,

In(W) = o + 25
This equation is obtained by regression using the Statistical Package for Social Sciences (SPSS) by
Borde[11] in calculation of dynamic viscosity of R134a-TEG.DME mixture. Where p is expressed in
Centipoise and T in Kelvin, and for pure TEG.DME:
Uo = —3.157, uy = 844.54, u, = —103.2.
At an average temperature of 85 °C:

Uexi = 117 cP =117 %1073 kg/m-s

Dy; =12.7—-0.61 x 2 = 11.48 mm

po i _ 4%0.00171 72 Claminar 1
Cxi = D T Tx 001148 x 1.17 x 103 _ 1/ 2 (aminar flow)
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7.2 For outer pipe (strong solution)
At an average temperature of 55 °C, the dynamic viscosity of the R134a-TEG.DME mixture was
estimated from the Figurelo,, ~ 1.8 X 1073 kg/m - s

Figure C-5. Redrawn Cp-x diagram of the mixture of R134a-TEG.DME from Borde[11].

4 x0.00228

Re. =
Cx0 = 7 0.00538 x 1.8 X 103

~ 300 (laminar flow)

Applying the Equation (15):

AT, — AT, 20 —40
AT\ (20

In (A_Tz) i (5)

L 2300 20
X = 3500 x T x 11.48 x 10-3 x 29  ~2° MM

AT, = ~ 29 °C




Appendix D: Property tables of saturated water and R134a

Properties of saturated water

Volume
Enthalpy  Specific Tnermal Prandtl Expansicn
Saturation Density of Heat Conductivity Dynamie Viscosity Number Coefficient
TaiiG Fressure p, kg'm® Vaporization ¢, Jkg-K kK, Wim-K i1, Kgim-3 Pr B, LK
[ P kP2 Liguid Vapar  hy, klike  Liquid vapor Liquid  Vapar Liquid Vanor Liquid Vapor Liquid
0.01 06113 9998 0.0048 2501 4217 1834 0561 00171 1.792x 1073 0922 =10 135 1.00 -0.068x 107°
& 0.8721 999.9 0.0068 2190 4206 1857 0.571 0.0173 1519x10% 0934 x105 11.2 100 00156x 103
10 1.2276 9997 0.0094 2478 4184 1862 0.580 0.0176 1.307 x 10°% 0.946 x 10° 945 100 0733103
15 17051 999.1 0.0128 2466 4185 1863 0.58¢ 0.0179 1.138x10~* 0959510 809 100 0.138x 103
20 2339 9980 0.0173 2454 4182 1867 0.598 0.0182 1.002x 107 0973 x10° 701 100 0.195x1073
25 3.169 9970 0.0231 2442 4180 1870 0.607 0.0186 0.891 X 107* 0987 »x 10° 6.14 1.00 0.247 X107
30 4,246  996.0 0.0304 2431 4178 1876 0.615 0.0189 0.798 ¥ 103 1.001 X 1073 5.42 1.00 0.294 x 1073
35 5628 9940 0.0397 2419 4178 1880 0,623 0.0192 0.720 % 107 1.016 x 10°® 4.83 100 0.337 %107
40 7.384 9921 0.0512 2407 4179 1885 0.631 0.0196 0.653x103% 1.031x10°% 432 100 0377x10°?
45 9.593 990.1  0.0655 2395 4180 1892 0.637 0.0200 0.596 < 10~ 1.046 = 10-* 391 1.00 0415x 10
50 12.35 988.1 0.0831 2383 4181 1900 0.644 0.0204 0547 x 107* 1.062 x10°° 355 100 0457 x10°°
55 15.76 985.2 0.1045 2371 4183 1908 0.64% 0.0208 0.504 X 10°* 1.077 X 107 3.25 1.00 0484 x 107
60 19.94 983.3 0.1304 2359 4185 191€ 0.654 0.0212 0,467 x 1073 1.093 x 10 2,99 1,00 03517 %1073
65 25,03 980.4 0.1614 2346 4187 192€ 0652 0.0216 0433 %107 1.110x10° 275 100 03548 x 103
70 31.19 977.5  0.1983 2334 4180 193¢ 0.663 0.0221 0404x10? 1L126x10°% 255 100 0578x10°
75 38.58 974.7 0,2421 2321 4183 1948 0.667 0.0225 0.378=x10-? 1.142=x10-° 2,38 1.00 0.607 = 107?
an 47.329 971.8 0.2935 2309 4157 1962 0.670 0.0230 0.355x 1073 1.159 %10 222 100 0653x10°°
85 57.83 968.1 0.3536 2296 4201 1977 0,673 0.0235 0.333x 107 1.176 x 10-° 208 1.00 0.670x 1073
90 70.14 965.3  0.4235 2283 4206 1992 0675 0.0240 0.3156%10% 1.193x10° 1.96 1.00 0702 % 10?
95 84,55 961.5 0.5045 2270 4212 2010 0.677 0.0246 0.297 % 107* 1.210% 1075 1.85 1.00 0716 x 1073
100 101,33 9579 05978 2257 4217 2026 0.679 0.0251 0.282x10°% 1.227x105 175 1.00 0750x10°3
110 143.27 950.6  0.8263 2230 4229 2071 0682 0.0262 0.255x 10-% 1.261 x10-° 1.58 1.00 0.798x 103
120 198.53 943.4 1.121 2203 4244 2120 0683 00275 0232x 107 1296 % 10° 144 1.00 0858 x 1072
130 270.1 934.6 1.496 2174 4263 2177 0.684 0.0288 0.213 X 107 1.330 % 107 133 1.8 Beiax e
140 361.3 221.7 1.965 2145 4286 2244 0.633 0.0301 0197 ¥ 1077 1.365 x 107 1.24 1.02 0870 % 107?
150 475.8 9l6.6  2.546 2114 4311 2314 0682 0.0316 0.183 %107 1.399x10° 116 102 1.025x107?
160 617.8 9074  3.256 2083 4340 2420 0.680 0.0331 0.170x10% 1434x105 109 105 1145x10°?
170 791.7 8977 4,119 2050 4370 2430 0.677 0.0347 0.160 x 10-* 1.468 x 10~ 1,03 1.05 1178 x 10-*
180 1,002.1 887.3 5.153 2015 4410 2590 0.673 0.0364 0.150x 102 1.502 x 10* 0983 1.07 1210x10°
190 1,254 4 876.4 £.388 1979 4460 2710 0.668 0.0382 0.142 X 107 1537 x 107" 0947 109 1.280x 1073
200 1,563.8 864.3  7.852 1941 4500 2840 0.653 0.0401 0.134x10°% 1.571x10° 0910 111 1350x 103
220 2,318 8403 11.60 1859 4510 3110 0.650 0.0442 0.122 % 107? 1.641 x 1079 0.865 1.15 1520 1073
240 3,344 813.7 16.73 1767 47€0 3520 0.632 0.0487 0.111x 103 1.712x105 0.835 1.24 1720x10°3
260 4,688 783.7 23.69 1663 4970 4070 0.602 0.0540 0.102 x 10-% 1.788 x 10 0.832 135 2000« 103
280 6,412 750.8 33.15 1544 5280 4835 0,581 00605 0.094 x 10* 1870 =10~ 0854 149 2380x 107
300 8,581 7138 46.15 1405 5730 5980 0.548 0.0695 0.086 X 10°* 1965 x 107" 0902 1.69 2.950 x LO~?
320 11,274 867.1 64.57 1239 6540 7900 0.509 0.0836 0.078 x 107 2.084x10°% 100 1897
340 14,586 610.56 92.62 1028 8240 11,870 0.469 0.110 0.070 x 107% 2.265 x 10739 1.23 243
360 18,651 528.3 144.0 720 14,690 25800 0427 0178 0060x10°% 2571x10° 206 373
374.14 22,090 317.0 317.0 0 — == R — 0.043 x 10-% 4,313 x 10-°

Note 1: Ainematc viscosity » and thermal diffusivity « can be calculated from their definitions, » = wipand « — kpc, — »/Pr. The temperatures C.01°C, 100°C,
znd 374.14°C are the triple-, balling-, ard critical-point temperatures of water, respectively. The properties listed above (except the vapor density) can be used at

zny pressure with negligible errar except at temperatures near the critical-point value.

Note 2: The unit «I/kg-°C for specific heat is squivalent 7o ki/kg-K, and the unit W/m-°C for thermal conductivity is equivalent to W/m-K

Saurce: Viscosity and thermal conductivity data are from 1. V. Sengers and ). T. R. Watson, Journal of Fhysical ana Chemical Reference Data 15 (1586),

pp. 1261-1322_ Otner data are obtained from various sources or calculated.
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Appendix D: Property tables of saturated water and R134a

Properties of saturated refrigerani-134a

i Volume
Density - S?-ia:;m c.-_,TrrcﬁrSiilit- Dynamic Viscosit imn:ﬂ SISO i
Satu,at.on D' T Y ynamIcC VISCOoS! ;)f umber CDEffICIEn‘-: urrace
Temp. Pressure — 2o KM Napgrization __ 6w MK K, Wim-K # kymes Ar B Tension,
T.°C  P.kPa Ligud Vapor Ay, kitkg Liquid  Vapor  Liguid Vapor Liguid Vapar Liquid  Vepor Liquid N/m

40 51.2 1418 2772 2259 1204 7486 0.1101 000811 4.8/8 % 10 250X 10™" bHbo8 0.23% 000205 0.01/60
—35 66.2 1403 3524 2227 1264 7641 0.1084 000862 4503 x 10-* 3.003 x 10-% 5257 0266 000208 0.01682

11 844 1389 4.42¢ 2185 1273 7802 0.1066 0.00913 4,178 x 10+ 3,504 x 10-% 4992 0.299 000215 001604
25 1065 1374 5303 2183 1283 797.2 0.1047 000963 3.882 % 10" 4054 % 0% 4757 0335 000220 001527
=20 1328 13539 6787 213.0 1294 8149 01028 001013 3614 x 10 4851 x 10°% 4548 0374 000227 0.01457]

-15 1640 1343 8283 2055 1306 8335 0.1009 001063 3371 x10* 5295« 10 % 4363 04156 000233 0.01376
10 200./ 132/ 10.04 206.0 1318 Bb3.1 00989 U.01112 3.150 X 10"+ 5982 x 10~ 4.198 0.4%9 000241 0.01302
-5 2435 131! 12.07 202.4 1330 8738 0.0868 0.01161 2947 X 10~* 6.709 x 1C-* 4.051 0505 000248 0.0122%
0 2930 1295 14.42 1987 1344 8956 0.0847 0.01210 2.761 x 10~* 7.471 x 10-% 3919 0553 000258 0.01156

5 3499 1278 17.12 19148 1358 9187 0.0925 0.01259 2,582 x 10* 8,264 % 10" 3.802 0.603 000269 0.01084
10 4149 1261 20.22 1908 1374 9432 0.0503 0.01308 2430x10* 9.0B1 x 10* 3.687 0.655 000280 0.01014
15 488.7 1244 23.75 1866 1390 969.4 0.0880 001357 2281 % 10~ 9815« 10-% 3604 0708 000293 0.00944
20 B72.1 1226 27.77 182.3 1408 9976 0.0856 0.01406 2.142 x 10 1.078 x 10°° 3521 0763 000307 0.00876
25 6658 1207 32.34 177.8 1427 1028 0.0833 0.01456 2.012 x 10-¢ 1.160 x 10* 3.448 0.819 000324 0.00808
30 7706 1183 37:63 173.1 1448 1061 D.0808 001507 1.888 x 10" 1244 x 10-% 3383 0877 000342 0.00742
35 8875 1168 43.41 168.2 1471 1098 0.0783 001558 1.772x 10+ 1.327 x1C 5 3.328 0935 000364 0.00677
40 10171 1147 50,08 163.0 1498 1138 0.0/57 001610 1,660 % 10°* 1408 x 10°° 3285 0995 000390 0.00613
45 11605 1125 57.66 157.6 1529 1184 0.0731 001664 1.554 x 10~ 1.486 x 10~ 32583 1068 000420 0.00550
50 1318.6 1102 £6.27 151.8 1566 1237 0.0704 0.01720 1.453 x10-* 1.562 x 10® 3.281 1.123 0.00455 000489

55 14923 1078 76.11 145.7 1608 1298 0.0676 001777 1.355 X 10% 1.634 % 1077 3.223 1.193 000500 0.00429
60 16828 1033 H7.38 13%.1 1659 1372 N.0R47 0.01838 1.260 x 104 1.704 x 10-° 23.229 1.272 0.00554 0.00372
65 18910 1026 1004 132.1 1722 1462 00618 001902 1167 x 10+ 1771 x 105 3285 1362 000624 0.00315
70 21182 9962 1155 1244 1801 1577 0.0887 001972 1.077 %10 1.B35x 10°° 3307 1471 000716 0.00261
75 23658 964 1335 1159 1907 1731 0.0555 0.02048 9.891 x 107" 1.808 x 10-" 3.400 1.612 0.00843 0.00209
B0 26352 9282 1553 106.4 2056 1948 0.0521 002133 9.011 x 10-% 1.982 x 10-F 3558 1810 001031 0.00160
85 20282 8871 1823 95.4 2287 2281 D.0484 0.02233 8124 %105 2,071 %105 3.837 2116 001336 000114
90 32469 8377 2118 822 2701 2865 0.0444 002357 7.202 % 10°° 2187 x 10" 4385 2658 001911 0.00071
95 35941 7725 2593 64.9 3675 4144 00396 002544 6190 = 10% 2370« 10% 5746 3862 003343 000033
100 39751 6517 3763 339 7959 8785 0.0322 002989 4765 x 10°% 2833 x 10°% 11.77 8326 010047 0.00004

Mote I: Kinemat o viscosity » and thermal diffusivity @ czn 2e calculated font their definticns, » = pp and a = kipc, = wPr. The prapeties listec here (except
the vapor densily) can bz used a: any pressuras with negligible error except &t terrparatures nezsr tre critical-point value.

Note 2: The unit klkg-*C for specific heat is equivalent to kJikg-K, and the unit W/m-"C for thermz| conductivity is equivalent to Wfm-K.

Source: Dala generated from Lhe EES software developed Ly 8. A. Klein and F. L. Alvarado. Criginal sources: R. Tillner-Roth and H. D. Baehr. “An Inleralicnal
Stangard Formuarion for the Thermodynam ¢ Properties of 1,1 1,5-Tetraf ucroethane (HFC-234a) for Temperazures from 170 K to 455 K and Pressurss ug o
70 MPa.” [ Phys. Chem, Rel. Dala. Vol. 23, No. 5, 1994 M.J. Assael, N. K. Dalaouti, A. A. Griva, and J. H. Dymond. “Viscosity and Thermal Conductivity of
Halogeratec Methane and Ethane Refrigerants,” UR Vol. 22, pp. 526-535, 1999; NIST REFPROP 6 prograrm (M. 0. McLirden, 5. A. Kl=in, E. W. Lemman,
and A. P. Peskin, Physical and Chemical Properties Dvision, Nationgl Institute of Stencards and Technolegy, Boulder, CO 80303, 1985).



Appendix E: P-h diagram of R134a

Enthalpy (kJ/kg)
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Appendix F: MATLAB code

o) o)

e e it Convert Gantner------—--———-———-————————-—————- S

clear all;
tic

%% choose folder

folder = 'GAP Al3 Marina';
fprintf ('Sample: %s\n', folder);

%% read experiments from files

% read general parameters from data file parameter.txt
fid = fopen(strcat (folder, '/parameter.txt'));

% read data

para = textscan(fid, '%f', 'CommentStyle','$'");
fclose (fid) ;

para = cell2mat (para);

% save data into variables and convert to SI Units

V_ 1 = para(l)*10"-6; % reservoir volume [m"3]
V 2 = para(2)*10"-6; % sample chamber volume [m"3]
V gas = V_1+V 2; % total volume [m~3]
m_ac = para(3)*10"-3; % mass activated carbon [kg]

%% define constants

R = 8.3144621;

o

universal gas constant [J/mol/K]

MW = 32.04*10"-3; % molar mass of methanol [kg/mol]

%% create list of data with all files from data type “.csv” in “raw” folder
files = dir(strcat (folder, '/raw/*.csv'));

nfiles = numel (files);

for i = 1l:nfiles % loop over all files

o)

% infile from raw folder - outfile in base folder, type csv
infile = strcat(folder, '/raw/',files (i) .name);
outfile = strcat(folder,'/',files (1) .name);

%% readout data
% readout data without first two rows and columns (parameters name)
data = dlmread(infile,',',2,2);

% pressure - offset [mbar]
p met = data(:,1l)-data(:,2);

o)

% temperatures ["\circC]
tgas = data(:,3);
tads = data(:,4);

oe

, temperature of sorption chamber

T 1
T 2, temperature of AC surface

oe
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Appendix F: MATLAB code

tcar
tamb
thld

data(:,5); % T 3, temperature of sample carrier

data(:,6); % T 4, ambient temperature (lab)

data(:,7); % T 5, temperature of sample holder
(PT100)

%% create outfile

)

% loop over all pressure values starting from the second value

for b=2:numel (p met)

“\circC]

end

o)

% detect pressure drop
if abs(p met(b-1)-p met (b)) >= 0.3

r

end

o)

% average values from before the pressure drop
avg p = mean(p met(l:b-1));
avg_tgas = mean(tgas(l:b-1))
avg _tads = mean(tads(l:b-1)
avg_tcar mean (tcar (1l:b-1)
)
)

avg tamb mean (tamb (1:b-1
avg thld = mean(thld(l:b-1
% Calculate theoretical pressure after the gas expanding from
reservoir using Boyle-Mariotte’s law:
(In sample chamber using Boyle-Mariotte: pl/p2 = V_gas/V_1)
p 0 = avg p*V_1/V_gas;

% open outfile and write header items

fid = fopen(outfile, 'w');

fprintf (fid, 'Time, Pressure,T Gas,T Ads,T Car,T _amb,T Hld\n');
fprintf (fid, '[s], [mbar], [ “"\circC], [ ~“\circC], [ *\circC], [

[“\circC]\n'");
fclose (fid) ;

% save first line with mean values at t0O = Os
t0 = [0 p 0 avg tgas avg tads avg tcar avg tamb avg thld];
dlmwrite (outfile, t0, '-append');

break

% loop over following data points

for b=b:numel (p met)

% check if pressure is lower than initial expanded pressure
if p met(b) < p 0

o)

% create time vector and matrix data2 with experimental data
time = [0.1:0.1:size(p met)/10-(b-1)/10]";
data = [p met data(:,3:7)];
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Appendix F: MATLAB code

o)

% create matrix data3, time vector included

data = [time data(b:end, :)];

% export remaining data in .dat
dlmwrite (outfile,data, '-append');
break

end
end

%% create structure with all important data

oo

p 0 =p 0%100;
p_eq = mean(data(end-20:end,2))*100;

initial pressure [N/m"2]
equilibrium pressure [N/m"2]

o

equilibrium temperature of
sample [K]

equilibrium temp [K]
initial temp (assumed to be
equal as in eq.)

oe

tads eq = mean(data(end-20:end,4))+273.15;

o\

T eq = tads _eq;
T 0 =T eq;

oe

o

p_sat = p sat MeOH(T eq)*10"5; vapour pressure MeOH [N/m"2]

rho liqg rho 1lig MeOH(T eq); % liquid density MeOH [kg/m”3]

buf = strsplit(files(i).name,' "); % split string at delimiter ' '
buft = char (buf(2));

T iso = sscanf (buft(2:end),'5f"); % write temperature from file-

name in structure

%% general calculation of the adsorbed amount of substance
(differentiation between adsorption, desorption and experiments in
several steps)

if (strcmp(buf{4}, 'ads.csv') == 1)
n vl 0(i) = V_gas*p 0/ (R*T_0);
n pk 0(1) = 0;
n ads 0(i)= 0;
end
if (strcmp(buf{4}, 'des.csv') == 1)
n vl 0(1) = 0;
n pk 0(i) = V 2*dat(i-1).p_eq/(R*dat (i-1).T eq);
n ads 0(i)= n_fl ads(i-1);
end

if (strcmp (buf{4},'stp') == 1)
if (strcmp (buf{5},'l.csv') == 1)
n vl 0(i) = V _gas*p 0/ (R*T_0);
n pk 0(i) = 0;
n ads 0(i)= 0;
else
n vl 0(i) = V gas*p 0/ (R*T_0);
n pk 0(i)= V gas*dat (i-1).p eq/(R*dat(i-1).T eq);
n ads 0(i)= n_fl ads(i-1);
end
end
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n_ads(i)=n_vl_0(i)+n_pk_0(i)+n_ads_0(i)—(p_eq*V_gas/(R*T_eq));
%% Calculate equilibrium data
X eq = n_ads(i)/m_ac*Mw; % equilibrium loading [g/g]
V_ ads = n _ads (i) * MW / rho lig; % adsorbed volume [m"3]
A eq = R/MW*T eg*log(p_sat/(p_eq))/1000; % adsorption potential [J/g]
W eq = V_ads/m_ac*1000; % capacity [cm”3/g]
%% write data in structures
buft = char (buf (2));
dat(i).T _iso = T iso; % write temperature from file-name in structure
dat (1) .name = files (i) .name;
dat (i) .p_sat = p sat;
dat (i) .rho lig = rho lig;
dat(i).p_eq = p_eq;
dat(i).T eq = T eq;
dat (i) .X eq = X eq;
dat(i).A eq = A eq;
dat (i) .W eq = W_eq;
exp.A eqg(i) = A eq; % adsorption potentials in a vector [J/g]
exp.W eq(i) = W eq; % loadings in a vector [cm”3/g]
exp.p eqg(i) = p_eq; % equilibrium pressure [Pa]
exp.p sat (i) = p_sat; % saturation pressure [Pa]
exp.n = nfiles; % number of experiments
exp.T iso (i) = T iso; % isothermal series temp (eg. 30 or 60 ~\circC)
exp.fit (1) = 1; % flag if used for fitting (1) or not (0)
exp.plot (i) =1; % flag if used for plotting (1) or not (0)
% display info
fprintf ('$31 | %5.1f mbar | %5.1f J/g | %5.3f cm®/g | %5.3f g/g\n', 1,
p_eq/100, A eq, W eq, X eq)
end

%% write p

<
< N R

par.
par.
par.
par.

N =

<< <

as
c =

3
Q0 Q

%% save an
save (strca
save (strca

save (strca

toc

arameter in structure par

;
;
_gas;

m_ac;

d rename data structure

t (folder,'/','dat'), 'dat'");
t (folder,'/','exp'), 'exp');
t(folder,'/','par'), 'par');

84
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Appendix F: MATLAB code

e Plot Dubinin-Asthakov -----——-------—----——-——————— %
clear all;

close all;

tic

%% choose folder

folder = 'GAP Al3 Marina';
% choose color and symbol for isothermal series
symbol = '*';

COlOr = [lbl; VgV; lrl; ’Cl,. lyl; lml];

fprintf ("\nSample: %s\n', folder);

%% load data structures and prepare isothermal data
load([folder,'/', 'dat.mat"']);

load([folder,'/', 'exp.mat']);
load([folder,'/', 'par.mat'])

’

% sort data into isothermal exp series (e.g. 30, 60"\circC)
utiso = unique(exp.T iso); % find unique isothermal temps
niso = numel (utiso);

for i=l:exp.n % loop over all experiments
for j=1l:niso % loop over all temperatures
if exp.T iso(i) == utiso(3j)
A exp(i,]J) = exp.A eq(i);
W exp(i,]j) = exp.W eq(i);
end

end
end

% save values into iso structure (one entry per isothermal series)
for j=1l:niso
index = find(A exp(:,3)); % generate index of non-zero entries
iso(j).A = A exp(index,j);
iso(j) .W = W _exp(index,j);
iso(j).T
end

o)

utiso(j); % temperature

%% generate A and W for DA model
% save DA parameters into vector p
p(l) = par.w O;

p(2) par.E;

p(3) = par.n;

oe

A sim = 0:500; [J/9]
W sim = Dubinin(p, A sim); % [cm”3/g], Dubinin-Asthakov equation



86

Appendix F: MATLAB code

%% first plot: DA-model

figure (1)
plot (A sim, W sim, 'k'");
hold on;
% create entries for legend
slegend = cellstr ('DA Model');
for j=l:niso
plot(iso(j) .A, iso(j).W, [color(j) symbol])
slegend(j+1) = { sprintf('Exp %i %cC', iso(j).T, char(l76)) };
end
legend('String', slegend) ;

oe

xlabel ('A [J/gl") adsorption potential [J/g]
ylabel ('W [cm”3/g]") % capacity [cm”~3/g]

saveas (gca, [folder '/plots/' 'DA.pdf'l);

e Fitting Dubinin-Asthakov----------"""""-"-"-"-"-"----——— %
clear all;

close all;

tic

%% choose folder

folder = '"GAP_Al3 Marina';

fprintf ("\nSample: %s\n', folder);

%% constants

R = 8.3144621; % universal gas constant [J/mol/K]
MW = 32.04/100; % molecular weight of methanol [J/kg]

%% load data structures
load([folder,'/', "exp.mat']);
load([folder,'/', 'par.mat']);

%% preparation for parameter fitting

i fit = find(exp.fit); % get indices of nonzero entries ('fit')
A exp = exp.A eq(i fit);

W exp = exp.W eq(i fit);

i nofit = find(~exp.fit); % get indices of zero entries ('nofit')
A nofit = exp.A eq(i nofit);

W nofit = exp.W eqg(i nofit);
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%% parameter fitting for the Dubinin-Astakhov equation

x 0 = [0.5 200 2]; % starting vector [W 0 E n]
[x, resnorm, residual,exitflag, output]=1lsqgcurvefit (@Dubinin,x 0,A exp,W exp);

% fitted parameters
W_O = x(1);

E = x(2);

n = x(3);

% write parameter in structure par
par.W 0 = x(1);

par.E = x(2);

par.n = x(3);

%% call up plot function

splots (A exp, W exp, v_temp, folder, X eq, p eq, psat MeOH, par);
A mod = [1:0.1:500];
W _mod = Dubinin(x,A mod) ;

figure (1)

% DA-plot

subplot(2,2,1)

plot (A exp, W exp, 'kx', A mod, W mod, 'k-")

hold on

if numel (A nofit)>0
plot (A nofit, W nofit, 'ro')

end

xlabel ('A [J/gl")

ylabel ("W [cm3/g]")

ylim ([0 ceil (10*x(1))/10])

grid on

% DA-plot in logarithmic form
subplot(2,2,2)

% residual / error plot: res over A exp
subplot (2,2, 3)

plot (A exp, residual, 'kx'")

xlabel ('A [J/gl")

ylabel ('residual (W {mod} - W {exp})")

x1im ([0 5007)

grid on

% parity plot: W mod over W_exp

subplot (2,2,4)

plot (W _exp, Dubinin(x, A exp), 'kx', [0 1], [0 1], 'k-")
x1im ([0 ceil (10*x(1))/10])

ylim ([0 ceil (10*x(1))/10])

xlabel ('W {exp} [cm3/g]")
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ylabel ('W {mod} [cm3/g]")
%% final operations

% tabular output
fprintf ('using %i of %i data points for fitting\n\n', numel (i fit),
numel (exp.A eq))

fprintf('%3s | %5s | %5s | %5s | %6s\n', 'i', 'A exp', 'W _exp', 'W mod',
'res')

fprintf ('-—-------- \n')
for i=1:numel (A exp)

fprintf ('%$31 | %5.1f | %5.3f | %5.3f | %+6.2e\n', i, A exp(i), W exp(i),
Dubinin(x, A exp(i)), residual(i))
end

fprintf('\n W 0 = $5.3f\n E = %6.2f\n n = %4.2f\n res = %5.3e\n\n', x(1),
x(2), x(3), resnorm)

% save parameters in data structure
fn = strcat (folder,'/par.mat');

save (fn, 'par');

toc

38





