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EXECUTIVE SUMMARY
The diffusion-absorption refrigerator was patented by Von Platen and Munters (1926). The
conventionally low coefficient of performance and the high driving temperature have been the
focus of most research since its conception. Previous research pertaining to diffusion-absorption
component modifications, mathematical models, alternative fluid options and transient
experimental simulations are reviewed to determine the drawbacks and performance
improvement opportunities.
In order to apply the diffusion-absorption technology to domestic applications, it is necessary to
increase the coefficient of performance and decrease the required driving temperature. The
design and optimisation discused in this thesis are therefore for the thermodynamic cycle rather
than the diffusion-absorption components. A lower driving temperature will enable the effective
application of solar thermal power since more low-grade heat can be absorbed at lower
temperatures.
A mathematical model was constructed to evaluate the influence of operating parameters on the
diffusion-absorption system performance. This model is validated against experimental results
reported by Ersöz and Najjaran. From the parametric evaluation, opportunities are identified to
increase the system coefficient of performance and lower the driving temperature requirement.
In summary the contribution of the endeavours and outcomes of this thesis are devising methods
to mitigate the negative effects of varying ambient conditions and the optimisation of non-standard
operating parameters.
Methods to enable the realisation of these opportunities were identified and the integration
thereof, into the diffusion-absorption system, is discussed. These methods are afforded by the
residential use of the diffusion-absorption system and will enable supply to both heating and
refrigerating applications.
The main supporting system is the use of a radiant heat rejection with a cold storage system to
improve the condenser and absorber temperatures. This enables the negative influence of interdaily and seasonal ambient temperature fluctuations to be dampened while the condenser
temperature is decreased. A reduction in condenser temperature results in a lower system
pressure, a lower generator temperature and a higher evaporator heat gain that result in an
increased coefficient of performance.
Consideration is given to the stable continuous operation of the diffusion-absorption system and
the supporting systems necessary to realise this for an inherently intermittent solar supply. The
i

use of compound parabolic collectors is proposed to absorb solar thermal energy during daytime
while thermal storage systems are proposed to distribute the heat applied to the diffusionabsorption system. This enables the diffusion-absorption system to be proportionally smaller than
a system operating only during the day.
The strong solution concentration (xss = 0.6171) is optimised to maximise coefficient of
performance with functional constraints specified by the supporting systems and the high and
low temperature yield requirements for domestic appliances as well as bubble pump flow regime
considerations.

Refrigeration and heat pump coefficients of performance are respectively

maximised at 0.703 and 1.703 for a generator bubble pump driving temperature of 72.3 °C, while
heating and refrigerating yields can effectively be applied for domestic use. The diffusionabsorption driving temperature is sufficiently reduced to enable effective solar thermal powering.
A feasibility evaluation was done on the residential application of a solar thermal powered
diffusion-absorption system for a typical family of four. It is reported that a diffusion-absorption
system with a continuous 1102 W heat input (solar thermal) to the generator bubble pump would
be able to supply the essential heating and refrigerating appliances throughout the year. A highlevel return on investment (ROI = 10.84 years) calculation deemed the proposed system
financially feasible and options to reduce the ROI are discussed.
Novel contributions made in this thesis include the mathematical model constructed in such a way
that fundamental principles and flow regime constraints are included and that the optimisation of
non-standard operating conditions is enabled.

The constant condenser outlet temperature

operation of the diffusion-absorption system is the main contribution made in this thesis. This is
enabled through the residential integration and the application of a radiant heat sink system with
cold storage.
The operational stability and performance of the diffusion-absorption system are increased by the
optimisation of identified non-standard operating conditions and the driving temperature is
decreased thereby. This enables the effective solar thermal powering of the diffusion-absorption
system while the solar thermal heat store enables continuous stable 24-hour operation. A
refrigerant expansion tank is thermodynamically designed to maintain the bubble pump and
diffusion-absorption performance irrespective of seasonal fluctuations.
Future recommendations are made for further development of the identified supporting systems.
It is also recommended that detailed component mechanical design is done to build on previous
research and that, provided the necessary funding, the proposed diffusion-absorption system is
constructed and experimentally tested.
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CHAPTER 1 INTRODUCTION
The aqua-ammonia diffusion-absorption refrigeration system was designed and patented in the
1920’s (Von Platen & Munters, 1926).

Where conventional refrigeration systems rely on

mechanical energy to induce the high-pressure conditions necessary for low temperature yields,
a diffusion-absorption heat pump/refrigerator (DAHP/DAR) utilises an auxiliary gas to effect a
partial pressure on the refrigerant. The diffusion-absorption system is commonly described as a
single or constant pressure refrigeration system that requires only heat as input.
Aside from the benefits of low maintenance, silent operation, no electric energy requirements and
being a closed system, the DAR produces usable high and low temperature yields.

The

commercially available systems produce temperatures between -15 °C and 180 °C for the
evaporator and rectifier, respectively.
These benefits describe a system ideally suited for residential integration as both a refrigerator
(freezer, refrigerator and air conditioning) and heat pump (water heating).
The main drawback for the use of a diffusion-absorption system is its low coefficient of
performance (COP). The performance of commercial DAR systems has been the focus for a
number of studies under which Chen et al. (1996); Srikhirin & Aphornratana (2002) and Zohar et
al. (2005) are most prominent. These investigations reported refrigeration COP results between
0.09 and 0.2 with no specific reference to the heat pump COP.
Additionally, the performance of the system is directly dependent on the ambient temperature,
not only under seasonal but also diurnal variance. This variance in performance is further
aggravated by the lethargic response of the system. (Gutierrez, 1988)
For the integration of this system into residential use, it is endeavoured to be powered by solar
thermal energy. The intermittence of solar energy is a drawback for any continuous process,
particularly for those of a lethargic response. Additionally, Ezzine et al. (2010b) stated that the
high driving temperature requirements of diffusion-absorption systems complicate the exclusive
use of solar thermal energy.
An extensive investigation into the use of an alternative fluid pair for the diffusion-absorption
system was conducted by Rattner and Garimella (2016a) as well as Rattner and Garimella
(2016b). Even though the diffusion-absorption refrigerator was introduced almost a century ago,
Rattner and Garimella (2016b, p. 329) concluded that there is still potential for improvement
regarding the performance and application of low-grade thermal sources.
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Due to operational parameters that influence the traditionally low COP and high driving
temperature, the design and optimisation done in this thesis are focussed on the thermodynamic
cycle rather than the components of the diffusion-absorption system.

1.1
1.1.1

BACKGROUND
ELEMENTARY DIFFUSION-ABSORPTION CYCLE DESCRIPTION

The diffusion-absorption refrigeration cycle, as described in Von Platen and Munters (1926),
utilise an absorbent (aqua/water), a refrigerant (ammonia) and an auxiliary gas (hydrogen/helium)
to produce cooling capacity through the application and withdrawal of heat. The DAR cycle can
be described by the three circulating systems, illustrated in Figure 1-1:

FIGURE 1-1 DIFFUSION-ABSORPTION CIRCULATING SYSTEMS (ADAPTED FROM CHEN, ET AL. (1996))

Circulation in all systems is realised by the bubble pump or a difference in specific weight.
1. Strong solution/Refrigerant circulation:
a. Generator/bubble pump – Heat is applied to generate vapour from a strong
solution (high refrigerant concentration).
b. Rectifier – Heat is rejected to purify the refrigerant vapour.
c. Condenser – Heat is rejected to form refrigerant condensate.
d. Evaporator – Heat is applied while exposing condensate to a partial pressure
induced by an auxiliary gas.
e. Absorber – Heat is rejected while the weak solution absorbs refrigerant vapour.
2. Weak solution circulation:
a. Generator/bubble pump – Heat is applied and weak solution liquid is displaced by
vapour slugs.
b. Absorber – Heat is rejected while refrigerant vapour from evaporator is absorbed.
2

3. Auxiliary gas circulation:
a. Evaporator – Heat is applied while auxiliary gas effect a partial pressure on the
refrigerant condensate.
b. Absorber – Heat is rejected while auxiliary gas is purified through absorption.
1.1.2

OVERVIEW OF PREVIOUS RESEARCH

Although many studies have been conducted to improve the system performance of the diffusionabsorption refrigeration system, according to Srikhirin and Aphornratana (2002, p. 1183), these
efforts were focussed on the commercially available DAR units that are air-cooled. Improving the
low COP has been the main focus of research on diffusion-absorption systems since its
conception.
Research over the past three decades can be grouped into three categories.

The first is

mathematical model development and experimental validation for the purpose of characterising
operating parameters in pursuit of better understanding the intricacies of the diffusion-absorption
refrigeration/heat pump cycle; the second is research focussing on component modifications to
increase the system performance; and the third is the investigation into the use of alternative
operating fluid pairs with the main purpose of enabling solar thermal heat source utilisation and
improved system performance.
Most of the literature available on diffusion-absorption systems, developed and validated a
mathematical model to characterise or test parametric variance on system performance. These
evaluations focus on improving the low COP for the system. The models regularly cited by others
were developed by Zohar et al. (2005) and later by Starace and De Pascalis (2012). The model
constructed by Zohar et al. (2005) allows flexibility for a wide range of operating conditions but
assumes that only pure refrigerant enters the condenser. Starace and De Pascalis (2012),
compensated for residual amounts of absorbent to enter the condenser but the model requires
more inputs to do so. Additionally, Starace and De Pascalis (2012) do not account for the residual
refrigerant (unabsorbed by the weak solution) in the auxiliary gas stream returning to the
evaporator from the absorber. Neither model considers the bubble pump flow regime.
Investigations into component performance have been mainly focussed on the bubble pump with
significant changes proposed by Chen et al. (1996) and Zohar et al. (2008), to increase the overall
system performance.

Proposals for change to the conventional absorber and evaporator

components have respectively been made by Rattner and Garimella (2016a) and Jelinek et al.
(2016). Most of the proposals made regarding diffusion-absorption system components are
evaluated using mathematical model simulations.
3

Numerous investigations were conducted regarding the use of alternative working fluids for the
purpose of enabling the utilisation of low-temperature energy sources under which solar thermal
is the primary option (Ezzine, et al., 2010b; Zohar, et al., 2009; Koyfman, et al., 2003; Rattner &
Garimella, 2016a).
According to Taieb et al. (2016b) and Rattner and Garimella (2016a), system pressure and
therefore COP is directly dependent upon the ambient temperature. Transient simulations and
experimental testing emphasised the lethargic response of the diffusion-absorption system
(Ersöz, 2015; Adjibade, et al., 2017; Mazouz, et al., 2014). All reported that, for constant ambient
conditions, the evaporator operation stabilises after approximately one hour, although that time is
dependent on the heat input. Given the lethargic response and the fluctuating daily and seasonal
temperatures, the system will spend little time under stable operating conditions.
1.1.3

CONSIDERATIONS

Due to the use of commercial diffusion-absorption refrigerator for experimental testing in
published investigations and the conventional heat rejection to the environment, the system is
normally referred to as a refrigerator or refrigeration cycle. However, if the high temperature heat
is extracted in a controlled manner, this system can also be applied as a heat pump, thereby
using the high and low temperatures produced by the diffusion-absorption system. For clarity,
both the heat pump and refrigerator applications will be referred to as the diffusion-absorption
system, unless valuable heat is rejected to the atmosphere (DAR).
The high driving temperature requirement and the dependence on ambient conditions, of the
conventional diffusion-absorption refrigerator, are the main drawbacks that cause the utilisation
of solar thermal energy to be unappealing. These drawbacks are, however, inherently linked to
the commercial diffusion-absorption refrigerator since, according to Chen et al. (1996), it is
charged at a high pressure to enable operation at high ambient temperatures. This is necessary
for the portability of the refrigerator, which is enabled by air-cooled components. However, for
residential use, portability is not a restriction and the high driving temperature of the diffusionabsorption system enables its application as a heat pump, primarily for water heating.
In the diffusion-absorption refrigerator patent by Von Platen and Munters (1926), the initial
description of the system utilises forced liquid cooling for the rectifier, condenser and absorber
components. Forced liquid cooling enables: the utilisation of heat rejected by these components;
increased control of operating parameters; stable operating conditions and an increased heat
exchanger effectiveness. Ezzine et al. (2010a, p. 1882), numerically compared the performance
of a water-cooled- with an air-cooled ammonia-water diffusion-absorption system and reported
that the COP is higher for the water-cooled system due to lower driving temperatures. However,
4

this investigation into the influence of liquid cooling was done merely to characterise the influence
of the resulting higher heat exchanger effectiveness.
The successful utilisation of low-source solar thermal energy would improve the feasibility of a
diffusion-absorption heat pump for the domestic sector. Alternative energy options are particularly
viable at the end-user (domestic applications) due to relatively small-scale installations.

1.2

PROBLEM STATEMENT

A diffusion-absorption system implemented for residential use cannot be effectively powered by
intermittent solar thermal energy and it has an inherently low COP.

1.3

OBJECTIVES

The main objective of this study is to thermodynamically design an integrated solar thermal
powered aqua-ammonia diffusion-absorption heat pump system that operates at maximum
achievable COP, despite seasonal and inter-daily ambient temperature variations or an
intermittent solar thermal heat supply.

This is achievable through the following supporting

objectives.


Identify the factors influencing the drawbacks conventionally associated with the
commercial diffusion-absorption refrigerator.



Demonstrate the possible advantages of quantitative improvement opportunities through
the thermodynamic design and development of a mathematical model that is validated
against published experimental results.



Qualitatively devise possible methods that can realise these identified improvements to
mitigate the negative influence of factors causing low performance.



Devise methods to integrate these solutions for solar thermal application and optimise the
necessary parameters for maximum COP in accordance with requirements of domestic
utilisation.



Identify, select and thermodynamically size the necessary components according to the
designed thermodynamic parameters.

1.4


RESEARCH METHODOLOGY
Conduct a literature survey to address:


Investigations on the performance of alternative fluid pairs and auxiliary gas
options by Zohar et al. (2005), Zohar et al. (2009), Rattner and Garimella (2016b)
and others were evaluated.
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Proposals on component modifications by Zohar et al. (2007), Zohar et al. (2008),
Jelinek et al. (2016) and others were reviewed.



The system performance parametric analysis reported by Belman-Flores et al.
(2014), Ersöz (2015), Srikhirin and Aphornratana (2002), Yousuf et al. (2014),
Zohar et al. (2005), and others were reviewed and compared.



Transient evaluations of the diffusion-absorption system, such as Adjibade et al.
(2017), Ersöz (2015) and Mazouz et al. (2014) were reviewed to determine the
influence of stable operation on the diffusion-absorption performance.



A mathematical model was developed in Engineering Equation Solver (EES) for the
purpose of predicting the performance of the diffusion-absorption system. This
mathematical model caters for own innovations, fundamental principles, flow regime
requirements and optimisation for maximum COP under the relevant residential load
restrictions.



This model were validated against published experimental results reported by Ersöz
(2015) and Najjaran et al. (2019).



The mathematical model was used to quantitatively identify factors influencing the
operational limitations and system COP.



Possible methods were identified to implement non-conventional operating conditions
which, afforded by the domestic application of the diffusion-absorption heat pump, enable
the optimisation of the factors influencing operational limitations and system COP.



Maximise the diffusion-absorption system COP, in accordance with the residential
application requirements and restrictions, as afforded by the identified methods for the
implementation of non-conventional operating conditions.



Draw conclusions and make recommendations on aspects for improvement as future
research.

1.5

CONTRIBUTION

Due to the residential integration and the non-standard operating conditions enabled by the
supporting systems, there are various contributions made in this thesis:
1. The most significant contribution is that the proposed residentially integrated solar thermal
powered diffusion-absorption system operates at near constant optimum conditions
irrespective of ambient fluctuations or an intermittent solar thermal supply.
2. The modelling of the thermodynamic cycle in such a way that fundamental principles
and flow regime restrictions are incorporated to model and optimise non-standard
operating conditions for this diffusion-absorption system.
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3. The maximisation of diffusion-absorption system performance through the modelling and
optimisation of non-standard operating conditions.
4. The residential integration of the diffusion-absorption and auxiliary systems to improve
the performance, enable non-standard operating conditions and improve operational
stability.
5. The design of the refrigerant expansion tank that will enable the diffusion-absorption
system to maintain its performance and operational stability irrespective of seasonal
variances.
More detail and explanation regarding these contributions are in CHAPTER 5 to CHAPTER 7.

1.6


SCOPE AND LIMITATIONS
This investigation focussed on the evaluation and modification of operating conditions as
it pertain to the performance of the diffusion-absorption thermodynamic cycle.



Mechanical design and detailed sizing of the diffusion-absorption components are not
included in the scope of this investigation, but component configurations influencing the
thermodynamic cycle were included.



The applicability of high and low temperature yields produced by the diffusion-absorption
system were considered for domestic applications, but detailed heat transfer and load
calculations did not form part of the scope of this investigation.

Valid assumptions

regarding the heat transfer effectiveness and the limitations thereof were rather used.


Possible supplementary/support systems were identified to enable non-conventional
operating conditions for the diffusion-absorption system, but detailed sizing and design of
these systems were included in this investigation.



The mathematical model was validated against published experimental results reported
by Ersöz (2015) and Najjaran et al. (2019) but no experimental tests for the purpose of
validating the mathematical model can be performed during this investigation. Due to the
magnitude of such an experimental setup, financial, logistical and time constraints, an
experimental investigation for non-conventional operating conditions is not achievable for
the present.



However, it will be recommended in Section 8.2 that the work on these supporting
systems done by Kantole (2012), Theunissen (2012) and Kitching (2017), given sufficient
funding, be elaborated on, scaled and experimentally tested according to the results of
this investigation.



It will also be recommended that, provided the necessary funding can be acquired, a
detailed component design of the diffusion-absorption system proposed in CHAPTER 7
be done and that the system be manufactured and experimentally tested.
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Although a detailed techno-economic investigation is not done for the residential
integration of the diffusion-absorption system, a high-level return on investment
calculation is done to determine the feasibility of such an application.

1.7

STRUCTURE OF THE THESIS

CHAPTER 1 Introduction: An introduction is given to describe the identified problem and define
the objectives required to address this problem. A research methodology is described to achieve
the objectives of this study.
CHAPTER 2 Literature review: A literature review is conducted to select a working fluid pair; to
investigate previous improvements regarding component modifications; to evaluate previously
constructed mathematical models; to identify fundamental theoretical principles that define and
limit the operation of the diffusion-absorption system and to determine the influence of external
and internal parameters on the diffusion-absorption COP.
CHAPTER 3 Mathematical model development: A mathematical model is constructed based on
the conservation of mass and energy while fundamental principles are incorporated to define and
limit specific operating parameters.
CHAPTER 4 Mathematical model Validation:

The model is validated for non-conventional

operating conditions when compared to experimental results reported by Ersöz (2015). It is also
directly validated for heat gain and therefore COP when compared to results reported by Najjaran
(2019).
CHAPTER 5 Improvement opportunity investigation: The mathematical model is applied to
simulate and evaluate the influence of different operating parameters on the diffusion-absorption
COP and other operating parameters. Innovations for improvement opportunities of the cycle are
subsequently identified.
CHAPTER 6 Supporting systems to enhance performance: Supporting systems are researched
to sustainably enhance the performance of the diffusion-absorption system. The application of
these supporting systems is enabled by residential use.
CHAPTER 7 Optimised results and discussion:

The overall performance of the diffusion-

absorption system is optimised as enabled by the enhancement of the supporting systems and
limited by the residential applications.
CHAPTER 8 Conclusion and future recommendations: The investigation is concluded in this
chapter and recommendations for future research are made.
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CHAPTER 9 References and Bibliography: A list of cited and referenced literature is provided.
CHAPTER 10

Appendices:

Supporting documents which include the mathematical model

developed in Chapter 3, the model adapted from Van der Walt (2012) and additional mathematical
model validation results are made available for reference purposes.

______________________________
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CHAPTER 2 LITERATURE REVIEW
2.1

BACKGROUND – CYCLE DESCRIPTION

A basic understanding of a diffusion-absorption system with standard performance increasing
components is necessary for contextual purposes. Such a system is adapted from Chen et al.
(1996, p. 209) and shown in Figure 2-1. In order to start the refrigerator, heat at a temperature
higher than the saturation liquid temperature of the strong solution is applied to the generator,
causing refrigerant with traces of absorbent to evaporate. The heat applied to the generator must
induce a slug flow condition in the bubble pump for the positive displacement of weak solution
liquid using vapour voids. In the separator the weak solution and the refrigerant vapour (traces
of absorbent) is separated, with the refrigerant entering the rectifier. The rectifier rejects heat to
the atmosphere to effect condensation of the trace amounts of absorbent, thereby increasing the
purity of the refrigerant. For explanatory purposes it is assumed that the refrigerant vapour is
pure when it enters the condenser, where more heat is rejected to the atmosphere, to form
saturated liquid refrigerant at the outlet. The liquid refrigerant proceeds to the evaporator through
a gravity feed via the pre-cooler where the liquid refrigerant is subcooled using the evaporator
gas mixture. Although there are some conflicting arguments in the literature regarding the
influence of a pre-cooler, most systems in literature include this component.

FIGURE 2-1 STANDARD DIFFUSION-ABSORPTION REFRIGERATOR
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(ADAPTED FROM CHEN ET AL. (1996))

In the evaporator, the refrigerant liquid is mixed with an auxiliary gas (helium) to affect a partial
pressure on the refrigerant, causing it to evaporate while heat is gained from the atmosphere
(normally the controlled and insulated volume of a freezer or refrigerator). The auxiliary and
refrigerant gas mixture at the evaporator outlet has a higher specific weight than the auxiliary gas
at the entry of the evaporator. Through gravity the evaporator mixture then flows toward the
reservoir where it enters the absorber.
Returning to the point where refrigerant is separated from the weak solution (separator), the weak
solution through gravity flows toward the absorber via the solution heat exchanger. In the solution
heat exchanger, heat is transferred from the weak to the strong solution. Heat rejected from the
weak solution increases the effectiveness of the absorber, while heat gained by the strong
solution decreased the required heat input for the generator. A solution heat exchanger was also
included in the original patent (Von Platen & Munters, 1926). When the weak solution enters the
absorber, it is exposed to the evaporator mixture, rich in refrigerant vapour. The refrigerant
vapour is absorbed by the weak solution mixture, increasing the concentration and thereby
forming a strong solution, which accumulates in the reservoir. Through a gravity feed the strong
solution returns to the generator (being pre-heated by the weak solution in the solution heat
exchanger) for the cycle to continue.
Returning to the absorber, when the refrigerant vapour is absorbed by the weak solution, the
specific weight of the evaporator gas mixture is decreased by the purification of the auxiliary gas.
In reality, not all refrigerant vapour can be removed from the mixture but for explanatory purposes
it is assumed that the auxiliary gas syphoning back to the evaporator is pure. On returning to the
evaporator, the auxiliary gas passes through a gas heat exchanger where heat is transferred from
it to the evaporator gas mixture.

2.2

WORKING FLUID CONSIDERATIONS

Although Von Platen and Munters (1926) suggested that an ammonia-water-hydrogen fluid
combination be used, the possibility of alternative working fluid pairs was provided for in the
patent. This has led to numerous investigations into alternative working fluid pairs. The primary
drive behind these investigations has been to reduce the high driving temperatures required by
the ammonia-water fluid pair, with increased COP, the decisive consideration.
However, to utilise all the advantages a diffusion-absorption system has to offer for residential
applications, the criteria for the working fluid must be the ability to: produce temperatures below
0 °C; result in a relatively good COP and preferably require a lower driving temperature than
conventionally necessary.
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Zohar et al. (2009) investigated the performance of five alternative refrigerants with an organic
compound as the absorbent and helium as the auxiliary gas. Alternative fluid pairs and ammonia
water, under similar operating conditions, were simulated. The coefficient of performance results
was compared, and it was reported that the alternative fluid pairs could not achieve the
performance of the ammonia-water combination (COP = 0.298). Of the alternative fluid pairs
simulated, R22-DMAC performed best with a maximum COP of 0.224 achieved for a system
pressure of 15.3 bar.
An NH3-NaSCN-He diffusion-absorption refrigerator, for the purpose of experimentally testing a
parametric variety of operating pressures, source temperatures and ambient air temperatures and
velocities, was designed and constructed by Rattner and Garimella (2016b). A mathematical
model was developed and showed to correlate well with experimental measurement results.
Rattner and Garimella (2016a)wrote an extensive report on detailed component models,
constructed to determine the performance of an air-cooled NH3-NaSCN-He diffusion-absorption
system. The purpose of the investigation was to reduce the generator temperature for the
utilisation of low-grade thermal heat source. Rattner and Garimella (2016b) reported that a COP
of 0.11 could be achieved. This was achieved with a generator temperature operating between
110 and 130 °C for the reported COP.
Ezzine et al. (2010a) numerically investigated the performance of a diffusion-absorption system
utilising R124-DMAC as an alternative fluid combination for solar cooling applications. The
alternative fluid performance was evaluated against both air- and water-cooled ammonia-water
simulations. It was reported that the use of R124-DMAC resulted in a significant performance
increase (COP for ammonia water is 50% lower) and could operate at lower driving temperatures
(around 120 °C) especially if water-cooled. The simulated evaporator inlet temperatures were
reported to be between -14.8 and -1.2 °C.
Although Ezzine et al. (2010a) reported that the use of R124-DMAC resulted in better
performance than the ammonia-water combination; Zohar et al. (2009) tested R124-DMAC and
could not improve on the COP of ammonia water. The maximum COP achieved by Zohar et al.
(2009) for R124-DMAC was 0.167.
Light hydrocarbons (n-nonane and butane with helium as auxiliary gas) were investigated as an
option for an alternative fluid combination by Ezzine et al. (2010b). This investigation was also
done with the aim of solar cooling application of the diffusion-absorption system. The maximum
COP achieved was 0.14 with a heat input of 275 W and the lowest temperature reached at the
evaporator inlet was -10 °C. The use of organic working fluids (hydrochlorofluorocarbon) was
specifically tested for bubble pump performance by Koyfman et al. (2003). A theoretical COP of
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0.35 was reported with an assumption regarding the heat of evaporation for R-22
(chlorodifluoromethane). Since the aim of Koyfman et al. (2003) was to evaluate the performance
of the bubble pump, evaporator temperatures were not reported. The initial system pressures of
Ezzine et al. (2010b) and Koyfman et al. (2003) was significantly lower than that of the commercial
diffusion-absorption refrigerator at 4.1 and 2.5 bar, respectively.
An experimental investigation into the use of water-lithium bromide as working fluid pair was done
by Saravanan and Maiya (2003). Although the system COP reported was approximately 0.5, it
was for a steady evaporator temperature of 7 °C. The water-lithium bromide fluid pair is a welldocumented combination, but it is limited through the use of water as the refrigerant.
Temperatures below 0 °C cannot be achieved.
A temperature-concentration (ammonia concentration by mass) phase diagram for ammoniawater solution is illustrated in Figure 2-2. The extremely low temperature at which, depending on
concentration, ice is formed, or the mixture composition changes is a significant advantage for
the low temperature conditions produced in a diffusion-absorption system.

For near pure

ammonia at the evaporator inlet (lowest temperature condition in cycle), the temperature would
have to be below -80 °C. For less pure mixtures (less than x = 0.3), ice might form due to the
evaporation of ammonia causing a reduction in liquid concentration.

FIGURE 2-2 TEMPERATURE-CONCENTRATION PHASE EQUILIBRIUM AT P = 1ATM FROM WALAS (1985, P. 260)

Although alternative fluid options have been widely investigated to reduce the high driving
temperature required by the commercial diffusion-absorption refrigerator, only R124-DMAC and
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H2O-LiBr were reported to result in higher COPs. However, the higher COP reported by Ezzine
et al.

(2010a) for R124-DMAC was contradicted by the findings from Zohar et al. (2009).

Furthermore, water-lithium bromide cannot produce temperatures below 0 °C.
For the criteria set to utilise the advantages of a diffusion-absorption system for residential use,
the only problem with ammonia water is that it conventionally requires high driving temperatures.
But, Zohar et al. (2009) reduced the required driving temperature by decreasing the system
pressure and increasing the strong solution concentration. Although the driving temperature for
ammonia water in Zohar et al. (2009) is still relatively high at 155 °C, the bubble pump quality at
the reported conditions was calculated to be abnormally high. This indicates that the generator
temperature can be reduced even further.
An ammonia-water working fluid combination was therefore selected for use in this study.
The influence of various auxiliary gases on system performance was evaluated by Zohar et al.
(2005). It was reported that helium showed a significant performance improvement (up to 40%)
when compared to the hydrogen initially proposed by Von Platen and Munters (1926). Zohar et
al. (2005), also concluded that the use of neon or argon did not show any significant improvement
compared to helium. However, it is important to note that the mechanism on which the circulation
of the auxiliary gas relies is dependent on the difference in specific weight of the evaporator and
absorber exit gas mixtures. The presence of refrigerant gas in the mixture will not result in such
a significant difference in specific weight if neon or argon is used.
Helium is therefore selected as the auxiliary gas for use in this study.

2.3
2.3.1

FUNDAMENTAL THEORY
INFLUENCE OF CONCENTRATION ON PHASE CHANGE

The influence of solution concentration on the evaporation process is illustrated by the diagram
from Herold et al. (1996), shown in Figure 2-3. The diagram depicts the concentration variance
of two substances (A and B). For both A and B at concentrations 0 and 1, respectively, a constant
temperature phase change is shown, but for concentrations between 0 and 1, there is a
temperature glide between boiling and dew lines. In diffusion-absorption cycles, Substance B will
be the refrigerant due to the lower boiling/dew point temperature and Substance A will be the
absorbent.
Starting in the subcooled liquid region, at point 1ꞌ, an increase in temperature will cause the
mixture (constant concentration) to approach the boiling-line. When the mixture is heated to the
boiling-line (T2), the initial vapour forming will be at concentration 2ꞌꞌ. (Herold, et al., 1996)
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FIGURE 2-3 EVAPORATION PROCESS ON TEMPERATURE CONCENTRATION DIAGRAM BY HEROLD ET AL. (1996)

The vapour concentration is higher than the solution concentration due to the lower boiling point
of Substance B (Substance B will be liberated first). As the temperature is increased and vapour
is liberated from the solution, the solution will follow the boiling-line while the vapour will follow
the dew-line with decreasing concentrations for both. When the temperature reaches T3, liquid at
Concentration 3ꞌ and vapour at Concentration 3ꞌꞌ will co-exist. At temperature T4, the residual
solution will be at Concentration 4ꞌ and once the temperature is increased above T4, the residuals
will evaporate, and the mixture will be superheated vapour at the same concentration as the initial
subcooled liquid. The process can similarly be described for condensation in reverse with the
first drop of condensate with Concentration 4ꞌ and the last with Concentration 2ꞌꞌ (Herold, et al.,
1996)
2.3.2

LE CHATELIER’S PRINCIPLE

The operation of an aqua-ammonia (ammonia water) diffusion-absorption refrigeration cycle is
perilously dependent on disturbing systems in equilibrium. According to Herold et al. (1996, p.
40), phase equilibrium is important for understanding absorption technology and describe that the
thermodynamic potentials (temperature, pressure and mass transfer) must be equal between the
phases.
A system is in equilibrium when the forward and reverse reaction rates are equal Kotz et al.
(2006). A reversible reaction in a closed system will approach equilibrium from both the reactant
and product side of the reaction. A dynamic equilibrium is reached when the forward and reverse
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reaction rates are equal. According to Le Chatelier’s principle, three factors can disturb the
equilibrium of a system:


Temperature

- Increase temperature will favour reactants.



Concentration

- Increase in concentration will favour the reactant side.



Total Pressure

- Increase in pressure favours product side.

If this equilibrium is disturbed, the system will establish a new equilibrium at the rate where
dynamic equilibrium is reached. (Toon & Ellis, 1974)
𝐺𝑎𝑠 + 𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑜𝑙𝑣𝑒𝑛𝑡

∆

⎯⎯⎯⎯⎯

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡

(1)

These principles are applicable to the bubble pump, rectifier, condenser, evaporator and
especially the absorber. Although the equilibrium in diffusion-absorption systems is continuously
disturbed by heat gain, heat rejection or changes in partial pressure, the system, if designed
correctly, should operate at a continuous dynamic equilibrium (steady state stable operation).
The partial pressure incurred by the auxiliary gas in the evaporator disturbs the equilibrium, to
such a degree that the liquid refrigerant evaporates to counteract the disturbance.

In the

absorber, the evaporated refrigerant is absorbed by the weak solution due to heat dissipated from
the weak solution. Although the absorption is an exothermic reaction, the dynamic equilibrium is
maintained by rejecting heat from the absorber.
2.3.3

DALTON’S LAW OF PARTIAL PRESSURE

Dalton’s law on partial pressure states that the pressure of a gas mixture is equal to the sum of
partial pressures experienced by each gas component (k represents all the components present
in the mixture). (Kotz, et al., 2006)

𝑃

=

𝑃

Using the ideal gas law, it can be shown that the partial pressure of each component is equal to
the product of the total pressure and mole fraction of that component. Substituting 𝑃 =

into

Dalton’s law, with 𝑅 (universal gas constant), 𝑉 (controlled volume) and 𝑇 (temperature) equal for
the gas mixture and each component thereof, the following equation is calculated.

𝑛

=
16

𝑛

Considering the molar concentration of each gas, 𝑋 =

and 𝑃

𝑉=𝑛

𝑅𝑇, result in the

following correlation between molar concentration and pressure.
𝑃 =𝑋𝑃
Dalton’s law on partial pressure pertinent to the evaporator for the calculation of the auxiliary gas
flow rate required to produce the low temperature condition at the inlet.
2.3.4

RAOULT’S LAW

Raoult’s law describes the vapour pressure of a solvent above a solution when the liquid and
vapour are in equilibrium. The vapour pressure of the solvent is proportional to the solvent mole
fraction in the solution.
𝑃
With 𝑃
𝑃

=𝑋

∙𝑃

the solvent vapour pressure, 𝑋

the mole fraction of solvent in the solution and

the pure solvent equilibrium vapour pressure. (Kotz, et al., 2006)

According to Kotz et al. (2006), Raoult’s law is only applicable to ideal solutions. Although no
solution is truly ideal, Raoult’s law provides a good estimation of the solvent vapour pressure
especially for low solute concentrations. Additionally, ideal solutions are defined as solutions
where the interactions between solute-solvent molecules are equal to the interactions between
the solvent-solvent molecules. (Kotz, et al., 2006)
An experimental study by Wilson (1925) on the total and partial pressures of aqua-ammonia
solutions resulted in a proposed change to Raoult’s law for ammonia-water solutions. Molar
concentrations of ammonia up to 0.85 were tested and Wilson (1925) proposed that a factor be
introduced to reduce the partial pressure of water so that the partial pressure of the ammonia is
increased.
𝑃
With ∆ = 0.1 for 𝑋

= (1 − ∆) ∙ 𝑋

< 0.53 and ∆ = 0.055 for 𝑋

∙𝑃
> 0.53.

For this application, the influence of the partial pressure exerted by the auxiliary gas, in the
evaporator and absorber, is unclear for the applicability of Raoult’s law or the modifications
proposed by Wilson (1925).
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2.3.5

HENRY’S LAW

Henry’s law specifically pertains to the solubility of a gas in a liquid and is therefore applicable to
the absorber, specifically, to the residual refrigerant vapours unabsorbed by the weak solution.
Van Niekerk (2016, p. 3.21), reported that the absorber performance is limited by the application
of Henry’s law and quantified maximum solubility of ammonia in water as a result. The law states
that the solubility of a gas in a liquid is directly proportional to the gas pressure.
𝑆 =𝑘 𝑃
Where 𝑆 is the solubility of the gas; 𝑘 is Henry’s law constant, specific to the solute/solvent pair
and dependent on temperature; and 𝑃 is the partial pressure of the gaseous solute.

FIGURE 2-4 PARTIAL PRESSURE SOLUBILITY OF AMMONIA IN WATER FOR VARYING TEMPERATURES

(EES)

In EES a function is available that allows the Henry constant to be determined for a specific fluid
in water solvent at a specified temperature using the database created by (Sander, 2015). The
function is returned in terms of pressure (Figure 2-4) with:

𝐻𝐶 =

𝑃
𝑦𝑃
=
𝑋
𝑋

(1)

Where, 𝐻𝐶 is the Henry’s law constant, returned in units of pressure; 𝑃 is the partial pressure of
component 𝑖 in the gas above water; 𝑦 is the mole fraction of component 𝑖 in the gas above the
water; 𝑃 is the total pressure; and 𝑋 is the mole fraction of component 𝑖 in the liquid at the
interface with the gas phase.
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Although Kotz et al. (2006) states that the application of Henry’s law on ammonia-water fluid pairs
are not perfect due to small amounts of NH4+ and OH- forming, it would give a good indication of
the partial pressure of the refrigerant gas for a specific mole fraction.

2.4

DIFFUSION-ABSORPTION COMPONENT CONSIDERATIONS

The components discussed in this section do not include all the diffusion-absorption components
but rather focus on previous investigations conducted.
2.4.1

PRE-COOLER

The cooling capacity of the aqua-ammonia system is limited by the differential enthalpy of the
refrigerant in the two-phase region of the evaporator. In order to increase the differential enthalpy
through the evaporator, the refrigerant can be pre-cooled by using the evaporator outlet fluid to
withdraw heat from the inlet stream. The effectiveness of the pre-cooler is limited by the minimum
and maximum temperatures of the refrigerant streams (ambient conditions) and the specific heat
capacity difference between the streams.
The influence of a pre-cooler (subcooling refrigerant liquid from the condenser prior to evaporator
entry) on the performance of a diffusion-absorption refrigerator was investigated by Zohar et al.
(2007). It was reported that the COP of the cycle improved by 14% to 20% without the use of a
pre-cooler component. This finding was later opposed by Jelinek et al. (2016). Jelinek et al.
(2016) specifically investigated the influence of different pre-cooler configurations on refrigeration
performance and reported that the use of a pre-cooler has a positive influence. However, it was
argued that partial subcooling (no contact with evaporator) is preferable to the conventional full
contact.
From a fundamental perspective, according to Herold et al. (1996), since the pre-cooler reduces
the enthalpy of the refrigerant condensate prior to the evaporator inlet and the evaporator outlet
enthalpy remains constant, the heat gain capacity of the evaporator is increased. However, this
only holds true if the refrigerant condensate is not in contact with the evaporator, since this will
alter the evaporator outlet enthalpy.
Although Herold et al. (1996) also state that the pre-cooler will have a negative effect on the
performance of the absorber due to a higher evaporator gas mixture inlet temperature, this
component will be included in the cycle development.
2.4.2

SOLUTION HEAT EXCHANGER

The use of a regenerative or solution heat exchanger allows heat to be transferred from the high
temperature weak solution (bubble pump) to the low temperature strong solution (absorber). The
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heat transferred from the weak solution stream will aid in the performance of the absorber by
reducing the absorber temperature while decreasing the generator heat input requirement by preheating the strong solution.
There are no disadvantages to the use of the solution heat exchanger, but its’ performance is
limited by the absorber and bubble pump outlet temperatures. Unless heat can be exchanged
over an infinite length, the weak solution temperature will still be considerably higher than the
absorber.
In order to reduce the negative influence of the still high temperature weak solution on absorber
performance, Rattner and Garimella (2016a, p. 304) and (2016b, p. 319) proposed the use of an
additional heat exchanger to reject heat to the atmosphere from the weak solution prior to the
absorber inlet.
Due to the clear advantages of these components, the solution and auxiliary (additional weak
solution) heat exchangers will be incorporated into the cycle development.
2.4.3

GAS HEAT EXCHANGER

The gas heat exchanger is used to reduce the temperature of the auxiliary gas prior to the
evaporator inlet (Jelinek, et al., 2016).

From a fundamental perspective, the minimum

temperature produced by diffusion-absorption system is at the evaporator inlet since this is the
minimum pressure experienced by the refrigerant. If heat is not rejected from the auxiliary gas
prior to the evaporator inlet, although the performance would be affected, the minimum
temperature produced will be higher.
Due to the importance of low temperature production for residential use, the gas heat exchanger
will be incorporated into the cycle development.
2.4.4

GENERATOR/BUBBLE PUMP

The commercial diffusion-absorption refrigerator uses an electric heater or gas burner to apply
heat to the bubble pump. By applying heat to the weak solution, situated in the annulus of the
bubble pump and using it to transfer heat to the strong solution in the inner tube, the refrigerant
is essentially liberated from the weak solution. This is an ineffective application of heat for the
purpose of realising high concentration refrigerant vapour liberation and therefore slug flow in the
strong solution tube. Three generator bubble pump configurations were evaluated for system
performance by Zohar et al. (2008) and it was reported that heat input should be applied directly
to the bubble pump and not through the weak solution. However, it was recommended that a
partially detached arrangement be used. Zohar et al. (2008, p. 966), described the partially
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detached option as detached at the area of heat application but concentric tubing above it (option
b in Figure 2-5). The concentric tubes create a layer of insulation for the bubble pump, thereby
reducing the back-absorption of liberated vapour.

FIGURE 2-5 BUBBLE PUMP CONFIGURATIONS OF ZOHAR ET AL. (2008, P. 966)

The recommendation made by Zohar et al. (2008, p. 969) is corroborated by Taieb et al. (2016a),
which reported that increased absorbent evaporation from the bubble pump causes an increase
in heat rejected to the atmosphere through the rectifier for the purification of the refrigerant.
Although Taieb et al. (2016a) reported that there is a direct correlation between the heat supplied
to the generator bubble pump and the heat gained by the evaporator, it was concluded that a
maximum COP exists for a specific bubble pump heat input due to limitations set by the
evaporation of absorbent from the bubble pump.
Koyfman et al. (2003) conducted an experimental study to define the influence of heat input and
motive head (slug flow lift height) on the performance of the bubble pump for a diffusionabsorption refrigeration system. The experimental bubble pump, used by Koyfman et al. (2003),
was not insulated as would be in a diffusion-absorption generator bubble pump configuration.
The bubble pump is normally insulated by a concentric tube in which the high temperature weak
solution flows to the solution heat exchanger. A reduction in bubble pump heat loss will reduce
the absorption of refrigerant in the bubble pump (Zohar, et al., 2008).
Chen et al. (1996) changed the configuration of the generator/bubble pump to partially recover
rectification heat. Although an increase in system COP of 50% was attributed to the new
generator/bubble pump design, the solution concentration by mass was increased from the
baseline 0.29 to 0.36 for the modified diffusion-absorption experiments while Chen et al. (1996)
also stated that an increase in charge concentration normally results in a higher COP.
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Applying heat to a lower concentration weak solution is fundamentally inefficient. The partial
detached (option b in Figure 2-5) method, proposed by Zohar et al. (2008), will therefore be used
to apply heat to the generator bubble pump.
2.4.5

BUBBLE PUMP SUBMERGENCE RATIO

The submergence ratio of the bubble pump is defined as the ratio between the height of the
solution inside the reservoir (motive head) and the height of the bubble pump lift tube. Although
the lift tube length is a fixed geometric parameter according to the bubble pump design, the
submergence ratio is an important consideration for bubble pump performance according to
Koyfman et al. (2003). Van der Walt (2012) used the submergence ratio to determine the
maximum bubble pump tube length while considering fluid properties and geometric constraints.
Koyfman et al. (2003) reported that a low motive head results in a higher refrigerant mass flow
rate and therefore a higher evaporator heat gain and system COP. According to Koyfman et al.
(2003) and Shelton et al. (2002) the submergence ratio has a significant influence on the bubble
pump performance. Shelton et al. (2002) evaluated the influence of the strong solution flow rate,
the lift tube diameter and the submergence ratio on bubble pump performance.
Aman et al. (2018), included motive head considerations into the experimental testing of the
bubble pump, while Belman-Flores et al. (2014) assumed a constant submergence ratio for
varying bubble pump lift tube lengths. Benhmidene et al. (2016) reported that the maximum heat
that can be supplied to the generator, while maintaining slug flow, is influenced by the
submergence ratio.
The submergence ratio and motive head is a critical consideration for bubble pump performance
and is directly dependent on the strong solution liquid volume.
2.4.6

BUBBLE PUMP FLOW REGIME

An ammonia-water diffusion-absorption system can exclusively be powered by thermal energy
since no mechanical power is required through the use of the bubble pump. The equilibrium of
the strong solution is distributed by transferring heat to the fluid by means of the generator.
According to Le Chatelier’s principle, the system (strong solution) will readjust to relieve the stress
induced by the increase in temperature which favours the reactant side. Evaporation of ammonia
with trace elements of water will be achieved. For an effective bubble pump, slug flow is required
to ensure positive displacement of weak solution (Belman-Flores, et al., 2014; Van Der Walt,
2012).
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The influence of generator temperature on system COP has been parametrically investigated
extensively (Zohar, et al., 2005; Zohar, et al., 2007; Zohar, et al., 2008; Starace & De Pascalis,
2012; Taieb, et al., 2016a; Yousuf, et al., 2014). All agreed that COP is reduced with an increase
in generator temperature. However, though the bubble pump is regularly described as one of the
most, if not the most (Belman-Flores, et al., 2014) important component in the diffusion-absorption
system, little consideration has been given to the flow regime requirements thereof, when system
performance mathematical models are developed.
Srikhirin and Aphornratana (2002, p. 1191), is one of few reports that included bubble pump flow
regime considerations into the development of a mathematical model.

The flow regime

considerations were, however, based on measurements taken from air-water experimental data.
These considerations are irrespective of concentration, heat input, temperature and the fluid
characteristics.
Although bubble pump considerations were integrated into the mathematical model constructed
by Belman-Flores et al. (2014) and various bubble pump operating parameters were
parametrically tested with it, it was reported that the strong solution concentration and heat input
has little to no influence on the cycle COP. These findings are contradicted by the experimental
and modelled results of Chen et al. (1996, pp. 213,217). Multiple investigations reported results
that support these findings (Srikhirin & Aphornratana, 2002; Taieb, et al., 2016a; Yousuf, et al.,
2014). Additionally, the findings by Belman-Flores et al. (2014) are fundamentally flawed, since
the concentration and heat input to the bubble pump has a direct influence, not only on the
production of the refrigerant mass flow rate but also on the circulation of weak solution.
Bubble generation is dependent on the vapour flow rate and vapour generation is a function of
the system pressure (𝑃), heat input 𝑄̇ and enthalpy of vaporisation ℎ

. Two-phase flow is

dependent on the vapour bubble rise velocity and the flow rate thereof 𝑉̇ , 𝑉̇ which is a function
of tube diameter (𝜙); motive head (𝐻); vapour generation; and physical parameters of the
solution such as viscosity (𝜇), surface tension (𝜎) and density (𝜌). Bubble pump efficiency can
therefore be described as a function of geometrical, operating and solution mixture parameters
with 𝜂

= 𝑓 𝑄̇ , ℎ , 𝑃, 𝑉̇ , 𝑉̇ , 𝜇, 𝜎, 𝐻, 𝜌, 𝑔, 𝜙 . (Aman, et al., 2018)

An experimental investigation by Aman et al. (2018) was performed to characterise the
performance of a bubble pump for diffusion-absorption systems. It was reported that Reynolds’
number calculations using air-water lift pump theory deviated from experimental results for higher
heat input cases.
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The effect of diffusion-absorption cycle operating conditions on the performance of the bubble
pump was investigated by Benhmidene et al. (2016). It was reported that their results, for an
ammonia-water solution, compared well with the Rouhani-Axelsson correlation for void fractions
below 0.6. It was also reported that the bubble pump performance is influenced by source heat
flux, tube diameter, inlet pressure and solution concentration. Since the void fraction is a function
of the vapour quality this is to be expected.
The Rouhani-Axelsson (Rouhani I) void fraction correlation, proposed in Rouhani and Axelsson
(1970), is suggested for separated two-phase flow by Woldesemayat (2006). The correlation
relates the void fraction to vapour quality.
Van der Walt (2012) developed a mathematical model for the evaluation and specification of
bubble pump parameters specifically pertaining to the use of ammonia water. The model was
used to optimise the physical parameters of a bubble pump while considering the flow regime as
it is influenced by the diffusion-absorption cycle. The model constructed by Van der Walt (2012)
tested both the Rouhani-Axelsson and Toshiba correlations but found that Rouhani-Axelsson
resulted in a more realistic calculation of the void fraction. It was attributed to the consideration
for vapour mass fraction, surface tension, density and mass flux for the calculation of the void
fraction rather than the use of constants.
The mathematical model used by Van der Walt (2012) will be adapted and results from it, for
different solution concentrations and system pressures, will be used to include flow regime
considerations in the mathematical model developed in Section 3.3.
2.4.7

RECTIFIER

Zohar et al. (2005), varied different parameters to determine the effect on DAR cycle performance
and operation. Results show that a lower rectifier outlet temperature and higher system pressure
produces a higher refrigerant vapour concentration.
Absorbent vapour is therefore removed from the refrigerant gas mixture exiting the bubble pump
by method of cooling, since the absorbent condenses at a higher temperature than the refrigerant.
An increase in system pressure will also facilitate the condensing process. Although refrigerant
purification was deemed less important for cycle performance by Starace and De Pascalis (2012)
and Jelinek et al. (2016). Herold et al. (1996, p. 184) explain that the fundamental concern
regarding absorbent in the evaporator, is a performance loss due to refrigerant retained by the
absorbent liquid. This is supported by the temperature glide discussion in section 2.3.1, illustrated
in Figure 2-6 is a temperature glide graph for a 0.99 mass concentration ammonia water (1%
water) solution at 236kPa. The temperature required to increase the vapour quality up to 0.8 is
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almost linear and then transitions to an exponential increase, with a significant temperature rise,
to reach a vapour quality of 1.

FIGURE 2-6 AMMONIA-WATER TEMPERATURE GLIDE FOR X = 0.99 AND P = 236KPA (FROM ENGINEERING
EQUATION SOLVER)

Although controversy exists regarding the purity of the refrigerant entering the evaporator, the
fundamental perspective given by Herold et al. (1996) indicates that parameters necessary to
accurately predict the evaporator performance as a result of refrigerant purity were not considered
in the mathematical models involved. The rectifier outlet conditions will therefore be determined
for near pure (x = 0.99) saturated refrigerant vapour.

2.5

DIFFUSION-ABSORPTION HEAT SINK CONSIDERATIONS

While Saravanan and Maiya (2003) claimed that ambient conditions have little influence on the
COP, multiple papers reported that the COP increases with a reduction in ambient temperatures
(Taieb, et al., 2016b; Rattner & Garimella, 2016a; Yousuf, et al., 2014; Ezzine, et al., 2010a).
Chen et al. (1996) reported that high ambient temperatures can cause the required refrigerant
saturation pressure to be higher than the system pressure in which case the bubble pump will fail
and the cycle will halt.
Condenser and absorber outlet temperatures are normally dependent on ambient conditions due
to the commercial use of air-cooled components. From a fundamental perspective, these critical
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components are heat exchangers that reject heat to the atmosphere and must therefore be
influenced by ambient conditions.
2.5.1

INFLUENCE ON CONDENSER OPERATION

The condenser outlet temperature is a critical point of consideration for the diffusion-absorption
cycle since it prescribes the system pressure.
According to Chen et al. (1996), commercial DAR systems are charged at a high pressure (near
25 bar) to allow the system to operate at high ambient temperatures. Chen et al. (1996) also
stated that the high system pressure sacrifices performance at low ambient temperatures in
favour of reliable continuous operation.
Taieb et al. (2016a) developed an advanced mathematical model for an ammonia-waterhydrogen diffusion-absorption refrigeration system that is cooled with ambient air.

The

mathematical model was specifically developed with a simplified model of the bubble pump to
evaluate the influence of operating parameters on system performance. Taieb et al. (2016a)
reported that an increase in ambient temperature increases the refrigerant condensation
temperature and therefore necessitates an increase in system pressure. Results also showed
that the COP is directly related to the ambient air temperature. Rattner and Garimella (2016a)
also reported that an increase in ambient temperature will result in a higher system pressure and
therefore a reduced COP.
From fundamental principles, an increase in ambient temperature will decrease the heat
exchanger effectiveness of the condenser and the phase equilibrium in it. The equilibrium is
disturbed by a higher minimum condenser temperature, resulting in a decrease in condensation
rate. The decreased condensation rate, while refrigerant generation continues at current system
pressure will increase the refrigerant vapour in the system. This increases the system pressure,
causing the phase equilibrium in the bubble pump to shift. For constant heat input, the strong
solution boiling temperature increases with system pressure, thus the refrigerant vapour flow rate
is decreased.

The system stabilises on a new dynamic equilibrium when the ambient

temperature, with heat exchanger effectiveness, corresponds to the saturated liquid temperature
of the refrigerant at the new system pressure.
Similarly, if the ambient temperature decreases, the condenser performance will increase causing
an increase in refrigerant condensation at that system pressure. Refrigerant vapour in the system
will decrease, resulting in a reduced system pressure. A decrease in system pressure lowers the
boiling temperature of the strong solution, which increases the refrigerant vapour production until
the system reaches a point of equilibrium.
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This mechanism describes the correlation of ambient air temperature to the COP of the
commercial DAR. With a constant heat input, a lower ambient air temperature affects a lower
system pressure and thereby a lower strong solution boiling temperature. Lower ambient air
temperatures therefore cause a higher refrigerant mass flow rate, which increases the
performance of the evaporator and therefore an increased COP. It was reported that higher
condenser outlet temperatures result in a lower COP (Ezzine, et al., 2010a; Gutierrez, 1988;
Taieb, et al., 2016a; Yousuf, et al., 2014).
2.5.2

INFLUENCE ON ABSORBER OPERATION

The ability of the commercial refrigerator to operate at high ambient conditions cause the
saturated liquid refrigerant temperature to be high and therefore, high system pressure is
required. Similarly, due to identical cooling sources, the absorber temperature will also be high.
This limits the maximum concentration and effectiveness of the absorption process.
According to Starace and De Pascalis (2012) and Gutierrez (1988), the strong solution
concentration and therefore the absorber effectiveness, is directly related to the absorber
temperature. For the commercial refrigerator, the absorber is air-cooled and therefore dependent
on ambient conditions. Considering fundamental principles, maximum absorption has been
achieved when the strong solution concentration is at equilibrium. Since the absorption process
is an exothermic reaction, the withdrawal of heat will favour the product side of the reaction,
thereby increasing the maximum attainable concentration.

If the ambient temperature is

increased, the heat transfer is negatively influenced, thereby disturbing the dynamic equilibrium
and without an adjustment to system pressure, which results in a lower strong solution
concentration. A reduction in the strong solution concentration will result in a reduction in the
refrigerant mass flow produced by the bubble pump and therefore COP will be negatively
influenced.
Taieb et al. (2016a), showed that evaporator performance and through it, system COP is directly
influenced, up to a maximum, by absorber effectiveness and evaporator temperature.
2.5.3

INFLUENCE ON COEFFICIENT OF PERFORMANCE

The commercial DAR condenser and absorber components, and therefore the system pressure
and strong solution concentration, are directly influenced by the ambient temperature. Multiple
studies agree that an increase in system pressure results in a reduced COP (Jakob, et al., 2008;
Rattner & Garimella, 2016a; Taieb, et al., 2016a; Gutierrez, 1988, p. 21; Potgieter, 2013).
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2.5.4

INFLUENCE ON EVAPORATOR TEMPERATURE

Mazloum et al. (2014), conducted experimental research on a diffusion-absorption refrigerator
and specifically illustrated how fluctuation in generator performance, due to an insufficient heat
supply, results in evaporator temperature fluctuations. Although the experiments by Mazloum et
al. (2014) were conducted at constant ambient temperatures, these evaporator temperature
fluctuations can also be a result of intra-day ambient variations as reported in Gutierrez (1988, p.
21).
Since experimental tests are normally conducted to either perform a parametric analysis or
validate mathematical models, these tests are performed under controlled constant ambient
temperatures. The influence of ambient conditions on evaporator temperature is also apparent
from experiments performed on a commercial DAR (Appendix 10.1).
2.5.5

INFLUENCE ON STABLE OPERATION

Transient experimental investigations were performed (Adjibade, et al., 2017; Ersöz, 2015;
Mazouz, et al., 2014). These experiments were performed under controlled constant ambient
conditions and it was reported that, depending on the heat input, the evaporator temperature
stabilises after 60 minutes or more.
With fluctuations in ambient conditions, although it might be over a prolonged period, the
generator performance will be influenced as described in 2.5.1 and evaporator temperatures will
fluctuate as a result. This can also be derived from Figure 10-1, even though the ambient peak
temperatures decrease slightly, the differential temperature continues to increase.
The lethargic response of the diffusion-absorption refrigerator is more difficult to observe in Figure
10-1 due to the large timescale and manual measurements taken but there is a 30- to 60-minute
time difference between daily minimum/maximum ambient and evaporator temperatures.
The start-up measurements in Figure 10-1 are also important to note, especially for solar source
applications. The start-up of the diffusion-absorption refrigerator is slow with minimum evaporator
temperatures stabilising after two days of operation. If collected solar thermal energy is directly
applied as heat source, the intermittence thereof will not allow stable operating conditions for the
refrigerator.

2.6

CHARGE CONCENTRATION

According to Chen et al. (1996, p. 212), an increase in charge concentration normally results in a
higher COP due to the lower boiling temperature and higher freezer temperature as a result of
the higher weak solution concentration in the absorber.
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The COP decreases with an increase in generator/bubble pump temperature, which correlates
with Taieb et al. (2016a). A rich solution concentration range was evaluated for COP against a
varying generator temperature and Zohar et al. (2005) remarked that the rich solution
concentration has a diminutive effect on the COP. It was recommended to be 0.3, as specified by
the manufacturers. For Zohar et al. (2005) this claim can be attributed to the high operating
pressure of the commercial diffusion-absorption refrigerator (see discussion regarding Figure
5-6). Zohar et al. (2009) later contradicted this by decreasing the system pressure and increasing
the concentration to enable the comparison of ammonia water with alternative fluid pairs.
Two cycles were evaluated by Zohar et al. (2007), DAR-1 with condensate subcooling prior to
evaporator entry and DAR-2 with direct entry of the condensate into the evaporator. Similar to
Zohar et al. (2005), the influence of rich solution concentration and generator temperature on
COP was evaluated. For maximum COP, the optimum rich solution concentration for DAR-1
ranges between 0.35 and 0.4 and is above the upper limit of 0.47 specified by Zohar et al. (2005)
for DAR-2.
A diffusion-absorption system with an integrated flat plate collector was constructed and tested
by Gutierrez (1988, p. 18) for the utilisation of low-temperature solar thermal energy. It is reported
that the charge concentration was increased (𝑥 = 0.42) to reduce the generator temperature
requirement from 160 °C to 105 °C.
Potgieter (2013) reported that the charge concentration can be increased to increase the
performance of a diffusion-absorption system. This is also corroborated by Yousuf (2014).
However, the evaporator performance is limited by the maximum concentration achievable in the
absorber and therefore on charge concentration. From fundamentals, Henry’s law dictates the
pressure of the residual refrigerant (unabsorbed) in the auxiliary return stream as a result of strong
solution concentration and temperature. If the residual refrigerant pressure is too high, the partial
pressure realised in the evaporator will be too high and the evaporator temperature and
performance will be negatively influenced by it.

2.7

LIMITATIONS DUE TO AUXILIARY GAS QUANTITY

According to Chen et al. (1996), the cycle performance would be negatively influenced by an over
charge of auxiliary gas and an under charge will cause the system to stop at high ambient
temperature conditions.
An auxiliary gas over charge will increase the initial and operating system pressure, which
increases the boiling temperature of the strong solution and the heat input to the generator.
Alternatively, the vapour mass flow rate from the generator/bubble pump will be reduced.
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An auxiliary gas under charge will cause a lower than designed system pressure and
consequently a lower required refrigerant condensate temperature.

Since the commercial

diffusion-absorption refrigerators use ambient air to reject heat from the condenser, high ambient
temperatures will negatively influence the performance of the condenser and if no refrigerant
condensate is formed, the cycle will halt.
For a constant evaporator outlet temperature with a variation in system pressure, the partial
pressure of the refrigerant in the evaporator must remain constant. This indicates that the
auxiliary gas quantity must be altered to compensate for the variation in system pressure.
Additionally, the partial pressure of the residual ammonia, in the auxiliary gas stream, results from
the concentration and temperature in the absorber (Henry’s law). If this partial pressure is higher
than the required pressure of the evaporator, the evaporator temperature will increase.

2.8

MATHEMATICAL MODELS

Srikhirin and Aphornratana (2002), developed, commissioned and tested a diffusion-absorption
refrigeration system that utilises water-cooling for all conventionally air-cooled components, which
allowed testing of a wide range of operating parameters. The refrigerant concentration, by mass,
for the Srikhirin and Aphornratana’s (2002, p. 1188) experimental DAR system was 0.23 with
helium as the auxiliary gas and a charging pressure of 6.1 bar. The COP of the system ranged
between 0.09 and 0.15.
Srikhirin and Aphornratana (2002) developed and applied a mathematical model to maximise
cycle performance. The mathematical model was compared to experimental results. Srikhirin
and Aphornratana (2002, p. 1189), concluded that the mass transfer rates in the evaporator and
absorber significantly influence the performance of the cycle and that sufficient surface area is
required to minimise the limitation imposed on these components. The bubble pump was also
identified as a critical component since the cooling capacity is a function of both the refrigerant
and absorbent circulation rates.
The importance of refrigerant and absorbent circulation rates is fundamentally dependent on the
flow regime of the bubble pump.
Zohar et al. (2005), proposed and validated, against published experimental studies, a
mathematical model to analyse the commercial DAR unit produced by Dometic, previously
Electrolux. The mathematical model used for this study is adopted from Zohar et al. (2005).
The mathematical model developed by Zohar et al. (2005) is the main model considered for the
development in Section 3.3 due to the flexibility afforded by the model. The assumptions made
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by Zohar et al. (2005) for the mathematical model are primarily for temperature losses and heat
exchanger effectiveness. Additional assumptions are that:


Heat is applied directly to the strong solution.



Trace elements of the refrigerant are present in the auxiliary gas return.



Solution heat exchanger and bubble pump components are assumed to be insulated.



Pressure losses in the system and hydrostatic pressures are assumed to be negligible.



Pure refrigerant vapour enters the condenser.



Evaporator entrance mixing is assumed to be adiabatic.



Concentration of strong solution is in equilibrium, thus allowing the use of P-T- 𝜉 relation.
(Zohar, et al., 2005)

The trace elements of refrigerant present in the auxiliary stream are calculated using mass and
energy conservation equations. No fundamental considerations are made. The method used by
Zohar et al. (2005) does not take the relationship of partial pressure and concentration into
account (Henry’s law).
With these assumptions, Zohar et al. (2005) constructed the mathematical model using
conservation of mass and energy equations for each component or component pair.

The

generator bubble pump was simplified and modelled as a unit, the same was done for the
evaporator, pre-cooler and gas heat exchanger combination.

Grouping these components

together allows the model to disregard the intricacies of the evaporation process and calculate
the heat gained by these component pairs without inaccurate or constraining assumptions.
Additionally, few parameters are specified or constrained by Zohar et al. (2005), with the model
rather relying on the mass and energy balances to predict the behaviour of the diffusionabsorption refrigerator.
COP predictions were weighed against experimental studies done by Chen et al. (1996) and
Srikhirin and Aphornratana (2002).

A good comparison with these studies validated the

mathematical model (Zohar, et al., 2005).
Contrary to the model described by Zohar et al. (2005), Starace and De Pascalis (2012, p. 611)
developed a model that requires more inputs and therefore makes less assumptions. The Starace
and De Pascalis (2012, p. 607) model does, however, calculate the enthalpy for each point in the
diffusion-absorption cycle, which reduces the flexibility for the application to non-standard
operating conditions. The advantage of this model is that certain parameters can be constrained
according to operating condition preferences (enabled by increased control) or limitations
imposed by fundamental principles. The model by Starace and De Pascalis (2012), if combined
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with the model from Zohar et al. (2005), would be ideally suited for the investigation into nonstandard operating conditions. Residual refrigerant, unabsorbed in the absorber, is however not
accounted for by Starace and De Pascalis (2012), which is a critical consideration for any change
in strong solution concentration. Neither Zohar et al. (2005), nor Starace and De Pascalis (2012)
included flow regime considerations in the development of the respective mathematical models.
The assumptions made by Starace and De Pascalis (2012) are similar to that made by Zohar et
al. (2005) with the addition of:


trace amounts of absorbent that enter the condenser,



saturated liquid that exits the condenser (no subcooling occurs),



and that all liquid is evaporated at the evaporator outlet.

Mathematical models were developed by Ersöz (2015) and Yıldız and Ersöz (2013) to evaluate
the component energy losses and gains. The models used here resemble the model proposed
by Starace and De Pascalis (2012), but Ersöz (2015) and Yıldız and Ersöz (2013) did not consider
all factors influencing the performance of the evaporator. Multiple proposed models calculated
the heat gain of the evaporator by including the pre-cooler and gas heat exchanger components
in the calculation (Zohar, et al., 2005; Starace & De Pascalis, 2012; Najjaran, et al., 2019). Ersöz
(2015) and Yıldız and Ersöz (2013) attempted to use the temperatures measured from the
experimental tests to determine the evaporator heat gain but both neglected the heat transferred
from the gas heat exchanger and the pre-cooler.
The models used by (Jelinek, et al., 2016; Zohar, et al., 2007; Zohar, et al., 2008; Zohar, et al.,
2009) were all based on the model developed by (Zohar, et al., 2005) although modifications were
done for the different parameter or component investigations.
The mathematical model developed by Yousuf et al. (2014) for the parametric analysis of a
diffusion-absorption system is similar to the model developed by Starace and De Pascalis (2012).
The mathematical model developed by Potgieter (2013) was developed similar to that of Zohar
(2005) but used alternative methods for rectification and did not incorporate residual refrigerant
quantification in the auxiliary gas return.
Similar to Starace and De Pascalis (2012) and Zohar et al. (2005) the model developed in Section
CHAPTER 3 is constructed using conservation of mass and energy equations. The fundamental
theory discussed in 2.3 and the flow regime considerations of Van der Walt (2012) are also
included.
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2.9

SUMMARY

From the literature survey, the ammonia-water fluid combination has been shown to result in
higher diffusion-absorption coefficients of performance while able to produce temperatures below
0 °C. Helium as auxiliary gas provides higher system performance than hydrogen, while due to
fundamental circulation considerations Neon and Argon are deemed not viable.
The generator bubble pump is a critical component in the diffusion-absorption system since it
induces the refrigerant and weak solution circulation rates.

The flow regime is a primary

consideration for the performance of the bubble pump, and it is dependent on operational, fluid
property and geometric parameters. Geometric parameters will not be considered for the cycle
development in 3.3, but fluid properties and operational parameters will be used to include slug
flow considerations into the mathematical model.
The submergence ratio and motive head is a critical consideration for bubble pump performance
and is directly dependent on the strong solution liquid volume.
Since heat is applied to the generator bubble pump to liberate high concentration refrigerant
vapour and induce slug flow for the circulation of refrigerant and weak solution, it is inefficient to
apply heat indirectly to the strong solution in the generator bubble pump. When the weak solution
is used to transfer heat to the strong solution, energy is wasted by liberating lower concentration
refrigerant vapour from the weak solution without increasing the weak solution circulation rate.
The partially detached generator bubble pump configuration, as recommended by (Zohar, et al.,
2008), will therefore be used for the cycle development.
Despite reports by Starace and De Pascalis (2012) and Jelinek et al. (2016) that rectifier
effectiveness should not be a significant concern, since less pure refrigerant vapour in the
evaporator results in increased performance, the rectifier will be modelled to produce near pure
refrigerant vapour (x = 0.99). Fundamental principles from Herold et al. (1996) contradict the
findings of Starace and De Pascalis (2012) and Jelinek et al. (2016).
All regenerative heat exchanger components (pre-cooler, solution heat exchanger, gas heat
exchanger) and the auxiliary heat exchanger proposed by Rattner and Garimella (2016a) to
increase absorber performance are incorporated in the development of this model. Regardless
of conflicting reports on the value in use of a pre-cooler, it is included due to the increase in
evaporator performance as described by Herold et al. (1996).
The fundamental theory necessary to construct and evaluate the mathematical model of the
diffusion-absorption cycle has been described in Section 2.3. Le Chatelier’s principle (systems
in equilibrium) can be applied throughout the diffusion-absorption system and is especially
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important for the performance of the absorber. Henry’s law is used to determine the partial
pressure of the residual refrigerant in the auxiliary gas stream returning to the evaporator. The
partial pressure is dependent on the concentration and temperature and directly influences the
evaporator performance and temperature as a result of Dalton’s law on partial pressures.
Dalton’s law on partial pressures will be used to determine the auxiliary gas quantity required to
induce the necessary partial pressure for low temperature production in the evaporator. It is
necessary to include the residual refrigerant while calculating the auxiliary gas quantity since it
has a significant influence especially at higher absorber concentrations.
The influence of heat sink temperature (ambient air temperature for conventional diffusionabsorption systems) on system performance is described in Section 2.5 with the influence of
charge concentration in 2.6.

Both parameters have a significant influence on the required

generator temperature, which is a concern for the effective use of solar thermal energy. Heat
sink temperature and charge concentration are therefore the focus of the parametric analysis in
5.1.
Stable operation is a major concern for the diffusion-absorption system due to lethargic start-up
operational changes. The intermittent nature of solar thermal energy is a major concern for a
system that would benefit from a continuous stable operation. Additionally, variations in ambient
temperature have a significant influence on the evaporator temperature and performance.
There have been numerous mathematical models constructed for a variety of investigations under
which Starace and De Pascalis (2012) and Zohar et al. (2005) have been the most prominent.
The mathematical models constructed are based on the conservation of mass and energy with
little consideration given for bubble pump flow regime.
The mathematical model developed in Section 3.3, is a combination of the models developed by
Zohar et al. (2005) and Starace and De Pascalis (2012) with flow regime considerations from Van
der Walt (2012) and the application of Henry’s law to determine the residual refrigerant in the
auxiliary stream. Dalton’s law was used to determine the auxiliary gas quantity required to affect
the necessary refrigerant partial pressure in the evaporator.

______________________________
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CHAPTER 3 MATHEMATICAL MODEL DEVELOPMENT
The purpose of the mathematical model is the parametric characterisation of non-standard
operating conditions that excludes detailed geometric component analysis (outside the scope).
The mathematical model will be developed to enable the evaluation of the proposed innovations
as well as the validation against experimental results published by Ersöz (2015) and Najjaran et
al. (2019), respectively.
The models developed by Zohar et al. (2005) and Starace and De Pascalis (2012) rely on the
conservation of mass and energy as the main drivers with specific parameters defined or
calculated according to the control parameters. Aspects that will emphasise the distinctiveness
of this model are:
1. The calculation method used to determine the residual refrigerant quantity contained in
the auxiliary gas (helium).
2. The ability to simulate constant or variable auxiliary gas quantities.
This residual refrigerant quantity has a significant influence on the performance of the evaporator
as shown in 5.1.3. Most models constructed in the literature do not consider this calculation at
all. The model constructed by Zohar et al. (2005), is one of a few in the published literature that
consider the calculation of the residual refrigerant, but by means of energy conservation
equations. The model developed in CHAPTER 3 is distinctive in the application of Henry’s law to
determine this quantity while the conservation of energy is used to determine the accompanying
parameters.
Additionally, this model considers other parameters that directly influence the performance of the
cycle, such as the bubble pump flow regime (slug flow requirements). The equation sets used to
develop, characterise and optimise the aqua-ammonia diffusion-absorption system are grouped
into:
1. Auxiliary equations (includes fundamental theory)
2. Conservation of mass
3. Conservation of energy
The conservation of momentum is not excluded, but since the diffusion-absorption system is a
constant pressure machine, the differential pressure as a result of losses and hydrostatic
pressures have little to no influence on the performance of the system.
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Auxiliary equations are used to control specific operating parameters and enforce operational
constraints. Fundamental principles are applied using the auxiliary equations where necessary.
Conservation equations are used to allow the freedom, necessary to balance and optimise the
operations of the DAR system.

3.1

CYCLE DESIGN PHILOSOPHY

In the most models constructed in the literature, the refrigerant to strong solution flow rate ratio
(circulation ratio) is calculated from a fixed bubble pump temperature for a fixed strong solution
concentration (Ersöz, 2015; Starace & De Pascalis, 2012; Zohar, et al., 2005). However, the
circulation ratio is a resultant dependent variable and should be determined from slug flow
requirements.
The philosophy of the model constructed in this chapter is based on the principle that the
condenser temperature is the primary independent variable despite its reliance on ambient or
heat sink conditions. In sequential order the following dependent variables result therefrom:
1. System pressure (Psys) – for the required liquefaction of the refrigerant with a specific
concentration (xm = 0.99) at the condenser outlet (Tcond), the system pressure is prescribed
by that saturation temperature.
2.

Bubble pump vapour quality (qbp) – for a pre-charged strong solution concentration (xi or
xss), this vapour quality is prescribed by the slug flow requirements of the bubble pump at
that system pressure. The refrigerant flow rate is directly related to this vapour quality.

3. Generator bubble pump temperature (Tgen or Tbp) – for this vapour quality at the required
system pressure and charged concentration, the bubble pump outlet temperature is
prescribed.
4. Rectifier outlet temperature (Trect) – for the required system pressure, the rectifier outlet
temperature is determined by the required purified concentration (xm = 0.99) of the
refrigerant at the condenser outlet.
5. Evaporator partial pressure – for a specified evaporator temperature and required system
pressure the refrigerant partial pressure is prescribed.
6. Auxiliary gas quantity – for the resulting refrigerant mass flow rate (produced by the
condenser) and the residual refrigerant vapour (in auxiliary gas return from the absorber)
the auxiliary gas quantity is prescribed to affect the necessary partial pressure.
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7. Residual refrigerant vapour – when the auxiliary gas from the absorber returns to the
evaporator, a residual refrigerant quantity remains unabsorbed.

This quantity is

prescribed by Henry’s law in the absorber, according to the auxiliary gas quantity, the
system pressure and the absorber solution concentration.
8. Strong solution concentration – for the philosophy exercised in this model, there should
be an opportunity to iterate the above sequence for different charged strong solution
concentrations (xi or xss).

3.2

DIFFUSION-ABSORPTION CYCLE CONSIDERATIONS

Based on the reviewed literature in CHAPTER 2, certain constraints and component
configurations can be specified.
From Section 2.2, ammonia-water-helium is selected as the working fluid combination due to
criteria discussed in this section. Main advantages include the attainability of temperatures below
0 °C and although still relatively low, a higher COP.
As recommended by Zohar et al. (2008), heat should be applied directly to the strong solution to
prevent wastage on liberating refrigerant vapour from the weak solution, while the weak solution
flows with gravity through the annulus of a tube concentric to the bubble pump. The weak solution
in this configuration reduces heat loss from the bubble pump and therefore reabsorption of the
liberated vapour (increased performance).
In order to incorporate slug flow considerations into the model, the mathematical model developed
by Van der Walt (2012) was adapted for non-geometrical considerations only. The results
provided by this model (maximum quality achievable in the bubble pump while maintaining slug
flow, Figure 3-1) were incorporated into the model developed here.
Figure 3-1 shows the maximum vapour quality attainable within a slug flow regime for a specific
condenser outlet temperature and therefore system pressure. These results are based on
considerations for fluid parameters (viscosity, surface tension and density), flow conditions
(Reynolds number, superficial velocity) and thermodynamic considerations (void fraction, mass
flow rate) as it is discussed in Section 2.4.6. Motive head, bubble pump diameter and length are
not included in these calculations since these parameters should be considered for the
component design phase.
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Bubble pump vapour quality [-]

Bubble pump quality for slug flow
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FIGURE 3-1 BUBBLE PUMP FLOW REGIME CONSIDERATIONS ADAPTED FROM VAN DER WALT (2012)

Although Jelinek et al. (2016) and Starace and De Pascalis (2012) reported that the performance
of the rectifier is not important for the evaporator heat gain and therefore the system COP, a high
refrigerant concentration will be solved for. This inclusion is due to the fundamental explanation
of Herold et al. (1996), which emphasises the importance of rectification.
Since the evaporator heat gain is solved using a holistic approach by including the pre-cooler and
gas heat exchanger, the investigation by (Jelinek, et al., 2016) that evaluated different evaporator
configurations was not considered in the model. However, it is recommended that the evaporator
be decoupled from the pre-cooler, to preserve the low temperature state produced in the
evaporator.
Through the application of Le Chatelier’s principle and Henry’s law it is apparent that heat must
be rejected from the absorber effectively. A lower absorber temperature will result in a higher
strong solution concentration and a reduced residual refrigerant quantity remaining unabsorbed
in the auxiliary gas return. The absorber will therefore reject heat to the same low temperature
source as the condenser.
The additional or auxiliary heat exchanger, used by Rattner and Garimella (2016a), to reduce the
weak solution temperature prior to absorber entry is included in the mathematical model. With
heat rejected from the auxiliary heat exchanger to the atmosphere, the solution heat exchanger
can be fully insulated for maximum heat transfer to the strong solution.
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Due to the relatively low operating temperature of the absorber, the solution heat exchanger must
be as effective as possible to reduce the heat input required to the generator bubble pump.
Heat exchanger effectiveness considerations must be included in the mathematical model but
cannot be fixed since it would need to be calibrated according to the geometric and insulation
properties of the specific component design.

3.3

MATHEMATICAL MODEL DEVELOPMENT

For simplification of the mathematical model and accuracy of the simulations, certain assumptions
are necessary. These assumptions are supported by the reviewed literature and published
mathematical models. For clarity regarding the assumptions see sequential process flow diagram
and adjacent mathematical model development commentary (3.3.2).

Furthermore, a

representative flow diagram (Figure 3-2) as well as a typical T-s diagram (Figure 3-3) of the
refrigerant are added below, respectively, before and after the assumptions.

FIGURE 3-2 TYPICAL DIFFUSION-ABSORPTION SYSTEM FLOW DIAGRAM
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3.3.1

ASSUMPTIONS

For the development of the baseline mathematical model, the following assumptions are made:
1. Pressure losses are negligible due to the diffusion-absorption system being a constant
pressure machine.
2. Hydrostatic pressures are negligible since the system is normally relatively small.
3. Heat is applied directly to the strong solution inside the generator to limit the heat addition
to the weak solution. Heat applied to the generator should directly influence the bubble
pump mass flow rate.
4. Absorber and condenser outlet temperatures are equal since heat is rejected to the same
source.
5. Condenser outlet temperature prescribes the necessary system pressure for liquefaction
of the refrigerant.
6. Bubble pump temperature is determined by vapour quality and system pressure according
to flow regime (slug flow) requirements.
7. The rectifier temperature is controlled to purify saturated refrigerant vapour to a
concentration of 0.99.
8. The low concentration liquid condensed from the rectifier is heated by the refrigerant
vapour, separated at the bubble pump exit, thereby liberating refrigerant from it.
9. Refrigerant stream is saturated liquid at the condenser outlet (no subcooling occurs in the
condenser).
10. Adiabatic mixing occurs at the evaporator entrance.
11. The evaporator outlet temperature is specified as -8 °C to ensure that a freezer can be
operated with the low temperature yield of the diffusion-absorption system.
12. The low temperature yield will have a temperature 10 °C below that of the evaporator
outlet since the evaporator inlet temperature is lower.
13. The pressure of the residual refrigerant in the auxiliary gas return stream is determined by
Henry’s law.
14. Dalton’s law is then applied to determine the residual refrigerant quantity.
15. An auxiliary heat exchanger is used to reduce the weak solution temperature prior to the
absorber inlet.
16. The solution heat exchanger is insulated and no heat is transferred to the atmosphere.
17. No heat losses occur in piping between components since the system is assumed to be
fully insulated.
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FIGURE 3-3 ILLUSTRATIVE REFRIGERANT T-S DIAGRAM

The T-s diagram (Figure 3-3) only considers the refrigerant and the pressures experienced by it.
The temperature glide discussed in 2.3.1 is illustrated on this T-s diagram as a dotted line from r3
to r4 directly. The temperature glide shown for the evaporator results from the fluctuation in partial
pressure experienced by the refrigerant liquid. This diagram is displayed in such a manner since
concentration adds a third axis, which complicates this diagram unnecessarily considering its
illustrative purpose. The entropy is reduced in the absorber (r8 to r9), but this is a distorted
reflection of the heat extracted from the absorber since the exothermic absorption reaction is not
illustrated in Figure 3-3.
3.3.2

BUBBLE PUMP FLOW REGIME CHARACTERISATION

In order to incorporate slug flow limitations for strong solution concentrations not explicitly
determined from Van der Walt (2012), it is necessary to characterise the maximum bubble pump
vapour quality according to the condenser outlet temperature and the relevant strong solution
concentration.
With linear trendlines (𝑦 = 𝑏𝑥 + 𝑐) fitted to each concentration data set in Figure 3-1, the bubble
pump vapour quality can be determined for each concentration for various condenser outlet
temperatures. However, these equations are limited to the specific concentrations plotted in
Figure 3-1.
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The coefficients of these trendlines are then to be plotted for each concentration and linear
trendlines are applied to these coefficients (Figure 3-4). These trendlines can then be applied to
determine the coefficients for different strong solution concentrations.

Coefficients
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FIGURE 3-4 BUBBLE PUMP FLOW REGIME TRENDLINE COEFFICIENTS

From Figure 3-4, equation (2) can be defined characterise the maximum bubble pump vapour
quality for a slug flow regime according to the condenser outlet temperature and the strong
solution concentration (bubble pump inlet).
𝑞

3.3.3

= (0.00134𝑥 + 0.001962)𝑇

+ (0.093𝑥 + 0.06734)

(2)

MODEL DESCRIPTION

The mathematical model is described in this section with a process flow diagram to provide the
notation and layout. The model is developed based upon these assumptions and using the
conservation of mass and energy. The conservation of mass for the mixture and the refrigerant
respectively are included.
The boundary conditions are first defined for the diffusion-absorption system. The conservation
of mass is then applied to the solution and the refrigerant, respectively. The conservation of
energy is then applied to determine the heat rejection and gains for the different components.
Equations for calculating the refrigeration and heat pump coefficients of performance are then
defined.
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Boundary conditions: Developing a mathematical model
that predicts the performance of a DAR system, requires
certain operating parameters to be defined.
The bubble pump outlet vapour mass flow rate is dependent
on the void fraction as determined by the flow regime. The
NH3H2O quality in the bubble pump is determined by the
temperature.
𝑚̇

=𝑞

∙ 𝑚̇

(3)

The refrigerant concentration at the rectifier outlet is
dependent on the rectifier effectiveness, but is assumed to be
constant for this model.
𝑥𝑟3 = 0.99

(4)

Refrigerant is saturated liquid at the condenser outlet.
(5)

𝑞𝑟4 = 0

The maximum temperature of the evaporator is limited by the
operating temperature of a domestic freezer and determined
by the partial pressure of the refrigerant, which is affected by
the presence of auxiliary gas. The auxiliary gas quantity is
determined by the evaporator outlet temperature.
𝑇𝑟7 = −8 °𝐶

(6)

The refrigerant vapour unabsorbed by the weak solution in the
evaporator is calculated according to Henry’s law as a function
of the auxiliary gas quantity.
(7)

𝑐 = 𝑘𝑃
Where 𝑐 ⇒ 𝑚𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑎𝑠
𝑘 ⇒ 𝐻𝑒𝑛𝑟𝑦 𝑠 𝑙𝑎𝑤 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑃 ⇒ 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑔𝑎𝑠

𝑥𝑥𝑟1 =

𝑐𝑥𝑟1
𝑀𝑥𝑟1
1

∙

1
𝑐𝑥𝑟1 1 − 𝑐𝑥𝑟1
+
𝑀𝑥𝑟1
𝑀𝑥1

𝑚̇ 𝑥𝑟1 = 𝑥𝑥𝑟1
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𝑚̇ 𝑥1
1 − 𝑥𝑥𝑟1

(8)

(9)

Conservation of mass is applied to each component in the
DAR cycle for both the fluid mixture and the ammonia
contained in the mixture.
(𝑚̇𝑥)

𝑅𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡 →
𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 →

= (𝑚̇𝑥)

𝑚̇

= 𝑚̇

+ (𝑚̇𝑥)
+ 𝑚̇

(10)
(11)

Reduced ammonia concentration (weak solution) liquid is
separated from the higher concentration vapour (refrigerant)
at the bubble pump outlet. Condensed liquid from the rectifier
joins the weak solution stream to the solution heat exchanger.
𝑚̇
(𝑚̇𝑥)

= 𝑚̇
= (𝑚̇𝑥)

𝑚̇
(𝑚̇𝑥)

= 𝑚̇

(12)

+ 𝑚̇
+ (𝑚̇𝑥)

(14)

+ 𝑚̇

= (𝑚̇𝑥)

(13)

+ (𝑚̇𝑥)

(15)

Conservation of mass is applied to the pre-cooler and
evaporator as a combination to eliminate assumptions
regarding internal phase and temperature conditions.
𝑚̇
(𝑚̇𝑥)

= 𝑚̇
= (𝑚̇𝑥)

(16)

+ 𝑚̇
+ (𝑚̇𝑥)

(17)

Refrigerant vapour from the pre-cooler is absorbed by the
weak solution from the bubble pump to produce strong
solution that returns to the generator via the solution heat
exchanger.
𝑚̇
(𝑚̇𝑥)

+ 𝑚̇

+ (𝑚̇𝑥)

= 𝑚̇

+ 𝑚̇

= (𝑚̇𝑥)

+ (𝑚̇𝑥)

(18)
(19)

Refrigerant absorption concentration is calculated to determine continuation of the cycle. Any
change in strong solution concentration will adjust the operating parameters of the DAR system.
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Conservation of energy: Heat supplied to the generator effects
an offset in phase equilibrium for the purpose of evaporating
ammonia (refrigerant) from the solution.
(𝑚̇ℎ)
(𝑚̇ℎ)

(20)

= (𝑚̇ℎ)

+ 𝑄
= (𝑚̇ℎ)

(21)

+ (𝑚̇ℎ)

Conservation of energy is used to calculate the separation of
liquid and vapour at the bubble pump exit. Heat rejected from
the vapour in the rectifier, condensates absorbent from the
refrigerant vapour.
(𝑚̇ℎ)

= (𝑚̇ℎ)
(𝑚̇ℎ)

+ (𝑚̇ℎ)

= (𝑚̇ℎ)

(22)

+ 𝑄

(23)

+𝑄

In the condenser, heat is rejected to produce saturated
refrigerant liquid. Energy conservation calculations are applied to
the pre-cooler and evaporator in combination to eliminate
assumptions.
(𝑚̇ℎ)

+ (𝑚̇ℎ)

= (𝑚̇ℎ)
(𝑚̇ℎ)

+ (𝑚̇ℎ)

= (𝑚̇ℎ)

(𝑚̇ℎ)

+ (𝑚̇ℎ)

+𝑄

(25)

+ (𝑚̇ℎ)

= (𝑚̇ℎ)

(24)

(26)

+𝑄

Condensate from the rectifier is combined with liquid from the
bubble pump to form the weak solution that feeds the absorber
through the solution heat exchanger. Heat rejected from the
absorber affects an offset in the phase equilibrium to increase
the solution concentration.

Auxiliary gas returns to the

evaporator via the pre-cooler.
(𝑚̇ℎ)
(𝑚̇ℎ)

+ (𝑚̇ℎ)

+ (𝑚̇ℎ)

+ (𝑚̇ℎ)

+ (𝑚̇ℎ)

= (𝑚̇ℎ)
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= (𝑚̇ℎ)

+ (𝑚̇ℎ)

+ (𝑚̇ℎ)

+𝑄

(27)

(28)

Strong solution is heated in the solution heat exchanger prior to the generator by recovering heat
from the weak solution. Additionally, heat is rejected from the weak solution in the auxiliary heat
exchanger prior to entering the absorber.
The heat rejected by the rectifier, condenser, absorber and auxiliary heat exchanger components
are determined with energy conservation equations (22), (23), (26) and (28). Heat gained by the
evaporator is determined with energy conservation equation (24).
The refrigeration COP is defined as the relation of heat gained by the evaporator to the heat
supplied to the generator.
𝐶𝑂𝑃 =

𝑄

(29)

𝑄

Similarly, the heat pump COP is determined by the relation of total heat rejected from the system
to the heat supplied to the generator.
𝐶𝑂𝑃

3.3.4

=

𝑄

+𝑄

+𝑄

+𝑄
𝑄

(30)

ENGINEERING EQUATION SOLVER LIMITS AND APPLICABILITY

With the conservation of mass and energy and supplementary equations described in Section
3.3.3, the model is developed using EES software (Appendix 10.6). The use of EES allows the
built-in ammonia-water function to determine thermodynamic properties of ammonia-water
mixtures using the mixture equation of state described in Ibrahim and Klein (1993).

The

correlations described by Ibrahim and Klein (1993) are valid for temperatures between -43 and
327 °C and 0.02 to 11 MPa. The operating parameters investigated by the model developed here
are enclosed within these limitations with:


Maximum generator temperature 186.7 °C for a system pressure of 2.539 MPa. This is
the conventional bubble pump temperature and pressure of the commercial diffusionabsorption refrigerators Zohar (2005).



Minimum evaporator temperature is -43 °C for a partial pressure of 0.0321 MPa. This is
set as a limit in the model to ensure applicability of the EES ammonia-water function.

The minimum evaporator temperature does not necessarily need to be calculated since the
evaporator heat gain is solved holistically with the pre-cooler and gas heat exchanger components
included. However, for application purposes the minimum evaporator temperature is calculated
after the cycle has been solved and if lower evaporator temperatures need to be determined, the
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EES function that retrieves thermodynamic data for ammonia-water mixtures from the REFPROP
(2010) database will be used.

3.4

SUMMARY

The mathematical model design philosophy is constructed on the premise that the condenser
temperature is the primary independent variable despite its conventional dependence on ambient
conditions. The diffusion-absorption cycle considerations are identified and discussed based on
the literature review. From these considerations and for simplification of the mathematical model,
certain assumptions are made regarding the operational constraints and limitations of the
mathematical model.
The mathematical model was developed on the principles of the conservation of mass and energy
and the fundamental theory (Henry’s law, Dalton’s law, influence of concentration on phase
change etc.). This model must be validated against experimental results to determine the
accuracy thereof. For accurate validation, the heat exchanger effectiveness values need to be
calibrated according to the specific geometric and insulation parameters of the tested system.

______________________________
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CHAPTER 4 MATHEMATICAL MODEL VALIDATION
Multiple published sources are available on experimental testing of a commercial DAR but most
of the investigations either focussed on alternative working fluid pairs such as NH3-NaSCN-He or
little detailed experimental results are reported.

Testing of non-standard DAR systems

(alternative operating parameters), critical to this investigation, are sparse.

Ersöz (2015),

conducted and reported on an experimental investigation of a DAR, operating at lower driving
temperatures (128 °C–150 °C) and therefore a lower system pressure than its commercial
counterpart.
(Ersöz, 2015), logged and reported temperature measurements for the inlet and outlet conditions
of each component in the DAR system. System pressure and heat input measurements were
also recorded. The detailed component measurements allow an extensive comparison of the
experimental data with the developed mathematical model.
There are, however, limitations to the accuracy imposed by the design process. Designing a
system that operates at non-standard conditions requires that the diffusion-absorption cycle be
solved and optimised prior to the component design phase. However, experimental results are
obtained from an already operational system. This imposes specific operating parameters for
which the mathematical model has been allowed a measure of flexibility for optimisation purposes.
Due to the set geometry of the experimental DAR, the effectiveness of the solution, gas and
rectification heat exchangers must be calibrated accordingly. Rattner and Garimella (2016b, p.
324), argued that it is difficult to compare experimental DAR systems due to relative component
size and operating parameter variations.

4.1

MATHEMATICAL MODEL COMPARISON 1: (ERSÖZ, 2015)

Additionally, operating conditions are difficult to control and manipulate with an air-cooled system
since it is directly dependent on ambient conditions. Although the ambient temperature was
controlled by Ersöz (2015), the effectiveness of the various heat exchangers is influenced by
these parameters. Subcooling of the refrigerant in the absorber, the rectifier and the condenser
is likely to occur as a result.
The purity of the refrigerant at the rectifier outlet is a function of pressure and temperature since
the purification is achieved through the liquefaction of absorbent. The mathematical model
developed in CHAPTER 3 limits the outlet temperature for a 0.99 refrigerant concentration.
However, the refrigerant concentration for the tests performed by Ersöz (2015) cannot be
controlled since the DAR utilises ambient air for heat extraction.
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The condenser outlet, absorber outlet and absorber weak solution inlet temperatures are similarly
dependent on ambient air conditions. The effectiveness of these and the various heat exchanger
components is also dependent on geometric design parameters.
From Section 2.3.5, the quantity of unabsorbed refrigerant returning to the evaporator is
dependent on the auxiliary gas quantity and the temperature at which the auxiliary gas exits the
absorber. The auxiliary gas flow rate is not reported by Ersöz (2015) but can be estimated from
the evaporator inlet temperature since it directly influences the partial pressure of the refrigerant.
For the comparison of the mathematical model results with the experimental measurements and
calculations done by Ersöz (2015), bubble pump quality is specified according to the system
pressure and generator temperature, evaporator temperature is used to determine the auxiliary
gas quantity and effectiveness of the solution heat exchanger is used to determine the generator
inlet temperature.

Additionally, subcooling that occurred in the absorber and condenser

components were compensated for by reducing the minimum temperature limitations in the
mathematical model and the rectifier refrigerant outlet concentration is varied to estimate the
corresponding temperature.

FIGURE 4-1 CYCLE NOTATION ACCORDING TO (ERSÖZ, 2015)

Three sets of tests were performed by Ersöz (2015), each repeated to ensure accuracy. For the
different tests, the heat input to the generator was changed between 62W, 80W and 115W. The
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mathematical model developed in this thesis is compared to the 62W heat input experiment by
Ersöz (2015) in Table 4-1 to Table 4-4.
TABLE 4-1 COMPONENT TEMPERATURE COMPARISON: ERSÖZ (2015) 62W EXPERIMENTAL RESULTS VS. MODEL

Ersöz (2015)
Experimental results
93.26 °C
130.23 °C
124.22 °C
62.32 °C
24.77 °C
-17.27 °C
23.64 °C

Mathematical
model

Generator inlet
Generator
BP outlet
Rectifier outlet
Condenser outlet
Evaporator Inlet
Evaporator outlet

T[1]
T[2]
T[3]
T[4]
T[5]
T[6]
T[7]

93.33
130.2
130.2
62.52
24.77
-17.46
23.46

°C
°C
°C
°C
°C
°C
°C

Absorber inlet (WS)

T[8]

30.82 °C

30.95 °C

SHX ws outlet
SHX ss inlet
Operating pressure

T[10]
T[11]
Psys

32.06 °C
32.06 °C
14.3 bar

30.95 °C
30.95 °C
14.3 bar

Deviation

0.07
0.03
5.98
0.20
0.00
0.19
0.18

°C
°C
°C
°C
°C
°C
°C

0.13 °C
1.11 °C
1.11 °C
0.00%

The only significant difference in temperature is on the bubble pump outlet (T[3]) with 5.98°C.
The bubble pump configuration, selected (Section 2.4.4) as a result of the investigation performed
by Zohar et al. (2008), will have minimal thermal losses to the atmosphere and are therefore
omitted from the model.
The rectifier rejects heat to the atmosphere for the purpose of purifying the refrigerant. Since the
bubble pump configuration of the experimental setup tested by Ersöz (2015) rejects heat, this
heat loss must be compensated for in the rectifier comparison.
Temperatures 8, 9 and 10 of the model are 30.95 °C (Table 4-1). The temperature at these points
in the cycle is equal due to the use of the same external cooling fluid. The weak solution outlet of
the solution heat exchanger (T[10]) would be the auxiliary heat exchanger exit of the model
(similar to the heat exchanger proposed by Rattner and Garimella (2016a)). The auxiliary heat
exchanger allows the weak solution to be cooled by the heat sink fluid (ambient air in this case)
prior to the absorber inlet.
The differential temperature comparison for each diffusion-absorption system component is
illustrated in Table 4-2. These results show 100% deviation for the bubble pump and the absorber
liquid. The deviation for both these components is attributed to the assumptions made for the
mathematical model. Although the deviation percentage is high, the temperature results for these
components differ with 6 °C and 1.24 °C, respectively. Significant fluctuations in the bubble pump
outlet temperature results (T[3] =124 ± 4 °C) are observed in the experimental results by Ersöz
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(2015) (Figure 4-2). These fluctuations indicate that the assumption for a constant bubble pump
temperature is applicable even when proper insulation is not done.
TABLE 4-2 DIFFERENTIAL TEMPERATURE: MODEL VS. ERSÖZ (2015) – 62W EXPERIMENTAL RESULTS

Component

Ersöz (2015)

Mathematical
model

ΔT

ΔT

Deviation

°C

°C

%

Calculation

Generator

T[2] - T[1]

36.97

36.87

0.3%

Bubble pump

T[3] - T[2]

-6.01

0

100.0%

Rectifier

T[4] - T[2]

-67.91

-67.68

0.3%

Condenser

T[5] - T[4]

-37.55

-37.75

0.5%

Evaporator inlet T[6] - T[5]

-42.04

-42.23

0.5%

Evaporator

T[7] - T[6]

40.91

40.92

0.0%

Absorber

T[11] - T[7]

8.42

7.49

11.0%

Absorber liquid
SHX ss
SHX ws

T[11] - T[8]
T[1] - T[11]
T[10] - T[2]

1.24
61.2
-99.25

0
62.38
-99.25

100.0%
1.9%
0.0%

Transient bubble pump results by Ersöz (2015) 62W
140
120

Temperature [°C]

100
80
T[3]
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540
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FIGURE 4-2 62W HEAT INPUT EXPERIMENTAL RESULTS

(EXTRACTED FROM ERSÖZ (2015, P. 18))

The mathematical model compares well with the experimental results reported by Ersöz (2015).
Since the model is used to predict the performance of the experimental system and the heat
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exchanger effectiveness values are used to calibrate the model, the calculated mass flow rates
and concentrations result in larger deviations when compared to the values calculated by Ersöz
(2015).
TABLE 4-3 COMPARISON: MODEL VS. ERSÖZ (2015) – 62W CALCULATED RESULTS

Ersöz (2015)
Calculated results
SHX ss outlet
SHX ws inlet
Rectifier inlet
Separator liquid
Condenser inlet
Rectifier strip
Condenser outlet
Subcooled liquid ammonia
Auxiliary return
Evaporator inlet
Evaporator outlet
Absorber ws inlet
Absorber Aux return outlet
Absorber gas inlet
Absorber ss outlet
SHX ws outlet
SHX ss inlet

1a
1b
3
3a
4
4a
5
6a
6b
6c
7a
8a
8b
9a
9b
10
11

x [-]
m [g/s]
0.32
0.1660
0.252
0.1500
0.842
0.0202
0.248
0.1460
0.952
0.0160
0.412
0.0041
0.952
0.0160
0.952
0.0160
0.0008
0.952
0.0169
0.952
0.0169
0.252
0.1500
0.0008
0.0169
0.32
0.1660
0.252
0.1500
0.32
0.1660

Mathematical
model
x [-]
m [g/s]
0.32
0.1660
0.2569
0.1518
0.8459
0.0184
0.2545
0.1476
0.996
0.0142
0.3414
0.0042
0.996
0.0142
0.996
0.0142
1
0.0004
0.996
0.0146
0.9961
0.0146
0.2569
0.1518
1
0.0004
0.9961
0.0146
0.32
0.1660
0.2569
0.1518
0.32
0.1660

Deviation
%
0.0%
1.9%
0.5%
2.6%
4.4%
17.1%
4.4%
4.4%
4.4%
4.4%
1.9%
0.0%
1.9%
0.0%

0.0%
1.2%
9.0%
1.1%
11.4%
2.5%
11.4%
11.4%
53.6%
13.9%
13.9%
1.2%
53.6%
13.9%
0.0%
1.2%
0.0%

The model strong solution mass flow rate and concentration into the generator (1a) is equal to
that calculated by Ersöz (2015) but the circulation ratio of refrigerant to weak solution differs at
the bubble pump outlet. If T[3] = 124.22 °C (Table 4-1), as reported by Ersöz (2015), is used to
determine the strong solution mass flow rate through the generator bubble pump, with the
concentration 0.32, this mass flow rate is significantly higher.
The main difference between results calculated by Ersöz (2015) and the model developed in
CHAPTER 3 is the refrigerant flow rate and concentration through the condenser, evaporator and
absorber components. This is attributed to the performance of the rectifier and the approach to
calculating its outlet conditions. The model developed in this thesis assumes that the rectifier
outlet consists of saturated vapour with a purified refrigerant concentration of 0.99.

The

equivalent assumptions used by Ersöz (2015) must have been significantly lower values for
vapour quality and concentration purity to resemble the measured temperature. This suggests
that a high fraction of liquid refrigerant will form prior to the condenser and drain back to the weak
solution inlet of the solution heat exchanger. The resulting starvation of refrigerant flow to the
condenser will significantly reduce the cycle performance.
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With this assumption, the heat gained or rejected by the components influencing the refrigeration
and heat pump coefficients of performance are compared in Table 4-4. The heat transfer values
for Ersöz (2015) are calculated using the reported temperature, concentration and mass flow rate
results for the various points.
The performance results for the various components correlate well with the experimental and
calculated results of Ersöz (2015). The deviations illustrated in Table 4-4 are to be expected
since the mass flow rates predicted by the model are lower than those calculated by Ersöz (2015)
as explained above. The refrigeration and heat pump coefficients of performance also correlate
well.
TABLE 4-4 COMPARISON: MODEL VS. ERSÖZ (2015) – 62W CYCLE AND COMPONENT PERFORMANCE

Ersöz (2015)

Mathematical
model

Deviation

Coefficient of performance
Refrigeration

COPR

0.3013

0.2812

6.7%

Heat pump

COPHP

1.301

1.281

1.5%

Component heat transfer
Generator heat gain

Qgen

56.23 W

56.23 W

0.0%

Evaporator heat gain

Qevap

16.94 W

15.81 W

6.7%

Rectifier heat loss

Qrect

11.53 W

10.88 W

5.6%

Condenser heat loss

Qcond

18.3 W

17.02 W

7.0%

Absorber heat loss

Qabs

23.28 W

23.66 W

1.6%

Auxiliary heat loss

Qaux

20.06 W

20.48 W

2.1%

The evaporator heat gain value of Ersöz (2015) in Table 4-4 is inconsistent with that reported in
the literature. The value reported in the literature does not account for internal heat transferred
to the evaporator. The value in Table 4-4 results from these considerations.
The conservation of energy applied to the evaporator in the model developed by Ersöz (2015) is
shown in equation (31).
(𝑚̇ℎ)

+ (𝑚̇ℎ)

+𝑄

= (𝑚̇ℎ)

(31)

The notation for the equation above is illustrated in Figure 4-1 with (6b) the ammonia residuals;
(6c) the subcooled condensate from the condenser; (7a) the evaporator outlet conditions and
Qevap the evaporator heat gain.
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Due to the complexity of the mechanisms that enable performance of the evaporator, the model
(developed in CHAPTER 3) takes a holistic approach to the energy conservation calculation for
the evaporator. An overall mass energy balance is done for the evaporator, pre-cooler and gas
heat exchanger combination.
(𝑚̇ℎ)

+ (𝑚̇ℎ)

= (𝑚̇ℎ)

+ (𝑚̇ℎ)

+ (𝑚̇ℎ)

+𝑄

(32)

The holistic approach, to determine the evaporator heat gain, performs a conservation of energy
calculation for all the fluid streams through the pre-cooler, gas heat exchanger and evaporator
components. For most diffusion-absorption refrigerators, the pre-cooler, gas heat exchanger and
evaporator are combined in a single physical unit. Condensate from the condenser (r4), auxiliary
gas (x1) and ammonia residuals (xr1) enter the pre-cooler, heat is transferred to the evaporator
and the evaporated ammonia (r8) and auxiliary gas (x4) exit the pre-cooler toward the absorber.
The notation and layout of the model developed in Section 3.3 is shown in Figure 4-3.

FIGURE 4-3 MATHEMATICAL MODEL NOTATION FOR EVAPORATOR HEAT GAIN CONSERVATION OF ENERGY

The factors not considered in quantifying the evaporator performance were calculated using the
empirical temperatures; the calculated mass flow rates and concentrations of (Ersöz, 2015) in
combination with the reported system pressure.
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The conservation of energy for the evaporator by (Ersöz, 2015) does not account for the auxiliary
gas and ammonia residuals (in auxiliary return stream from absorber) rejecting heat to the
evaporator. It also does not compensate for the heat rejected by the condensate (from the
condenser) prior to entering the evaporator.
All the above, indicate the validation of the model being adequately satisfactory.

4.2

MATHEMATICAL MODEL COMPARISON 2: (NAJJARAN, ET AL., 2019)

Although the model developed in CHAPTER 3 is validated for the experimental and calculated
results reported by Ersöz (2015), the reported evaporator heat gain was recalculated as a result
of the unbalanced energy equation used by Ersöz (2015). In order to ensure the applicability of
this model it is also validated against the results reported by Najjaran et al. (2019), since the
evaporator heat gain reported was experimentally measured.
An air-cooled DAR system was specifically altered for solar thermal heat application and tested
for a range of heat inputs by Najjaran et al. (2019). During these tests, the ambient temperature
was controlled and a variety of temperature measurements were recorded and reported. A
maximum COP of 0.26 was reported for a 300W generator heat input. The reported peak COP
(0.26) is confirmed only by the isothermal bubble pump model constructed by (Najjaran, et al.,
2019).

FIGURE 4-4 CYCLE NOTATION ACCORDING TO (NAJJARAN, ET AL., 2019)
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The experiment, by Najjaran et al. (2019), was specifically designed to measure evaporator heat
gain rather than the common method of calculating it, using conservation of energy equations. A
heater and fan combination were used to control the temperature inside an insulated box
constructed around the evaporator coils. The energy input to the heater and fan were measured
and reasonably assumed to be equal to the heat gained by the evaporator (Najjaran, et al., 2019).
The temperature measured at the rectifier outlet (6) is 8.6 °C below the saturated liquid
temperature for ammonia at the reported system pressure. This indicates that either the system
pressure or temperature measurement, at the rectifier outlet, is incorrect. The mass flow of
refrigerant vapour to the condenser and therefore the evaporator will be negligible if it is
condensed and returns to the solution heat exchanger (supplementing the weak solution stream).
The mathematical model comparison with the experimental and subsequent model results of
Najjaran et al. (2019), with the assumption that the system pressure is correct, is shown in Table
4-5. The holistic calculation of the evaporator heat gain proves to be accurate when compared
to the empirical results of Najjaran et al. (2019).
TABLE 4-5 COMPARISON: MATHEMATICAL MODEL VS. NAJJARAN ET AL. (2019) RESULTS

Basic model inputs
Qgen
W
Psys
bar
T1
°C
T2
°C
T6
°C
T10
°C

(Najjaran,
Mathematical
et al., 2019) model
300
300
26.1
26.2
137.3
138.4
176
177.3
51.4
66.35
28.6
35.75

Modified or additional inputs
T3
°C
176
Isothermal bubble pump model results
COPR
0.26
Qevap
W
77
Qrect
W
145
Qcond
W
87
Qabs
W
144
Qbp,loss
W
0
x1
kg/kg
0.35
x8
kg/kg
0.18
y6
kg/kg
1.000
m1
g/s
0.453
m6
g/s
0.087

177.3
0.2555
76.65
140.1
87.06
149.47
0
0.35
0.1951
0.999
0.4427
0.08531
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Deviation
0.00 %
0.38 %
1.10 °C
1.30 °C
14.95 °C
7.15 °C
1.30 °C
0.45
0.45
3.38
0.07
3.66

%
%
%
%
%

0.00
7.74
0.10
2.27
1.94

%
%
%
%
%

The model compares well with the empirical and calculated results of Najjaran et al. (2019), with
the largest deviation on the rectifier outlet temperature. However, the system pressure was not
explicitly measured for the experiments by Najjaran et al. (2019); And the calculated system
pressure, with the measured and reported rectifier outlet temperature, would cause all refrigerant
vapour to condense and return to the generator. This would result in a zero-flow condition in the
evaporator and consequently zero heat gain capacity. It is therefore argued that the system
pressure is incorrectly calculated.

FIGURE 4-5 EXPERIMENTAL RESULTS REPORTED BY (NAJJARAN, ET AL., 2019)

Since the experiment performed by Najjaran, et al.

(2019) was specifically constructed to

evaluate evaporator heat gain performance, the mathematical model constructed in this thesis is
validated against the experimental results illustrated in Figure 4-5. It was also reported that the
system was charged with a generator concentration of 𝑥 = 0.3 which does not reflect in the
calculated results of Najjaran, et al. (2019), shown in Table 4-5.
The model developed in CHAPTER 3 is therefore used to predict the rectifier outlet temperature
at an acceptable system pressure (which would allow flow to the condenser and evaporator
components). These modelled results are compared to the various experimental results reported
by Najjaran et al . (2019), in Table 4-6. The mathematical model results compare well with
increasing accuracy as the experimental heat input to the generator bubble pump is increased by
Najjaran et al. (2019).
Unfortunately Najjaran et al. (2019) did not report sufficient temperature results to include a
comparison of the component differential temperatures as done with Ersöz (2015) in Table 4-2.
The comparison with reported component specific temperatures are, however, listed in Table 4-6.
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Experiment 3

Experiment 2

Experiment 1

TABLE 4-6 COMPARISON: MATHEMATICAL MODEL VS. EXPERIMENTAL RESULTS BY NAJJARAN ET AL. (2019)

(Najjaran,
Mathematical
et al., 2019) Model
300
300
26.1
20.88
137.3
137.7
176
172.8
51.4
51.37
28.6
28.32
0.260
0.2531

Deviation
0.00 %
20.00 %
0.40 °C
3.20 °C
0.03 °C
0.28 °C
2.65 %

Qgen
Psys
T1
T2
T6
T10
COPR

W
bar
°C
°C
°C
°C
-

Qevap
Qgen
Psys
T1
T2
T6
T10
COPR

W
W
bar
°C
°C
°C
°C
-

77
400
26.5
147
181.2
62.6
29
0.240

75.94
400
25.56
147.1
180.8
62.76
32.16
0.2355

1.38
0.00
3.55
0.10
0.40
0.16
3.16
1.88

%
%
%
°C
°C
°C
°C
%

Qevap
Qgen
Psys
T1
T2
T6
T10
COPR

W
W
bar
°C
°C
°C
°C
-

95
500
26.8
153
188.7
79
28.8
0.190

94.2
500
26.12
151.9
188.4
77.7
32.64
0.1918

0.84
0.00
2.54
1.10
0.30
1.30
3.84
0.94

%
%
%
°C
°C
°C
°C
%

Qevap

W

95

95.92

0.96 %

Mathematical model results are comparable to the experimental results by Najjaran et al. (2019).
The system pressure comparison for Experiment 1 is the only notable deviation for the reported
experimental results. The increasing accuracy of the mathematical model results when compared
to Experiments 2 and 3 support the argument of an erroneous calculation of system pressure for
Experiment 1.

4.3

SUMMARY

The mathematical model accurately predicts the evaporator heat gain and various experimental
point temperatures for Ersöz (2015) and Najjaran et al. (2019).
For the comparison with Ersöz (2015), the only notable difference between the experimental and
predicted results is for the evaporator heat gain. This heat gain is calculated by Ersöz (2015)
using the temperature measurements with the calculated mass flow rates and therefore do not
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account for the heat transferred from the auxiliary gas return and the liquid refrigerant from the
condenser. When this heat transfer is taken into consideration, the comparable parameters are
predicted accurately. Ersöz (2015) reported sufficient experimental temperature results to enable
the component differential temperatures to be compared. When these differential temperature
results are compared, the only notable deviation is on the bubble pump. This results from an
assumption made regarding the component configuration (thermodynamic design) and the
physical insulation of the bubble pump.
The model also accurately predicted the experimental results by Najjaran, et al. (2019) with the
system pressure of the first experiment the only outlier. The pressure was not measured by
Najjaran, et al. (2019) but rather calculated. The model predicted these results with accuracy,
but the system pressure and rectifier temperature reported by Najjaran et al. (2019) would result
in zero flow to the condenser and evaporator.
In conclusion, although some parameters did not correlate well with the calculated results
reported by Ersöz (2015) and Najjaran et al. (2019), the deviations could be clarified and
corrected. The model correlated well with the empirical measurements of these studies and is
therefore deemed accurate. This model can therefore be used to parametrically evaluate the
influence of diffusion-absorption cycle parameters on the coefficients of performance.

_____________________________
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CHAPTER 5 IMPROVEMENT OPPORTUNITY INVESTIGATION
According to fundamental principles regarding systems in equilibrium (Le Chatelier), three
parameters can be considered to disturb the dynamic equilibrium. The parametric analysis of the
system therefore focussed on the condenser and absorber, bubble pump and evaporator
temperatures; the system pressure; and the strong solution concentration.

5.1

PARAMETRIC ANALYSIS

In order to illustrate the influence of these operating parameters on evaporator performance,
system performance or each other, the commercial diffusion-absorption refrigerator operating
conditions are used (as the baseline). To affect the necessary temperature in the evaporator, the
auxiliary gas quantity can be calculated accordingly rather than being set at a specific quantity.
The baseline simulation parameters are defined in Table 5-1 and will remain unchanged unless
otherwise specified or specifically varied.

These baseline input parameters are chosen to

resemble the commercially available diffusion-absorption refrigerator.
TABLE 5-1 SIMULATION SET-POINT CONDITIONS FOR PARAMETRIC CHARACTERISATION

Parametric characterisation set-point conditions
Condenser outlet temperature
System pressure
Generator heat input
Strong solution concentration
Bubble pump vapour quality
Generator bubble pump temperature
Evaporator outlet temperature
5.1.1

Tcond
Psys
Qin
xss
qbp
Tgen
Tevap

60
2593
300
0.3
0.35
186.7
-8

°C
kPa
W
°C
°C

CONDENSER TEMPERATURE

System pressure is dependent on the condenser outlet temperature to ensure that saturated liquid
refrigerant is formed at this point. A lower system pressure and therefore a lower generator
temperature results from a lower condenser temperature (Figure 5-1).
The condenser outlet temperature is dependent on the heat rejected by it. The heat rejected is a
function of the heat exchanger effectiveness and the heat sink, which is normally ambient air.
Ambient air cooling will not be able to affect the lower temperatures displayed in Figure 5-1 but it
is important to consider the reduced generator temperature requirement, if the condenser
temperature can be reduced.
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FIGURE 5-1 CONDENSER TEMPERATURE INFLUENCING SYSTEM PRESSURE AND GENERATOR TEMPERATURE

The trend of the results in Figure 5-1 is supported by (Rattner & Garimella, 2016a; Taieb, et al.,
2016a). These results also contradict the findings by (Saravanan & Maiya, 2003), which reported
that the condenser temperature has little influence on the diffusion-absorption system COP. From
a fundamental perspective, the system pressure and therefore the required heat input is directly
dependent on the condenser outlet temperature. The diffusion-absorption COP is therefore
dependent on the condenser outlet temperature.
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FIGURE 5-2 CONDENSER OUTLET TEMPERATURE INFLUENCING EVAPORATOR HEAT GAIN AND COP

For a constant generator bubble pump heat input and vapour quality, the evaporator performance
and as a result, the COP decreases with an increase in condenser outlet temperature (Figure
5-2). The trends illustrated in Figure 5-2 are supported by published literature (Ezzine, et al.,
2010a; Taieb, et al., 2016a; Gutierrez, 1988; Rattner & Garimella, 2016a; Yousuf, et al., 2014).
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The lower system pressure described in Figure 5-1 results in an increased refrigerant mass flow
rate due to a higher liberated vapour concentration (Figure 5-3). The bubble pump vapour mass
flow rate in Figure 5-3 is shown to increase with an increase in condenser outlet temperature but,
as a result of the concentration decrease and the consequent rectification, the refrigerant mass
flow rate to the evaporator decreases. The decrease in liberated vapour concentration results
from the solution phase change, discussed in Section 2.3.1. Due to the direct correlation between
the generator bubble pump and condenser temperatures (Figure 5-1), the bubble pump vapour
concentration decreases with an increased generator temperature.
m_bp(v)
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0.13

0.62
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FIGURE 5-3 CONDENSER OUTLET TEMPERATURE INFLUENCING REFRIGERANT MASS FLOW RATE

In summary, a decrease in condenser outlet temperature, results in a lower required system
pressure and therefore a lower generator temperature. This increases the refrigerant flow rate
due to the decreased differential temperature (𝑄

= 𝑚̇𝑐 (∆𝑇)) and higher bubble pump vapour

concentration. An increased refrigerant mass flow rate results in an increased evaporator heat
gain and therefore an increased COP.
For a constant bubble pump heat input and a constant strong solution concentration, the following
interconnected reactions result due to a reduction in the condenser outlet temperature.

𝑇

5.1.2

↓

⟹
⟹

𝑃
𝑥

(

↓
) ↑

⟹
⟹
⟹
⟹

𝑇
↓
𝑚̇
↑
𝑄
↑
𝐶𝑂𝑃 ↑

STRONG SOLUTION CONCENTRATION

Although Zohar et al. (2005) reported that the concentration has little influence on the
performance of the diffusion-absorption system, this was based on the mathematical model
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constructed to predict the performance of the commercial refrigerator (high pressure). For the
operating conditions of the commercial refrigerator, the concentration has little influence on the
performance since it is restricted by the absorber and the ammonia residuals in the auxiliary return
to the evaporator. This is, however, not the case for a system operating at a lower pressure.
Zohar et al. (2009) modified the mathematical model described in Zohar et al. (2005) to enable
the comparison of the ammonia-water fluid pair with alternative options under similar operating
conditions. Although the influence of concentration was not discussed by Zohar et al. (2009), the
COP for a system operating at a lower pressure (Psys = 15.5 bar) with a higher initial generator
concentration (xi = 0.47) was 0.298. The COP is comparable to the results reported in Zohar et
al. (2005).
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FIGURE 5-4 SYSTEM PRESSURE AND CONCENTRATION INFLUENCING BUBBLE PUMP TEMPERATURE

The influence of system pressure (directly dependent on the condenser outlet temperature) and
strong solution concentration on the bubble pump temperature is illustrated in Figure 5-4. Similar
to Figure 5-1, the bubble pump temperature is shown to increase with an increase in system
pressure. Higher solution concentrations result in lower bubble pump temperatures. The system
pressure trend in Figure 5-4 is also reported by Rattner & Garimella (2016b).
As a result of the lower bubble pump temperature requirement at lower system pressures, the
evaporator heat gain capacity is higher, resulting in a higher COP. Higher strong solution
concentrations result in a higher COP due to less heat input required to liberate refrigerant vapour
from the solution in the generator bubble pump. A similar trend for concentration and COP was
reported by Yousuf et al. (2014).
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FIGURE 5-5 RECTIFICATION HEAT REJECTION AS A RESULT OF CONCENTRATION AND SYSTEM PRESSURE

A higher strong solution concentration with the corresponding lower bubble pump temperature
results in a decrease in heat rejected from the rectifier (Figure 5-5). As described for Figure 5-1
and Figure 5-3, the lower generator bubble pump temperature results in a higher liberated vapour
concentration.
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FIGURE 5-6 SYSTEM PRESSURE AND CONCENTRATION INFLUENCING COP

A critical observation in Figure 5-6 is that, with an almost linear decrease in COP for the low
concentration solution (x = 0.30) and a rapid decline for the high concentration solution (x = 0.50)
at pressures above 1900 kPa, the low concentration solution will result in a higher COP for
commercial operating conditions.
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The rapid decline in the performance of the high concentration solution is due to the limitations
imposed on the performance of the absorber and evaporator as a result of the residual refrigerant
partial pressure in the auxiliary gas return stream. With the high concentration, increasing
auxiliary gas quantity and high-pressure condition, a large quantity of refrigerant vapour cannot
be absorbed by the weak solution.
Since the partial pressure of the residual refrigerant is a function of system pressure (according
to Henry’s law), it increases with system pressure and nears the partial pressure required to affect
the low temperature conditions specified for the evaporator.

For a constant evaporator

temperature with an increasing system pressure, the auxiliary gas and as a result, the residual
ammonia mass flow rate increases (Figure 5-7). The resulting higher mass flow rate negatively
influences the evaporator heat gain capacity. When the partial pressure of the residual refrigerant
exceeds the partial pressure required for the evaporator, the evaporator temperature will be
increased, thereby reducing the practical application of the diffusion-absorption system.
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FIGURE 5-7 RESIDUAL REFRIGERANT AS A RESULT OF CONDENSER TEMPERATURE AND AUXILIARY GAS QUANTITY

In summary, the higher concentration is enabled by lower system pressure operating conditions.
A higher system pressure negatively influences the evaporator performance due to the residual
refrigerant in the auxiliary gas return. An increase in strong solution concentration results in a
higher COP.
The system pressure is directly dependent on the condenser temperature and will reduce as a
result of a lower condenser temperature (5.1.1). For a constant heat input an increase in strong
solution concentration has the following influence on operating conditions and performance:
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AUXILIARY GAS QUANTITY

The rapid decline in performance of the diffusion-absorption system is caused by the increased
auxiliary gas quantity requirement at higher system pressures (Figure 5-6). If the auxiliary gas
quantity is fixed for a similar maximum evaporator outlet temperature as the variable quantity (at
60 °C condenser temperature), the resulting COP, for condenser temperatures below 40 °C, are
approximately 0.04 lower (Figure 5-8).
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FIGURE 5-8 EVAPORATOR TEMPERATURE AND COP AS A RESULT OF CONDENSER TEMPERATURE VARIATION FOR
CONSTANT AND VARIABLE AUXILIARY GAS QUANTITIES

The higher COP results (Figure 5-8) at lower condenser temperatures are caused by the lower
required generator temperatures, not the higher evaporator outlet temperatures of the variable
auxiliary gas (m_x = var). Alternatively, if the auxiliary gas quantity is fixed, to produce a similar
maximum evaporator outlet temperature at a 30 °C condenser temperature, the difference in COP
at condenser temperatures below 40 °C are negligible (Figure 5-9).
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FIGURE 5-9 EVAPORATOR TEMPERATURE AND COP AS A RESULT OF CONDENSER TEMPERATURE VARIATION FOR
REDUCED AUXILIARY GAS QUANTITIES

However, the evaporator outlet temperature steadily increases until it is almost 8 °C for a 60 °C
condenser temperature. At this point, the diffusion-absorption system will no longer be able to
effectively produce subzero conditions. Due to the solution phase change temperature glide
(discussed in 2.3.1), the minimum evaporator temperature remains below 0 °C (evaporator inlet
temperature is -13.8 °C at Tcond = 60 °C).
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FIGURE 5-10 SYSTEM AND PARTIAL PRESSURE CONDITIONS AS A RESULT OF CONDENSER TEMPERATURE
VARIATIONS

The COP of the constant evaporator temperature conditions falls below the variable auxiliary gas
for higher condenser temperatures. The non-linear COP decrease of the variable auxiliary gas
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mass flow is attributed to the resultant increase in the residual ammonia mass flow rate. When
the auxiliary gas quantity is increased to maintain the evaporator outlet temperature, Henry’s law
dictates that the residual ammonia in the auxiliary gas return will increase. The variation in system
pressure and auxiliary gas impacts partial pressure conditions (Figure 5-10).
In summary, a variable amount of auxiliary gas, as suggested by Yousuf et al. (2014), would be
advantageous for the system COP if the condenser temperature is below 45 °C. The constant
auxiliary gas quantity simulation produces similar COP results provided that the maximum
operational condenser temperature is reduced.

A constant auxiliary gas quantity is less

complicated to realise.
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ADDITIONAL CONSIDERATIONS
RECTIFIER

Contrary to Starace and De Pascalis (2012) and Jelinek et al. (2016), the maximum refrigerant
concentration (after the rectifier at condenser inlet) is shown to positively influence the system
COP (Figure 5-11).
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FIGURE 5-11 SYSTEM COP AS A RESULT OF RECTIFIER OUTLET REFRIGERANT CONCENTRATION
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COP

Although a higher system pressure is required to liquefy the higher concentration refrigerant
vapour, the COP of the system is increased. As predicted by Herold et al. (1996), the higher
purity of the refrigerant in the evaporator has a positive influence on the COP. The refrigerant
concentration at approximately 0.996 produces a maximum COP which is attributed to the
refrigerant mass flow rate as a result of the influence the concentration has on phase change
(described in 2.3.1). The initial condensate in the rectifier will have a low refrigerant concentration
but it will increase with the purity of the refrigerant vapour.
Where Starace and De Pascalis (2012) and Zohar et al. (2005) specified the system pressure,
the model developed in CHAPTER 3 allows it to be solved according to the condenser
temperature as would be the case with the diffusion-absorption system. The lower pressure
affected by the increased refrigerant concentration is described in 2.3.1.
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GENERATOR HEAT INPUT

If the auxiliary gas is adjusted for a constant evaporator outlet temperature, the generator heat
input has no influence on the performance of the diffusion-absorption system. However, if the
auxiliary gas quantity remains constant, the evaporator temperature increases with the refrigerant
mass flow (higher partial pressure) as a result of a higher generator heat input (constant bubble
pump temperature).
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SUMMARY

It is shown that the condenser outlet temperature is a critical parameter for the operating
conditions and consequently the performance of the diffusion-absorption system. The condenser
temperature prescribes the required system pressure and therefore the generator temperature.
The lower the condenser temperature the higher the evaporator heat gain and resulting COP.
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A higher strong solution concentration is enabled by a lower system pressure and results in an
increased system COP. The higher COP is the result of a decrease in heat input requirement
and a higher bubble pump vapour concentration.
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For lower condenser temperatures and resulting lower system pressures, the auxiliary gas
quantity can remain constant without any significant decrease in performance.
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Although a higher refrigerant vapour concentration results in a higher required system pressure,
the evaporator heat gain is increased by it. The rectifier therefore has a positive influence on the
system COP.
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For a constant evaporator temperature, the heat input has no influence on the COP. If the
auxiliary gas quantity remains constant, an increased heat input has a positive influence on COP
but a negative influence on the evaporator temperature. The influence of generator heat input on
system performance is the same as the mechanism described in Section 5.1.3 for the auxiliary
gas quantity considerations.
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In order to increase the diffusion-absorption system COP and reduce the driving temperature
through the application of the non-conventional operating conditions described in this section,
supporting systems are required. These supporting systems must also enable continuous stable
operation for a solar thermal powered system and integrated the diffusion-absorption system with
domestic appliances.

_____________________________
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CHAPTER 6 SUPPORTING SYSTEMS TO ENHANCE PERFORMANCE
From the parametric analysis, the system COP and limiting parameters for solar thermal
applications can be improved through the manipulation of operating parameters. The residential
application of the diffusion-absorption refrigeration system enables the use of liquid cooling rather
than the conventional air-cooled components. As discussed in Section 1.1.3, the use of liquid
cooling was originally proposed by Von Platen and Munters (1926) and was also used for the
experimental setup by Srikhirin and Aphornratana (2002).
The experiment by Srikhirin and Aphornratana (2002) utilised a liquid coolant to withdraw heat
from the condenser and absorber components. This was done to increase the experimental
control of the system and enable a lower operating temperature for these components. Through
the application of liquid cooling, a lower system pressure of 6.1 bar (610 kPa) could be achieved
and maintained. The application of a low temperature heat sink with a higher heat transfer
capacity therefore dampens and reduces the influence of ambient temperature fluctuations on the
diffusion-absorption system.
By reducing the condenser outlet temperature, the system pressure can be reduced, which results
in a reduction in generator temperature and heat input requirement. The lower system pressure
and generator temperature results in an increased COP for the diffusion-absorption system.
With the system pressure reduced, the limitations on the maximum strong solution concentration,
imposed by Henry’s law on the partial pressure of the ammonia residuals in the auxiliary gas
return stream, no longer apply. As a result, the strong solution concentration can be increased,
which enables an additional decrease in generator temperature and heat input requirements while
increasing the system COP.
The use of liquid cooling not only enables an increase in heat exchanger effectiveness for the
conventionally air-cooled components, but it also allows usable high temperature energy to be
withdrawn from the diffusion-absorption heat pump (in a controlled manner).

Despite the

reduction in generator temperature necessary for solar thermal applications, the auxiliary heat
exchanger and rectifier reject heat at useful high temperatures (discussed in Section 7.2). The
extraction of the high temperature heat, with appropriate control mechanisms, will allow the
diffusion-absorption system to be utilised as a heat pump.
Although the system performance can be significantly increased and the driving temperature can
be reduced through the application of a heat sink and cold storage system, solar thermal
applications are inherently intermittent. The collection of solar thermal energy can only be done
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for a limited time during the day while cloud coverage can cause the effective collection to
fluctuate (Kitching, 2017).
From the literature, in Section 2.5.5, the lethargic response of the diffusion-absorption
refrigeration system is identified as a concern for solar thermal applications.

Through the

residential application of the diffusion-absorption system, the use of a suitable heat storage
system is enabled (elimination of portability constraints). This heat storage system will eliminate
the intermittent operation inherently caused by solar thermal applications.
The use of thermal storage systems, if sized according to the diffusion-absorption system
requirements, can absorb solar thermal heat, when available, while syphoning a continuous heat
supply to the generator bubble pump. Additionally, this will increase operational control of the
diffusion-absorption system.
Although the application of a heat sink and cold storage system will dampen the daily and
seasonal ambient temperature fluctuations, the operating range of the diffusion-absorption
system may still be larger than that of the commercial DAR. The commercial DAR is designed
for reliable operation rather than for maximum performance.

For conventional diffusion-

absorption systems, fluctuations in ambient temperatures will result in system pressure
fluctuations, but this may be in a smaller operating band than the system proposed here.
The commercial DAR is normally charged at a high pressure (2.2 MPa) to ensure operation at
high ambient temperatures. During reduced ambient temperature conditions, subcooling will
occur in the air-cooled components. The generator heat input and condenser performance will
influence the operating conditions of the DAR.

According to experiments and calculations

performed by Najjaran et al. (2019, p. 8) the operating pressure increases from the cold charge
pressure (2.2 MPa) to 2.61 MPa–2.68 MPa for generator temperatures between 176 °C and 189
°C.
For the diffusion-absorption system with condenser outlet temperatures ranging between 10 °C
and 35 °C, the operating pressure would be 0.5 MPa < Psys < 1.155 MPa (Figure 5-10) with a 23
°C fluctuation in the required generator temperature. Through the application of a suitable low
temperature heat sink as a supporting system, this is the expected operational range.
Fluctuations in operating conditions, under seasonal variance, will cause the motive head and
strong solution concentration in the bubble pump to change as a result of the fluctuating
refrigerant vapour quantities. In order to mitigate the influence of these automatic operational
adjustments on performance, an alternative method of controlling the system pressure is required.
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Since the diffusion-absorption system is a closed unit with no mechanical parts resulting in little
to no maintenance requirements, the primary objective is to identify similar low maintenance
support systems. However, to realise the benefits afforded by operating parameter manipulation
and to enable the heat pump application of the diffusion-absorption system, mechanical
circulation pumps will be required. Circulation pumps will enable the integration of support
systems, conveyance of the high and low temperature yields and provide a method of control.
These circulation pumps will require significantly less power (less than 50 W) relative to supplying
residential heating and refrigerating requirements with conventional appliances.
In order to clarify the purpose of the supporting systems, a schematic representation of the
integration with the diffusion-absorption system is shown in Figure 6-1 and the residential
integration of the identified auxiliary systems are discussed in in more detail in Section 6.5.

FIGURE 6-1 SCHEMATIC REPRESENTATION OF INTEGRATED SUPPORTING SYSTEMS

74

The colours in the following text corresponds to the supporting system diagrams in Figure 6-1.
The radiant heat sink and cold storage system is necessary to reduce the condenser and absorber
operating temperatures and to convey the high temperature heat to domestic applications. The
solar collectors and heat storage system is used to ensure continuous stable operation of a solar
thermal powered diffusion-absorption system. The low temperature conveyance system is used
to convey low temperature yields to domestic refrigerating applications and the refrigerant
expansion tank is necessary to enable reliable optimum operations for fluctuating ambient
conditions.
These supporting systems will be researched and described in the sections to follow.

6.1

HEAT SINK LIQUID COOLANT

Heat must be dissipated from the coolant to maintain the diffusion-absorption system pressure to
utilise liquid cooling effectively. Since heat needs to be withdrawn from diffusion-absorption
system components at valuably high temperature conditions and the system is proposed for
residential use, the heat gained by the coolant must first be dissipated in useful applications such
as geysers, pool heating (summer months) or space heating (winter months). Any residual heat
must then be rejected to maintain a near constant condenser and absorber outlet temperature.
For industrial applications, a cooling tower would be the easiest solution for the dissipation of heat
from the coolant but for residential use, minimum maintenance is a primary objective. In order to
minimise the maintenance requirements of the integrated system, all supporting systems should
preferably be closed loop systems. A radiant type of heat rejection is therefore proposed.
Theunissen (2012), investigated, developed and experimentally tested a radiant cooling system
that regulates the temperature of a heat sink through thermal syphoning. During night-time, low
temperature ambient conditions and night sky radiation, heat is rejected from the radiant cooling
system to reduce the temperature of a heat sink coolant. This mechanism is the opposite of the
conventional solar thermal geyser heating operation during daytime.
Experimental results reported by Theunissen (2012) are illustrated in Figure 6-2. Large daily
fluctuations in ambient temperatures can be observed (approximately 20 °C). The S2 heat sink
temperature is used as baseline with no heat load applied to it while an increasing heat load was
applied to S1.
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FIGURE 6-2 HEAT SINK EXPERIMENTAL RESULTS BY THEUNISSEN (2012)

For the S1 experiment, a baseline was established during the first week of testing with no heat
applied to the heat sink, after which a 30 W heat load was applied for a two-week period. The
heat load was increased to 40 W for the last two weeks of testing. The heat load applied to the
S1 storage tank has a significant influence on the average heat sink fluid temperature and more
importantly, the fluctuation in intra-day temperatures.

The fluctuation in S1 storage tank

temperature as a result of the heat applied is, on average, approximately 3 °C with the maximum
change due to heat rejection at night, closer to 5 °C.
Theunissen (2012), reported that, for the experimental 200 L storage tank with nine (∅ = 15𝑚𝑚)
tubes, one metrer in length, a 40 W heat load can be applied without a significant increase in heat
sink temperature while, mostly maintaining a temperature below the daily average. Theunissen
(2012, pp. 20-37), developed a mathematical model that considers surface emissivity, relative
humidity, ambient temperature and a variety of geometric parameters and validated it against
these experimental results. The mathematical model was then applied to design and simulate a
2100 L capacity storage tank for the annual ambient conditions of Johannesburg, Pretoria, Cape
Town and Durban. The scaled system was simulated with a 1 kW heat load resulting in an
increased capacity radiant heat sink with cold storage system that can be utilised for condenser
and absorber heat withdrawal.
The application of the heat sink fluid as coolant with residual heat gained throughout the day (after
valuable high temperature heat has been transferred) will result in relatively small temperature
fluctuations when compared to daily ambient temperatures. The application of this supporting
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system will not only dampen the daily fluctuation in condenser and absorber outlet temperatures
but also significantly reduce maximum daily and seasonal temperatures. As discussed in 5.1.1,
the lower condenser outlet temperature would result in a lower operating pressure, a lower
generator temperature requirement, a higher evaporator heat gain and therefore an increased
COP.

6.2
6.2.1

SOLAR THERMAL UTILISATION
HEAT STORAGE

The aim of utilising solar thermal energy to power the diffusion-absorption system is only viable if
the inherent intermittence thereof can be eliminated. This can be achieved through the proper
application of a heat storage system, which enables the energy collected to be equalised to a
continuous heat supply.
According to Kantole (2012, pp. 5,11,21), thermal energy storage methods are grouped into three
categories, sensible, latent and thermo-chemical heat storage.

Sensible heat storage is

described as the storage of heat in high heat capacity mediums, usually solid or liquid materials.
Thermal energy is stored in latent heat storage systems by effecting a phase change in the
material, while thermo-chemical heat storage systems rely on endothermic and exothermic
reactions. Kantole (2012, p. 25), reported that latent heat storage presents advantages over the
other storage methods. The main advantage of using latent heat storage systems is the ability to
store heat at a constant temperature.
However, for the ammonia-water diffusion-absorption system to operate at a maximum COP,
irrespective of seasonal variance, the generator temperature cannot remain constant. Although
liquid cooling will mitigate the operational fluctuations, the heat sink will remain dependent on
environmental conditions.

This causes the condenser outlet temperature of the diffusion-

absorption system to change, which results in an adjustment in system pressure and
consequently, in generator temperature.
Even though this presents a potential problem for the use of latent heat storage systems,
regarding the generator bubble pump heat input and temperature control, the constant
temperature heat supply is preferable to a degrading or variable temperature heat source. If a
phase change material with a melting temperature above the maximum generator temperature is
selected, the mass flow rate of the heat storage system can be used to control the bubble pump
operating conditions. Since the bubble pump induces the circulation of the refrigerant and weak
solution through the generation of vapour slugs, which is a function void fraction and therefore
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the vapour quality (a function of temperature and pressure), the temperature is the only variable
that needs to be controlled to maintain bubble pump performance.
A case study on a latent heat storage system for an ammonia-water absorption refrigerator was
conducted by Kantole (2012, p. 85) and erythritol was selected as phase change material due to
its relatively high latent heat of fusion and melting temperature (118 °C). Erythritol was also
recommended as a phase change material for a lithium bromide absorption cooling system due
to its driving temperature below 120 ° (Khan, et al., 2017, p. 113).
Khan, et al. (2017) compiled a review of phase change materials for heat storage applications of
solar absorption refrigeration systems (pump and heat driven).

The use of phase change

materials to store high and low temperature conditions from various components were proposed.
Khan et al. (2017), showed sugar alcohols, of which erythritol is one, to operate as phase change
materials between 60 °C and 180 °C.
This is supported by Palomo del Barrio, et al. (2017) that specifically characterised the use of
sugar alcohols as phase change materials. (Palomo del Barrio, et al., 2017, p. 567) , reported
melting temperatures ranging between 67 °C

and 177 °C with specific heat and thermal

conductivity properties comparable to that of water. Palomo del Barrio et al. (2017, p. 567), also
stated that sugar alcohols are organic phase change materials with performance properties
comparable to salt nitrate, but it does not have the corrosive and segregation problems.
Notwithstanding the recommendations of Kantole (2012) and Khan, et al. (2017) for the use of
erythritol as phase change material, should the generator bubble pump temperature requirements
not be serviceable with this sugar alcohol mixture, alternative options with higher or lower melting
point temperatures are available.
6.2.2

HEAT COLLECTION

The application of a heat storage system would provide a continuous heat supply to the generator
bubble pump but requires a method of collecting the solar thermal energy.
An investigation into the application of solar thermal collectors for the purpose of supplying heat
to the diffusion-absorption system that can utilise low-grade heat was conducted by Kitching
(2017). Different collector options were reviewed for the specific purpose of collecting solar heat
to supply a diffusion-absorption system operating at temperatures below 100 °C. Due to financial
and practical feasibility, this review resulted in the design, modelling and experimental testing of
east-west oriented compound parabolic trough collectors that deployed two-dimensional tracking.
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Kitching (2017), reported that this compound parabolic collector configuration collected a peak
4400 W of thermal energy on a cloudy day at a maximum temperature of 109 °C. However,
Kitching (2017) concluded that the collection effectiveness can be improved upon through the
implementation of a well-designed system to control the solar tracking and circulation.
These compound parabolic collectors proposed by Kitching (2017) will be an ideal option for
residential applications since it is relatively simple, cost effective and requires little maintenance.
The solar energy available for capture by a compound parabolic collector located in South Africa,
oriented north with north-south tracking is illustrated in Figure 6-3.
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FIGURE 6-3 AVERAGE DAILY ENERGY AVAILABLE FOR COLLECTION BY MONTH (KITCHING, 2017, P. 40)

According to Kitching (2017), in South Africa with a northern facing collector the available quantity
of solar energy for capturing is higher during winter months than in summer months. This is partly
due to the increased cloud coverage but mainly as a result of the incidence angle of the sun.
Although there is more daylight during summer months, the sun spends more time behind the
east-west plane during which energy cannot be captured by the north facing collectors. (Kitching,
2017, p. 38).

6.3

LOW TEMPERATURE FLUID CONVEYANCE SYSTEM

Similar to the liquid coolant proposed for the heat rejecting components of the diffusion-absorption
system, the evaporator would require a fluid from which heat can be gained. This fluid stream
with circulation pump, in a residential scenario, would then be used to extract heat from
appliances such as the freezer, fridge, water cooler and central air conditioners.
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The liquid coolant in 6.1 will gain residual heat from domestic heating applications (Figure 6-1)
due to heat exchanger effectiveness limitations. Since the temperature of the heat sink directly
influences the pressure and therefore the performance of the diffusion-absorption system, it would
be beneficial if any residual low temperature fluid returning from the domestic refrigeration
appliances is used to extract heat from the radiant heat sink cold storage. However, this would
need to be controlled to prevent unusable high temperature fluid (servicing domestic refrigeration
appliances) from exiting the evaporator.
Alternatively, any residual low temperature energy can be stored in a low temperature latent heat
storage unit through the application of proper phase change materials. Khan, et al. (2017, p. 125
& 128), suggested that water can be used for temperatures below 0 °C in an ice storage unit but
also provided a list of alternative low temperature phase change materials that have been
researched for such a purpose.
Due to the subzero temperature yields of the diffusion-absorption system, the low temperature
conveyance fluid would need to remain liquid at these conditions. A water-ethylene glycol solution
with 40% ethylene glycol concentration is proposed due to its freezing temperature of

-23.81 °C

at a pressure of 1 atmosphere.

6.4

REFRIGERANT EXPANSION TANK

The integration of the radiant heat sink and cold storage with the diffusion-absorption system will
enable operation at significantly lower condenser temperatures.

However, daily and seasonal

ambient temperature fluctuations will continue to influence the operating conditions of the
diffusion-absorption system despite the dampening influence of the heat sink system.
Additionally, the diffusion-absorption system proposed here will exchange the commercial
reliability (high system pressure) for controlled maximum performance. This requires a constant
strong solution concentration and motive head for a wide range of condenser temperatures (to be
discussed in Section 7.2).
The mechanism through which the bubble pump and condenser automatically adjusts the system
pressure is described as follows:


When the condenser temperature increases, the refrigerant condensation rate decreases
while vapour liberation from the generator bubble pump continues.

The increased

refrigerant vapour mass causes the system pressure to increase until equilibrium between
the bubble pump and condenser is established.
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This mechanism is reversible.

When the condenser temperature decreases, the

condensation rate is increased, resulting in a reduction of the refrigerant vapour mass and
thereby a reduction in system pressure.


The strong solution level (height) in the bubble pump (motive head) and the strong solution
concentration will be influenced by the condenser temperature disturbance.

In order to maintain the bubble pump performance, the motive head and consequent
submergence ratio should remain constant. The strong solution concentration should remain
unchanged to maintain the maximum system COP. It is therefore necessary to supply and extract
the necessary high concentration refrigerant vapour from an alternative source that is not linked
to the solution circulation but rather the refrigerant vapour circulation.
The refrigerant vapour mass required to increase the system pressure is dependent on the
geometric vaporous volume of the diffusion-absorption system and can therefore not be quantified
at this stage. However, due to the phase change and the influence of the radiant heat sink system,
the liquid refrigerant volume necessary to cause the pressure change is small (liquid to pressure
ratio by volume is 1:200) relative to the gaseous volume. The refrigerant vapour mass necessary
to adjust the system pressure can be calculated using the ideal gas law for each vaporous
component within a range of heat sink temperature conditions.
TABLE 6-1 SEASONAL VAPOROUS COMPONENT TEMPERATURES FOR THE BASELINE CONDITIONS IN SECTION 5.1

Rectifier
Condenser
Evaporator
Gas heat exchanger
System pressure

Temperature [°C]
Winter (Tcond = 10 °C)
Summer (Tcond = 35 °C)
Inlet
Outlet
Inlet
Outlet
93.34
50.26
101.9
69.33
50.26
5
69.33
30
-32.2
1.1
-32.39
18.2
5
-32.2
30
-32.39
510.8 kPa
1155.0 kPa

*Estimated
Volume
m3
0.00064
0.00084
0.00073
0.00021

*The estimated volume is for illustrative purposes only. Values are estimated using heat transfer
and mass flow rates, but no actual heat transfer calculations are done.
TABLE 6-2 SEASONAL VAPOROUS COMPONENT CONCENTRATION FOR THE BASELINE CONDITIONS IN SECTION 5.1

Concentration
Winter (Tcond = 10 °C)
Inlet
Rectifier
Condenser
Evaporator
Gas heat exchanger

Outlet
0.88
0.99
0.99
1.00

Summer (Tcond = 35 °C)
Inlet

0.99
0.99
0.9905
1.00

Outlet
0.78
0.99
0.99
1.00
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0.99
0.99
0.9905
1.00

Using the designed volume of each diffusion-absorption system component (to be done in future)
and the corresponding temperatures listed in Table 6-1, the relevant total mole or mass quantities
can be calculated for the corresponding system pressure.

𝑃

𝑉

=

𝑚

(33)

𝑅𝑇

𝑀

If this is applied to the condenser for winter conditions:

510′800 ∗ 0.00071 =

𝑚

𝑚
(8314)
0.01 ∗ 18.02 + 0.99 ∗ 17.03

50.26 + 5
+ 273.15
2

= 0.00247 𝑘𝑔 ≈ 2.5 𝑔 𝑅𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡 𝑔𝑎𝑠 𝑖𝑛 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟

Similarly, for the summer, the condenser would contain 5.2 g of refrigerant gas. This indicates
that the refrigerant gas quantity must be increased by 2.7 g from winter to summer conditions.
The rectifier calculation is more complex due to the variable concentration at the inlet and outlet.
But the average of the inlet and outlet conditions will give a sufficiently accurate estimate.

Rectifier:

𝑀

0.88 + 0.99
0.12 + 0.01
× 18.02 +
× 17.03
2
2

=

𝑀

= 17.956 𝑔⁄𝑚𝑜𝑙𝑒

TABLE 6-3 ILLUSTRATIVE DIFFUSION-ABSORPTION COMPONENT VAPOROUS MASS

Rectifier
Condenser
Evaporator
Gas heat exchanger

Winter (Tcond = 0 °C)

Summer (Tcond = 25 °C)

Δmrefr

g

g

g

1.9
2.9
3.0
0.9

4.2
6.1
6.5
1.9

2.3
3.2
3.5
1.0

Total differential gaseous mass is

10.0

The refrigerant quantity in the auxiliary gas circulation ring must also be supplied and extracted
by the alternative refrigerant source but do not need to be calculated using equation (33). The
auxiliary gas and refrigerant quantities are prescribed by the laws of Dalton and Henry and must
be calculated accordingly. The changes in condenser and absorber operating conditions will
subsequently alter the refrigerant mass in the auxiliary gas circulation mixture.
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A schematic representation of the proposed high concentration expansion tank is shown to be
connected to the condenser (Figure 6-4). All the components of the diffusion-absorption system
are insulated and it is assumed that ambient heat loss is negligible. The liquid coolant used to
extract heat from the condenser first exchanges heat within the expansion tank.

FIGURE 6-4 SCHEMATIC OF HIGH CONCENTRATION AMMONIA EXPANSION TANK

When the heat sink temperature increases due to the operation of the diffusion-absorption
system, heat is transferred to the high concentration liquid ammonia in the expansion tank. This
disturbs the phase equilibrium (Le Chatelier’s principle) causing ammonia to evaporate, which
results in a higher vapour mass and therefore a pressure increases in the expansion tank. The
higher expansion tank pressure causes ammonia vapour to enter the condenser while increasing
the total system pressure. The heat transferred from the heat sink fluid diminishes the influence
it has on the condenser temperature.
When refrigerant is displaced from the expansion tank into the condenser, the refrigerant
condensation rate will temporarily increase, resulting in an increased flow rate to the evaporator.
Simultaneously, the absorber effectiveness will be marginally and temporarily decreased as a
result of the higher heat sink temperature at the current system pressure.
Alternatively, if the heat sink temperature decreases as a result of the radiant heat rejection
described in 6.1, the heat sink fluid will absorb heat from the expansion tank prior to entering the
condenser.

The influence of the reduced heat sink temperature on the condenser will be

diminished by the heat gained from the expansion tank fluid. As a result of the heat rejected by
the expansion tank, high concentration refrigerant vapour will be condensed, thereby reducing
the ammonia vapour mass. This will reduce the pressure inside the expansion tank resulting in
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ammonia vapour being drawn from the condenser. The reduced ammonia vapour will result in a
system pressure reduction.
When refrigerant vapour is withdrawn from the condenser into the expansion tank, the
condensation rate will temporarily decrease. This will result in a reduced refrigerant evaporation
rate while absorber effectiveness is marginally and temporarily increased by a lower heat sink
temperature.
These temperature fluctuations between day and night and especially winter and summer are
extremely gradual and the change in system pressure will occur as such.

6.5

INTEGRATED SYSTEM DESCRIPTION

In order to better understand the operation and domestic integration of the diffusion-absorption
and supporting systems, the purpose of each supporting system is described in this section.
Although the heat exchanger effectiveness losses will be reduced if the diffusion-absorption
system supplies the domestic appliances directly with the necessary high and low temperature
yields, the operational stability and therefore performance of the diffusion-absorption system will
be compromised, and the applications limited.
6.5.1

SOLAR THERMAL UTILISATION

The operation of the diffusion-absorption system proposed here should not be confused with the
conventional intermittent operation of a mechanically driven heat pump or refrigeration machine.
Due to the lethargic response to varying operating conditions of the diffusion-absorption system
and the intermittent use of domestic appliances, it would be futile to implement this system for
intermittent operation.
As such, it is necessary to operate the diffusion-absorption system at near constant operating
conditions continuously throughout the day. With the intermittent nature of solar thermal energy,
a heat store is necessary to achieve this. Through the application of a correctly designed phase
change material heat store, the captured solar thermal energy can be stored and syphoned to the
diffusion-absorption system generator bubble pump over a 24-hour period. This supporting
system is illustrated with the orange dotted lines (- - -) connected to the generator bubble pump
in Figure 6-1.
Therefore, the main purpose of this supporting system is to capture solar thermal energy (using
compound parabolic collectors) and store the heat in such a manner that the diffusion-absorption
system can be operated continuously throughout the day without the need for alternative energy
sources during the night.
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However, if the compound parabolic collectors are unable to capture sufficient solar thermal
energy during the day due to weather conditions, the energy contained in the heat store can be
supplemented with a liquid petroleum gas (LPG) burner.
6.5.2

RADIANT HEAT SINK WITH COLD STORAGE

The radiant heat sink described in Section 6.1 would be applied as the heat sink of the diffusionabsorption condenser and the coolant for the other heat rejecting components (condenser,
absorber, auxiliary heat exchanger and rectifier).
The main purpose of the radiant heat sink is to damp the ambient temperature fluctuations and
to reduce the diffusion-absorption system condenser outlet temperature. Also, to control the
diffusion-absorption system condenser and absorber outlet temperatures by performing the role
of the heat sink for these components. Its secondary purpose is to transport the heat extracted
from the diffusion-absorption system components to the domestic applications where the heat
can be applied as needed. The radiant heat sink closed loop cycles are illustrated in Figure 6-1
with the dotted dark red lines (- - -) connected to the condenser and absorber components.
The condenser and absorber outlet temperatures are the lowest of the heat rejecting components.
These temperatures also need to be controlled for the continuity, stable operation and
performance of the diffusion-absorption system. The radiant heat sink fluid will flow through these
components first. In order to increase the temperature of the cooling liquid to a domestically
usable temperature, it will then be used to extract heat from the rectifier and auxiliary heat
exchanger components.
Once the radiant heat sink fluid has extracted heat from the diffusion-absorption system, it will
convey this heat to the relevant domestic appliances (geyser, pool heating, space heating, etc.)
where the heat will be transferred to perform the duties of the appliance.
As an example, during summer months the heat extracted from the diffusion-absorption system
will firstly be supplied to a geyser for water heating and then the residual heat can be rejected to
the water of a swimming pool.
In order to minimise daily fluctuations of the radiant heat sink temperature and therefore the
condenser and absorber temperatures, if the heat gained from the diffusion-absorption system is
not utilised it must be discarded. This can be done by transferring the heat from the radiant heat
sink fluid to the atmosphere prior to re-entering the cold storage tank.
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6.5.3

LOW TEMPERATURE FLUID CONVEYANCE SYSTEM

Similar to the heat collection and distribution duties performed by the radiant heat sink fluid, the
low temperature yield of the diffusion-absorption system is applied through the use of this system.
The main purpose of the low temperature fluid conveyance system is to reject heat to the
evaporator and then regain the heat from domestic appliances that perform refrigeration duties.
This system is separate from the radiant heat sink system and is represented by the turquoise
dotted lines (- - -) connected to the evaporator in Figure 6-1. The fluid of this supporting system,
after rejecting heat to the evaporator, will typically first gain heat from a domestic freezer, then a
fridge and whatever heat remains to be gained can be extracted from an ice machine or space
cooling appliances.
6.5.4

REFRIGERANT EXPANSION TANK

The refrigerant expansion tank is the only supporting system that forms part of the diffusionabsorption system directly.

The main purpose of this supporting system is to supply the

refrigerant necessary to increase the system pressure and extract the refrigerant necessary to
reduce the system pressure.
This component will enable the submergence ratio of the bubble pump to remain unchanged,
thereby maintaining the bubble pump performance.

6.6

SUMMARY

The advantage of residential use and integration of the diffusion-absorption system can be
achieved by implementing support systems to:
1. Enable stable continuous operation of the diffusion-absorption system.
2. Reduce the daily and seasonal condenser temperature fluctuations.
3. Decrease the average condenser outlet temperature.
4. Utilise both high and low temperature yields produced by the diffusion-absorption system.
5. Operate the diffusion-absorption system at a higher COP than conventionally achievable
(COPR > 0.2).
The use of thermal heat storage will enable solar thermal energy to be continuously supplied to
the diffusion-absorption system. This will mitigate the instability caused by intermittent solar
thermal source energy, but the conventionally high generator temperature requirement would still
pose a significant problem.
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In order to reduce the generator temperature, the system pressure and therefore the condenser
outlet temperature need to be reduced but fluctuations in daily and seasonal ambient temperature
conditions pose a problem. A radiant heat sink with adequate low temperature thermal storage
capacity will be used to mitigate the influence of ambient temperature fluctuations, . This would
not only decrease the fluctuation in temperature but also significantly reduce the average
condenser temperature due to a lower temperature liquid coolant instead of ambient air being
used for heat withdrawal.
The use of liquid coolant, proposed for the heat sink, would allow the diffusion-absorption system
to be utilised as a heat pump. The high temperature heat rejected from the rectifier and auxiliary
heat exchanger can be applied to water heaters, swimming pools and space heating, while the
heat gained by the evaporator can be replaced by a freezer, fridge and air conditioners.
In order to compensate for seasonal temperature fluctuations while the motive head and strong
solution concentration is maintained, refrigerant vapour must be supplied to or extracted from the
system using an alternative source. An expansion tank containing high concentration refrigerant
is proposed to automatically adjust the refrigerant contained in the diffusion-absorption circulation
systems for the purpose of adjusting the system pressure without negatively influencing the
bubble pump performance.
The integration of these supporting systems enables the diffusion-absorption system to be
operated at non-conventional conditions.

The diffusion-absorption system COP can be

maximised through the optimisation of these non-conventional operating conditions.

_____________________________
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CHAPTER 7 OPTIMISED RESULTS AND DISCUSSION
The mathematical model was developed, validated and applied to evaluate the influence of nonconventional operating parameters on the diffusion-absorption COP. From these results (Section
5.1), the condenser temperature was identified as a critical parameter since it prescribes the
required system pressure and therefore the resulting generator temperature and heat input. This
significantly influences the diffusion-absorption COP.
If the condenser temperature is decreased, the system pressure required to liquefy the refrigerant
can be lower, resulting in a lower generator temperature and heat input requirement. Additionally,
due to the lower system pressure an increased strong solution concentration is possible. An
increase in concentration will also reduce the generator temperature requirement and thus the
heat input.
These changes to operating conditions can be realised through the integration of the supporting
systems discussed in CHAPTER 6. The validated mathematical model is applied to determine
these optimum operating conditions of the diffusion-absorption system as enabled by residential
use.

7.1

ASSUMPTIONS

In order to optimise and predict the performance of the integrated diffusion-absorption system,
assumptions need to be made since the range of some parameters does not fall within the scope
of this investigation.


Since the liquid coolant (from the radiant heat sink) flow rate can be controlled, a 10 °C
differential temperature is assumed between the coolant and condenser outlet
temperature.



The low temperature of the conveyance fluid is assumed to be at least 10 °C below that
of the evaporator outlet.

Due to counter-flow heat exchanger and the evaporation

temperature glide, the evaporator differential temperature is more than 20 °C.


The absorber and condenser outlet temperatures are equal.



Radiant heat sink data from Theunissen (2012, p. 74) is used for annual seasonal
variance. The radiant heat sink with a cold storage supporting system described in
Section 6.1 results in minimum and maximum monthly average temperatures of 3 °C and
18 °C, respectively, due to seasonal variations (Theunissen, 2012, p. 79).
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The radiant heat sink temperatures must be increased to compensate for daily fluctuations
and the range must be expanded to compensate for intra-day variances resulting from the
heat gain (8°𝐶 ≤ 𝑇



≤ 26°𝐶).

The monthly average solar thermal heat supply varies due to seasonal solar positioning
and overcast conditions (Kitching, 2017, p. 38).



The residential refrigeration requirement is 500 W (this is for hypothetical residence and
used for sizing purposes).



The conveyance of high and low temperature yields from the diffusion-absorption system
is well-insulated and heat transferred to or from the atmosphere is negligible.

7.2
7.2.1

DIFFUSION-ABSORPTION OPTIMISATION
OPTIMISATION CRITERIA

Since the purpose of the diffusion-absorption system is to be applied to domestic applications,
the residential heating and refrigerating load requirements must be considered. At the extremes,
a geyser and freezer would be first in line for supply of high and low temperature yields,
respectively (Figure 6-1). For these applications, diffusion-absorption temperature yields below 25 °C and above 70 °C are required (with heat exchanger effectiveness).
The limitation imposed on minimum temperature is for the evaporator inlet, which is approximately
20 °C lower than the outlet. For continuity, the evaporator outlet will be evaluated against this
limitation and must therefore be at a temperature less than -8 °C.
It was reported by Moritz and Henriques (1947) that a water temperature of 48 °C will cause first
degree burns after 10 minutes of exposure. First degree burns only affect the outer layer of the
skin, but it presents as pain, skin irritation and swelling. This excludes the practicality of diluting
the hot water with cold water supply. This indicates that 48 °C water would be sufficient for
residential use.
Although a geyser temperature higher than 48 °C would be acceptable for domestic use, SANS
893-2 (2013, p. 26) dictates that a hot water system must store water at temperatures higher than
60 °C to prevent Legionella growth.

The bubble pump temperature is therefore limited to

temperatures higher than 70 °C to preheat geyser water to 60 °C with considerations for heat
exchanger effectiveness.
While these limitations are criteria central to the optimisation of the diffusion-absorption system,
the COP can be increased through a condenser temperature reduction and a strong solution
concentration increase. With the application of the heat sink, the condenser temperature can be
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reduced to below the average daily temperature. The model is therefore optimised while the nonconventional operating conditions are applied, and the limitations are imposed.
The optimisation criteria can be summarised as follows:
1. The objective is to maximise the refrigeration and heat pump coefficients of performance
with 𝐶𝑂𝑃 = 𝑓 𝑇 , 𝑥 , 𝑄 , 𝑇
2. 8° ≤ 𝑇

.

≤ 26°𝐶: The radiant heat sink temperatures are constrained according to the

results reported by Theunissen (2012, p. 74) for annual ambient fluctuations.
3. The condenser outlet temperature is constrained by the radiant heat sink temperature
with 𝑇

≥ 𝑇 + 10°𝐶 (heat exchanger effectiveness).

4. The system pressure is a function of the condenser outlet temperature and the condenser
refrigerant purity with 𝑃

= 𝑓(𝑇

,𝑥 ,𝑞

,

).

5. The strong solution concentration is an independent variable optimised to maximise the
COP although it is constrained by the bubble pump temperature. An increase in strong
solution concentration is enabled by a reduced system pressure (Section 5.1.2) thus 𝑥
𝑓(𝑇

=

).

6. The bubble pump vapour quality is a function of the system pressure and through it the
condenser temperature (equation (2)): 𝑞

= (0.00134𝑥 + 0.001962)𝑇

+ 0.093𝑥 +

0.06734.
7. 𝑇

≥ 70°𝐶 𝑎𝑛𝑑 𝑇

= 𝑓 𝑞 ,𝑃

,𝑥

: The bubble pump temperature has a minimum limit

to ensure that the high temperature yield is usable for domestic appliances and it is
constrained by the bubble pump vapour quality necessary for slug flow.
8. 𝑇

≤ −8°𝐶 𝑎𝑛𝑑 𝑇

=𝑓 𝑃

, 𝑚̇ , 𝑄

: The evaporator outlet temperature has a

maximum limit to ensure that the low temperature yield is usable.

The evaporator

temperature is determined by the system pressure, the auxiliary gas quantity and the
generator bubble pump heat input.
9. The condenser refrigerant mass flow rate is a function of the generator bubble pump heat
input with 𝑚̇

= 𝑓 𝑄 ,𝑇 ,𝑥 ,𝑃

. The generator bubble pump heat input is an

independent variable optimised to maximise COP.
10. 𝑄

≥ 500𝑊 𝑎𝑛𝑑 𝑄

= 𝑓 𝑚̇

: The evaporator heat gain is limited by the chosen

hypothetical residential refrigeration requirement. The evaporator heat gain is a function
of the refrigerant mass flow and through it the generator bubble pump heat input.
These points consider the residential application requirements in 7, 8 and 10. Other criteria are
based on fundamental considerations, assumptions in 7.1 or derived from the results of
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CHAPTER 5. The objective function is described in the first point with the set constraints in Points
2 and 3. The functional constraints are described in Points 4 to 10.
7.2.2

MAXIMISE COP BY OPTIMISING STRONG SOLUTION CONCENTRATION (XSS)

With the assumptions in 7.1, the strong solution concentration can be optimised within the
optimisation criteria defined in 7.2.1.

Limited by the prescribed bubble pump flow regime

(characterised by equation (2)) and minimum bubble pump temperature, the strong solution
concentration is optimised to maximise the refrigeration and heat pump coefficients of
performance. Figure 7-1 illustrates the maximised COP results for ranging condenser outlet
temperatures. The maximum refrigeration and heat pump coefficients of performance are 0.7031
and 1.7031, respectively, for a condenser temperature of 34 °C (maximum radiant heat sink
temperature of 24 °C with a 10 °C differential temperature).

Optimum

T_bp,lim ≥ 70°C

Refrigeration COP [-]

COPHP = 1.7031

1.75

COPR = 0.7031

0.7

1.7

0.65

1.65

0.6

1.6

0.55

1.55

0.5

1.5

Heat pump COP [-]

0.75

Tcond = 34°C
0.45

1.45
10

15

20

25

30

35

40

45

50

Condenser outlet temperature [°C]

FIGURE 7-1 MAXIMISED COP RESULTS FOR CONDENSER OUTLET TEMPERATURE VARIANCES

The optimised strong solution concentrations corresponding to the maximised COP results in
Figure 7-1 are shown in Figure 7-2. The optimum concentration increases to reduce the heat
input required to the generator bubble pump, thereby increasing the COP (equations (29) and
(30)). The gradient change in optimum concentration results from the minimum bubble pump
temperature limitation.

Once the optimisation is no longer limited by the bubble pump

temperature, the gradient of the optimised concentration for the corresponding condenser
temperature changes (Figure 7-2).
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FIGURE 7-2 OPTIMISED CONCENTRATION AND RESULTING BUBBLE PUMP TEMPERATURE FOR CONDENSER OUTLET
TEMPERATURE VARIANCES

While the reduction in condenser temperature for a constant strong solution concentration has a
positive influence on the COP (Section 5.1.1), with the flow regime considerations, an increase in
concentration is more effective in increasing the diffusion-absorption system performance.
The optimum operating conditions to achieve the maximum heat pump and refrigeration
coefficients of performance are listed in Table 7-1.
TABLE 7-1 OPTIMUM OPERATING CONDITIONS

Tcond
Psys
xss
qbp

Optimum operating conditions
34 °C
Tbp
1299 kPa
Tevap,out
0.6171 kg/kg Tevap,in
𝑚̇
0.2196 -

72.3
-8
-27.2
0.5756

°C
°C
°C
g/s

The strong solution concentration is optimised at 0.6171 resulting in refrigeration and heat pump
coefficients of performance values of 0.7031 and 1.7031, respectively. The optimised strong
solution concentration is not constrained by the bubble pump temperature limit (70 °C) since the
resulting bubble pump temperature is 72.3 °C.
Although the diffusion-absorption system remains dependent on ambient conditions, it is
dampened through the use of the radiant heat sink and cold storage system. During colder winter
months when the ambient temperatures and therefore the radiant heat sink temperatures are
much lower (𝑇

≤ 15°𝐶 according to (Theunissen, 2012, p. 74)) than the required 24 °C of the
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optimum operating conditions, intra-day heat gains will have little to no influence on the condenser
temperature. This is provided that the radiant heat sink flow rate can be controlled to maintain
the condenser outlet temperature.
This means that the diffusion-absorption system can run at a constant condenser outlet
temperature and therefore a constant system pressure for most of the year (±10 months).
During summer months the intra-day heat gain of the radiant heat sink storage can cause the
condenser outlet temperature to increase, since the radiant heat sink temperature can rise to 26
°C (from Theunissen (2012, p. 74), with a heat load applied). Although these radiant heat sink
temperature peaks are for short periods in February and September, it is necessary to test the
sensitivity of the optimum operating conditions at varying condenser outlet temperatures.
However, it is important to note that the differential temperature between the radiant heat sink
and the condenser outlet is 10 °C, which should be sufficient to absorb these fluctuations.

7.3

RADIANT HEAT SINK FLUCTUATIONS

Since the diffusion-absorption system will be integrated into domestic appliances used for
essential needs such as the preservation of food (freezer and fridge) and the heating of water
(geyser), it is necessary to evaluate the optimised diffusion-absorption system for extreme
conditions. If the radiant heat sink is unable to meet the heat extraction demand of the diffusionabsorption system, it must still be able to produce the necessary high and low temperature yields.
The heat input to the generator bubble pump will be optimised within the limitations specified in
Section 7.2.1 to evaluate these extreme conditions. The condenser outlet temperature will be
varied between 34 °C and 40 °C while the strong solution concentration and auxiliary gas mass
flow rate will remain at the optimum conditions specified in Table 7-1.
The optimum strong solution concentration and auxiliary gas quantity is then fixed since the
diffusion-absorption system will be charged with the prescribed quantities of each fluid. The heat
input is then optimised for the maximum refrigeration COP (the maximum heat pump COP will
result from this) of the increasing condenser outlet temperatures (Figure 7-3). The refrigeration
and heat pump coefficients of performance decrease as the condenser temperature is increased.
This is to be expected since the system no longer operates at optimum conditions.
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FIGURE 7-3 INCREASED CONDENSER TEMPERATURE COP RESULTS

The decreased performance is mainly attributed to the increased generator bubble pump
temperature required due to the higher system pressure necessary to liquefy the refrigerant
vapour at the condenser outlet. The system pressure and bubble pump temperature results for
the increased condenser temperature conditions that are shown in Figure 7-4.
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FIGURE 7-4 INCREASED CONDENSER TEMPERATURE BUBBLE PUMP TEMPERATURE AND SYSTEM PRESSURE
RESULTS

The higher bubble pump temperature causes reduced flow rates since the bubble pump flow rate
(𝑚̇ in Figure 3-2) and therefore the refrigerant mass flow rate (𝑚̇
The auxiliary gas flow rate is shown to remain constant in Figure 7-5.
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in Figure 3-2) are reduced.
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FIGURE 7-5 INCREASED CONDENSER TEMPERATURE MASS FLOW RATE RESULTS

Although the overall mass flow rates are reduced, the strong solution circulation is more affected
by the increased bubble pump temperature since the strong solution concentration remains
constant. The heat input to the generator bubble pump is reduced (Figure 7-6) to maintain the
evaporator temperature at increased system pressures.
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FIGURE 7-6 INCREASED CONDENSER TEMPERATURE HEAT TRANSFER RESULTS

Although the evaporator outlet temperature is maintained to ensure the domestic usability of the
low temperature yield, the evaporator heat gain is reduced as a result of the decreased refrigerant
flow rate. The heat rejected by the condenser and absorber components also decrease as a
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result of the diminished refrigerant flow rate while the heat rejected by the rectifier is slightly
increased due to the higher bubble pump temperature and lower bubble pump vapour purity.
If the radiant heat sink temperature rises to the point where it can no longer ensure the optimum
operating conditions for the diffusion-absorption system, the expansion tank will ensure that the
bubble pump performance is maintained since the submergence ratio will be maintained (Section
6.4).

7.4

DOMESTIC APPLICATION

Although the diffusion-absorption system is indirectly dependent on ambient conditions through
the integration with the radiant heat sink and cold storage system, the relatively high condenser
temperature (compared to the radiant heat sink temperature) of the optimised operating
conditions allow the system to be operated as near constant conditions throughout the year. This
is a significant advantage for the performance of the diffusion-absorption system since it is
lethargic in its response to change. Stable operation is critical for the overall performance of the
diffusion-absorption system (Section 2.5.5).
Since this stable operation can be maintained for 360 365 𝑑𝑎𝑦𝑠 of the year (98.6%), the high and
low temperature yields and the application thereof will focus only on the optimised operating
conditions. The diffusion-absorption system high and low temperature yields for the optimised
operating conditions and heat input (𝑄

= 1102𝑊) is shown in Table 7-2.

TABLE 7-2 DIFFUSION-ABSORPTION SYSTEM HIGH AND LOW TEMPERATURE YIELD RESULTS

High temperature yield
Qcond
Qabs
Qaux
Qrect
Total

901.3
888.3
87.63
0.191

W
W
W
W

1877.42 W

657.59
648.1
63.93
0.14

kWh/month
kWh/month
kWh/month
kWh/month

1369.77 kWh/month

Low temperature yield
Qevap

775 W

565.44 kWh/month

Total

775 W

565.44 kWh/month

The individual and total energy quantities are converted to kWh/month to enable the comparison
with the average electricity usage of common household appliances reported by the Matanuska
Electric Association (2014).

It is important to take the COP of refrigerators and freezers into

account when comparing the refrigeration results. A refrigeration COP of 2 is assumed for these
appliances since it is conventionally mechanical driven. The refrigeration load of the appliances
is therefore assumed to be double the electric load requirement.
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The following appliance specifications are provided by the Matanuska Electric Association (2014).
A typical refrigerator (480 L) requires 500 W for an average of 225 hours per month resulting in a
total of 112.5 kWh/month. The freezer (425 L) requires 335 W for an average of 300 hours per
month resulting in a total of 105 kWh/month. Since these are refrigerating applications, the load
must be multiplied by the mechanically driven COP (assumed to be 2). This results in a monthly
refrigeration load requirement of 225 kWh for the refrigerator and 210 kWh for the freezer.
According to the Matanuska Electric Association (2014) a geyser requires 3800 W electricity for
100 to 150 hours per month to provide for a typical family of four people. This equates to a
maximum monthly usage of 570 kWh for a geyser.
The heating and cooling requirements will change according to seasonal demands in general,
this diffusion-absorption system will be able to meet these heating and cooling demands with
excess cooling capacity of 130 kWh/month and excess heating capacity of 800 kWh/month. The
additional heating capacity can be supplied to pool heating in the summer and space heating in
the winter, while the excess cooling capacity can be used to produce ice, or it can be stored in a
cold store for later use.

7.5

FEASIBILITY OF RADIANT HEAT SINK AND COLD STORAGE

There are multiple investigations published on the design and sizing of compound parabolic
collectors and phase change material type heat stores, but little information is available regarding
radiant heat sink systems. The method of capturing solar thermal energy and storing it to be
syphoned to the diffusion-absorption generator bubble pump is deemed feasible since Kitching
(2017, p. 55) reported temperatures between 90 °C and 109 °C without a method of controlling
the fluid circulation. For this, detailed sizing calculations can be done once the residential
requirements are defined and the detailed mechanical design of the diffusion-absorption
components have been done.
Sizing calculations will be done to determine the feasibility of using the radiant heat sink with cold
storage system to control the condenser outlet temperature.
In order to minimise the physical size of the radiant heat sink, residual heat contained in the heat
sink fluid (when returning from domestic applications) must be rejected the atmosphere. The
daily temperature rise of the radiant heat sink fluid, stored in the cold store, is dependent on this
residual heat and the volume of the cold store must be determined accordingly.
It is difficult to accurately size the radiant heat sink system without a detailed analysis of the
residential load and an accurate calculation of the residual heat that needs to be absorbed by the
radiant heat sink system. However, for a “worst-case scenario”, the residual heat is rejected to a
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high temperature atmosphere (Tamb = 40 °C) and the radiant heat sink temperature is at the
maximum allowable temperature (Ths = 24 °C) to maintain the optimum condenser temperature
(Tcond = 34 °C). If the radiant heat sink temperature is lower, the temperature can increase more
than the specified daily 5 °C before influencing the condenser temperature.

The constant

pressure heat capacity of the radiant heat sink fluid (40% concentration ethylene glycol) and is
assumed to be constant at 3.54 J/g-K.
The mass flow rate of the radiant heat sink fluid must first be calculated.

The maximum

temperature of the radiant heat sink is assumed to be 5 °C less than the maximum rectifier
temperature (Trect = Tbp = 72.31 °C). The total heat gain of the radiant heat sink fluid is equal to
the total heat rejection of the condenser, absorber, rectifier and auxiliary heat exchanger
components.
𝑄

=𝑄

+𝑄

+𝑄

= 𝑚̇ 𝑐 (𝑇

𝑄

𝑚̇

+𝑄

=

= 1877.42𝑊

−𝑇 )

1877.42
= 12.33𝑔/𝑠
3.54(67 − 24)

The residual heat remaining after this heat has been rejected to the geyser, pool heater, space
heater or atmosphere is assumed to be 40 °C since the ambient temperature is assumed to be
40 °C. The residual heat can then be calculated with the previously determined mass flow rate.
= 𝑚̇ 𝑐 (𝑇

𝑄

𝑄

−𝑇 )

= 12.33 × 3.54(40 − 24) = 698.57𝑊

For the radiant heat sink to absorb this heat for a 12-hour period with a temperature increase of
less than 5 °C, the radiant heat sink cold storage capacity would be 1705𝑘𝑔 ≈ 1705 𝑙𝑖𝑡𝑒𝑟 =
1.705𝑚 .
The radiant heat sink surface area can then be calculated as done by Theunissen (2012, p. 72)
with the residual heat calculated previously and a heat dissipation rate of 40 W/m2.
𝐴

=

2(𝑄
𝑄

)

=

2(698.57)
≈ 35𝑚
40
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(Theunissen, 2012, p. 72)

The surface area and volume of the radiant heat sink and cold storage necessary to service the
diffusion-absorption system is deemed within range for residential applications.

7.6

ECONOMIC FEASIBILITY

Since an in-depth techno-economic evaluation of the residentially integrated diffusion-absorption
system proposed here is not part of the scope of this thesis, a high-level ROI calculation is done
to evaluate the economic feasibility of such a system.
Since the proposed system will be integrated into multiple residential appliances, this calculation
is done for a new residence constructed with such a system and the necessary replacements for
the conventional appliances in mind.
During the course of this thesis, students working in collaboration (Botha, 2016; Van Niekerk,
2016) managed to design and manufacture some of the diffusion-absorption system components
(heat exchangers). These components were manufactured from 316 stainless steel to prevent
corrosion and were as such, expensive. Due to additives included in the commercial refrigeration
mixture of aqua-ammonia, the need for stainless steel is eliminated and the components can be
manufactured from mild steel (less expensive).
During the component design stage of Botha (2016) and Van Niekerk (2016), the system
pressure was expected to vary between 510 kPa and 1100 kPa. The lower pressure conditions
necessitated larger component volumes due to the density variation of the refrigerant vapour.
With the current optimised diffusion-absorption refrigeration system, the system pressure (1299
kPa) will remain constant for 98.6% of the year, which would result in physically smaller
components.
However, at the time of this calculation, only the manufacturing costs of the stainless steel
components that were manufactured by Botha (2016) and Van Niekerk (2016) are readily
available and will therefore be used for the ROI calculation. The ROI calculated here will therefore
be for a “worst-case scenario”.
A scaled radiant heat sink with cold storage system and solar thermal parabolic collectors with a
heat store was manufactured by Theunissen (2012) and Kitching (2017), respectively.

A

sufficiently sized radiant heat sink with a cold storage system was also manufactured and tested
by an undergraduate student.
The total manufacturing cost for the stainless steel diffusion-absorption components, the radiant
heat sink with cold storage system (undergraduate) and the parabolic collectors with a heat store,
was approximately R245 000 (All financial calculations are done using South African Rand ZAR).
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For the residential integration and operation of the diffusion-absorption system, as it is proposed
here, additional components are required.

The cost of these components (Table 7-3) are

estimated based on previous quotations and available retail prices.
TABLE 7-3 ESTIMATED COST OF ADDITIONAL COMPONENTS

Additional components
Instrumentation
Control system
Circulation pumps
Pipework
Insulation
Installation
Reservoirs
Working fluid
Subtotal

Estimated cost
R15 000.00
R1 000.00
R9 000.00
R1 000.00
R1 000.00
R5 000.00
R 30 000.00
R5 000.00
R67 000.00

The reservoirs refer to the replacement components of the domestic geyser, freezer and fridge
components as well as the thermal storage containers of the radiant heat sink and parabolic
collectors. The estimated cost of the circulation pumps (supporting systems) is for pumps with
solar photovoltaic panels and battery backup. This will enable the circulation pumps to operate
continuously without a domestic electricity supply.
The total manufacturing and installation cost of the integrated diffusion-absorption system with
supporting systems is therefore estimated at R312 000.
When this diffusion-absorption system is installed in a newly constructed home, the domestic
appliances in Table 7-4 become redundant. The costs associated with these appliances are
estimated based on retail prices of the appliances as sized by the Matanuska Electric Association
(2014) for a typical family of four.
The estimated costs in Table 7-4 can be avoided and therefore subtracted from the total
manufacturing and installation cost of the residentially integrated diffusion-absorption system. The
net cost of the integrated diffusion-absorption system is therefore estimated at R274 000.
TABLE 7-4 ESTIMATED COST OF REDUNDANT DOMESTIC APPLIANCES

Estimated cost of redundant appliances
Geyser
R10 000.00
Freezer
R7 500.00
Fridge
R8 500.00
Pool heating
R12 000.00
Subtotal

R38 000.00
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The ROI will be based on the avoidance of electricity cost. The monthly electricity usage of the
redundant geyser, freezer and fridge appliances as reported by the Matanuska Electric
Association (2014) is listed in Table 7-5. The air conditioner and pool heating electricity usage
are estimated from the excess heat available after the maximum quantity of heat has been
transferred to the geyser. The electricity usage of the air conditioner and pool heating appliances
are for a mechanically driven heat pump and a heat pump COP of 3 is assumed.
TABLE 7-5 REDUNDANT DOMESTIC APPLIANCE ELECTRICITY USAGE

Redundant equipment electricity usage
Geyser
380 kWh/month
Freezer
105 kWh/month
Fridge
112 kWh/month
*Air conditioner
65 kWh/month
*Pool heating
216 kWh/month
Total usage
878 kWh/month
*The air conditioner (winter month space heating only is 195 kWh) and pool heating (summer
month only is 288 kWh) electricity usage is annualised and converted to a monthly average.
With the current municipal electricity price assumed to be R2.40 per kWh and a total monthly
electricity replacement of 878 kWh, the ROI is calculated as 10.84 (10 years and 10 months) with
the net cost of the integrated diffusion-absorption system R274 000.
If the estimated cost of the redundant equipment is not subtracted from the total cost of
manufacturing and installation, the ROI increases to 12.34 (12 years and 4 months).
If the manufacturing cost can be reduced by 40% when the stainless steel 316 material is replaced
with mild steel, the ROI is reduced to 6.96 (7 years).
Although a ROI of 10.84 is a relatively slow return, it is deemed financially feasible to residentially
integrate the diffusion-absorption system as proposed in this thesis.

7.7

SUMMARY

The annualised simulation results of Theunissen (2012) are used as input parameters for the
radiant heat sink and therefore the condenser temperature. Assumptions are made regarding the
differential temperatures between the diffusion-absorption system components and the external
support systems.
Within the parameters dictated by the supporting systems and residential applications, the strong
solution concentration is optimised for maximum COP while the end-user appliance requirements
are incorporated as optimisation restrictions. The maximum strong solution concentration is
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determined to be 0.6171 and the heat input is optimised to produce a maximised refrigeration
COP of 0.703 and a heat pump COP of 1.703.
With the high optimum condenser temperature and the application of the radiant heat sink, the
diffusion-absorption system can be operated at constant conditions for 98.6% of the year. This
is a considerable advantage for stable operation due to the system’s inherent lethargic response
to changing conditions.
The high and low temperature yields are shown to be sufficient to meet the heating and
refrigerating needs of a typical household with excess cooling capacity available for alternative
applications or storage and excess heating capacity available for pool heating in the summer and
space heating in the winter.
A high-level ROI calculation is done with estimated costs based on previous quotes, actual
component manufacturing costs, retail prices of domestic appliances and the domestic appliance
electricity usage reported by the Matanuska Electric Association (2014). The ROI is calculated
as 10.84 but can be reduced by changing the material used for construction and by reducing the
physical size of the diffusion-absorption system components as it was designed and
manufactured by Botha (2016) and Van Niekerk (2016).

_____________________________
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CHAPTER 8 CONCLUSION AND FUTURE RECOMMENDATIONS
8.1
8.1.1

CONCLUSION
FACTORS INFLUENCING PERFORMANCE AND LIMITATIONS

Although research into the solar thermal application of the diffusion-absorption technology has
benefited from renewed interest over the past three decades, most of the research relied on the
commercially available diffusion-absorption refrigerators.

The review of previous literature

identified multiple working fluid options, but none could compare to the performance of aquaammonia and produce temperatures below 0 °C. However, Zohar et al. (2005) reported that the
use of helium as an auxiliary gas results in a higher COP than alternative inert gas options.
Despite contradicting literature on the influence of a pre-cooler and rectifier, these components
were included due to fundamental principles explained by Herold et al. (1996).

Alternative

component configurations were reviewed to evaluate the influence each has on the performance
of the diffusion-absorption system. The alternative generator bubble pump and auxiliary weak
solution heat exchanger, proposed by Zohar et al. (2008) as well as Rattner and Garimella
(2016a), respectively, was included in the development

of the diffusion-absorption

thermodynamic cycle.
Transient investigations were reviewed to determine the influence of stable operation on the
diffusion-absorption system since start-stop is a concern for any solar thermal application. It was
reported that valuable production time is lost to the start-stop process and that the diffusionabsorption system, due to the lack of mechanical power, has a lethargic response to operational
changes.
Literature in which mathematical models were constructed to predict the behaviour of the
diffusion-absorption system, was reviewed to determine the influence of various operational
parameters on performance and to identify operational limitations. It was reported that the
mathematical models are relatively accurate in the prediction of the performance of the diffusionabsorption system and that there are multiple parameters that influence the performance of the
system.
A mathematical model was constructed using conservation of mass and energy equations and
auxiliary fundamental considerations. Additionally, flow regime limitations, residual refrigerant in
the auxiliary gas return and the application of Henry’s, Dalton’s and Le Chatelier’s laws were
included in the mathematical model constructed in CHAPTER 3. The mathematical model was
validated against the detailed experimental results reported by Ersöz (2015) and Najjaran (2019)
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while the heat exchanger effectiveness of the pre-cooler, solution heat exchanger and rectifier
components were calibrated. These published results were specifically chosen to validate the
mathematical model. The experimental DAR of Ersöz (2015) operated at driving temperatures
below 150 °C, which allowed the mathematical model to be validated for non-conventional
operating conditions. The contributions made in this thesis rely on accurately predicting the
behaviour of non-conventional diffusion-absorption operating conditions. The experimental DAR
tested by Najjaran (2019) operated at conditions similar to that of the commercial DAR. These
results are important due to the empirically determined evaporator heat gain. This allowed the
mathematical model to be directly validated for the evaporator heat gain and COP.
The model compared well with Ersöz (2015), were a maximum deviation of 6.7% was reported
on refrigeration COP.

Deviations reported on the bubble pump and absorber differential

temperatures (100% and 11%) are due to assumptions made for the model based on improved
control mechanisms and component designs. The comparison with Najjaran et al. (2019) showed
a maximum COP deviation of 2.65% but the system pressure for this comparison deviated with
20%. It was noted that the system pressure (not measured) reported by Najjaran, et al. (2019)
is not possible since the reported pressure in combination with the measured rectifier temperature
would prevent any refrigerant from entering the condenser and therefore the evaporator. An
evaporator zero flow will result in a zero heat gain and therefore a zero COP. The model
compared well with higher heat input test results from Najjaran (2019).
It was found that the mathematical model predicts the behaviour of the diffusion-absorption
system with high accuracy and can be applied to a wide range of operating conditions.
The following objective (initially set in 1.3) is as a result achieved as explained above:


Identify the factors influencing the drawbacks conventionally associated with the
commercial diffusion-absorption refrigerator.

8.1.2

QUANTITATIVE IMPROVEMENT OPPORTUNITIES

The mathematical model was then applied to simulate a variety of operating conditions to
determine the influence of these operating parameters on the COP and the other parameters.
These results compared well with similar published investigations. The condenser temperature
was identified as the parameter with the most influence on the performance and limitations of the
diffusion-absorption system. The condenser temperature not only determines the required system
pressure but through a reduction in system pressure, it mitigates the limitations imposed on the
strong solution concentration and reduces the generator bubble pump temperature requirement.
An increase in strong solution concentration will result in a substantial COP increase, provided
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that the limitations imposed by Henry’s law on the residual refrigerant in the auxiliary gas return
are not exceeded.
The auxiliary gas quantity is shown to have a significant influence on the performance and
limitations of the diffusion-absorption system. Initially it was deemed necessary to enable a
variable auxiliary gas quantity to achieve the maximum COP, but the parametric analysis showed
that it is not necessary if the condenser temperature can be reduced from the conventionally high
60 °C temperature.
The following objective (initially set in 1.3) is thus satisfied as explained above:


Demonstrate the possible advantages of quantitative improvement opportunities through
the development of a mathematical model that is validated against published
experimental results.

8.1.3

QUALITATIVE SUPPORT SYSTEMS

The reduction of the condenser temperature has been identified through the parametric analysis
and the stable operation has been identified from the literature review as parameters crucial to
the overall performance of the diffusion-absorption system. Supporting systems enabled by the
domestic use of the diffusion-absorption system are identified to facilitate COP enhancement.
1. Radiant heat sink and cold storage
2. Compound parabolic collectors and heat storage (phase change material)
3. Low temperature fluid conveyance system
4. Refrigerant expansion tank
The radiant heat sink and cold storage will radiate heat to the atmosphere during the dark low
temperature nights while continuously being used as coolant for the condenser and absorber
components. This and the useful domestic application of heat will enable the diffusion-absorption
system to operate at temperatures below the daily average while dampening the daily and
seasonal ambient temperature fluctuations. Additionally, coolant used to control the temperature
of the condenser and absorber will be passed through the rectifier and auxiliary heat exchanger
components to increase the usable temperature prior to servicing domestic applications such as
geysers, swimming pool heaters and space heaters.
Compound parabolic collectors are effective and low cost with minimal solar tracking required,
when an east-west orientation is implemented. This makes it ideal for residential applications
with low maintenance requirements.
105

The application of phase change materials as heat storage will provide improved control of the
generator bubble pump due to the constant temperature heat supply. The heat storage will also
enable continuous operation (during night-time as well) of the solar thermal powered diffusionabsorption system thereby eliminating the start-stop losses while mitigating the lethargic response
to changes in operational conditions. The variance in operational conditions will additionally be
severely reduced by the application of the radiant heat sink with cold storage system.
The only direct addition to the diffusion-absorption system is proposed in Section 6.4. The
application of the refrigerant expansion tank is proposed to alleviate the influence of the system
pressure fluctuations of the strong solution liquid in the bubble pump. The purpose of this
expansion tank is to automatically add or withdraw refrigerant vapour with seasonal variance while
the whole diffusion-absorption cycle remains a sealed system. This will enable the bubble pump
motive head and strong solution concentration to be maintained.
A low temperature fluid conveyance system will be applied to transport the evaporator yield to the
domestic refrigerating appliances.
This describes compliance with the following objective, initially set in 1.3:


Qualitatively devise possible methods that can realise these identified improvements to
mitigate the negative influence of factors causing low performance.

8.1.4

DIFFUSION-ABSORPTION SYSTEM OPTIMISATION

The integration of the radiant heat sink and cold storage system enables the condenser
temperature to be controlled and lowered from the conventional ambient air-cooled operating
conditions. This has a positive influence on the performance of the diffusion-absorption system.
Additionally, it enables the strong solution concentration to be increased, which also has a positive
influence on the diffusion-absorption system COP.
With limitations set according to domestic appliance requirements and the condenser
temperatures enabled by the radiant heat sink, the strong solution concentration and heat input
is optimised to maximise the refrigeration and heat pump coefficients of performance.
The optimum strong solution concentration is determined to be 0.6171 for a condenser
temperature of 34 °C. Flow regime considerations prescribe the generator bubble pump
temperature as 72.31 °C for a system pressure of 1299 kPa. As a result of the lower condenser
temperature, the system pressure is reduced from the conventional 2100 kPa of the commercial
DAR. With the maximum driving temperature decreased from the conventional 180 °C–200 °C
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to 𝑇

=𝑇

= 72.31°𝐶, the diffusion-absorption system can effectively be driven by solar

thermal energy.
The optimum condenser temperature is more than 10 °C higher than the radiant heat sink
temperature for 98.6% of the year. With the ability to control the radiant heat sink fluid flow rate,
the condenser temperature can be controlled and maintained for most of the year. This implies
that the diffusion-absorption system can operate at optimum conditions, with refrigeration and
heat pump coefficients of performance of 0.703 and 1.703, respectively, for most of the year.
Near constant continuous operation of the diffusion-absorption system will also be advantageous
since no lethargic response to changing conditions will be necessary.
The high and low temperature yields of the diffusion-absorption system operating at optimum
conditions will be sufficient to supply the freezer, refrigerator, pool heater and geyser of a typical
four-person residence. However, mechanical circulation pumps will be required to convey both
the high and low temperature yields to the intended applications.
Based on the optimum operating conditions of the diffusion-absorption system, the surface area
and volume of the radiant heat sink and cold storage vessel was calculated and deemed feasible
for the purpose of controlling the condenser outlet temperature and the residential integration
thereof. For the rare conditions during which the radiant heat sink system is unable to sufficiently
reduce the condenser outlet temperature, the expansion tank will maintain the bubble pump
submergence ratio and performance.
A high-level ROI calculation, done with available data, supports the feasibility of residentially
integrating diffusion-absorption and supporting systems. The ROI is calculated as 10.84, which
implies a payback period of 10 years and 10 months but possible methods of reducing this ROI
are qualitatively discussed.
This diffusion-absorption system with integrated support systems describes compliance with the
following objectives (initially set in 1.3):


Devise methods to integrate these solutions for solar thermal application and optimise
the necessary parameters for maximum COP in accordance with requirements of
domestic utilisation.



Identify, select and size the necessary components according to the designed
thermodynamic parameters.
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8.1.5

CONTRIBUTIONS

The most significant contribution is that the proposed residentially integrated solar thermal
powered diffusion-absorption system operates at optimum conditions irrespective of ambient
fluctuations or an intermittent solar thermal supply. Through the optimisation process, it was
determined that the diffusion-absorption system should be operated at a condenser temperature
of 34 °C to achieve maximum refrigeration and heat pump coefficients of performance. This near
constant operation is enabled by the integration of the radiant heat sink with cold storage.
The maximisation of diffusion-absorption system performance through the modelling and
optimisation of non-standard operating conditions.

The parametric characterisation done in

CHAPTER 5 identified non-standard operating parameters that could be optimised to maximise
the diffusion-absorption performance. The identified operating parameters (i.e. strong solution
concentration) are optimised in CHAPTER 7 with appropriate assumptions and functional
constraints.

An optimum condenser outlet temperature, strong solution concentration and

generator bubble pump heat input is determined for the maximum achievable coefficients of
performance. The bubble pump temperature requirement for slug flow is reduced by the increase
in strong solution concentration and effective powering of solar thermal energy is thereby enabled.
The residential integration of the diffusion-absorption and auxiliary systems, which include high
and low temperature thermal storage is described in CHAPTER 6. This integration enables nonstandard operating conditions and improved operational stability for the diffusion-absorption
system. Through the application of the radiant heat sink with its cold storage, the diffusionabsorption system can be operated at the optimum conditions for 98.6% of the year.
For the other 1.4% at which the diffusion-absorption system cannot operate at these optimum
conditions, the integration of a refrigerant expansion tank (used to introduce and withdraw the
refrigerant mass necessary for altering the system pressure) is proposed.

The refrigerant

expansion tank is conceptually designed and can be sized accordingly when the detailed
component design of the diffusion-absorption system components has been done.

The

refrigerant expansion tank will enable the diffusion-absorption system to maintain its performance
and operational stability irrespective of seasonal variances.
8.1.6

SUMMARY

The mathematical model was developed to predict the behaviour and evaluate the influence of
operating parameters on the diffusion-absorption COP. Due to the non-conventional operating
parameters proposed, the mathematical model was validated against experimental results from
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commercial and non-conventional diffusion-absorption systems.

With this validation the

mathematical model has been shown to accurately predict a wide range of operating parameters.
With the application of this mathematical model, the diffusion-absorption system is shown to
operate at a higher COP at a constant condenser temperature and higher strong solution
concentrations. The driving temperature of the generator bubble pump is also reduced by these
changes in operating conditions.
Due to the residential use of the diffusion-absorption system, supporting systems can be
integrated to sustainably enhance these parameters.
The application of a radiant heat sink and cold storage system will enable the condenser
temperature to be controlled at near constant optimum conditions.

The application of this

supporting system will increase the effectiveness of various heat exchangers due to the use of
liquid coolant. This liquid coolant will also be used to transport the high temperature yield to the
domestic heating appliances.
The application of compound parabolic collectors will enable the solar thermal powering of the
diffusion-absorption system while the implementation of a heat storage system using phase
change materials will enable continuous stable operation of the system. The continuous operation
will enable the diffusion-absorption system to be proportionally smaller since the heat supply
would not be used for a daytime stop-start operation but rather distributed over a 24-hour period.
Since variances in operating conditions will occur when the radiant heat sink is unable to reduce
the condenser temperature to optimum conditions (5 days of the year), the refrigerant expansion
tank is applied to add and withdraw the refrigerant required for automatic system pressure
adjustments. This will enable a constant strong solution concentration and a constant motive
head in the bubble pump.
With the integration of these supporting systems, the COP of the diffusion-absorption system is
sustainably enhanced. The reported refrigeration COP is significantly higher (𝐶𝑂𝑃 = 0.703) than
that reported in literature. As a result of these enhancements, the driving temperature (𝑇

=

72.3 °𝐶) is also severely reduced when compared to that of the commercial DAR (180 °𝐶 ≤ 𝑇

≤

200 °𝐶). Solar thermal powering can therefore be more effectively applied.
The problem, identified in 1.2, has therefore been addressed:
A diffusion-absorption system implemented for residential use cannot be effectively powered by
intermittent solar thermal energy and it has an inherently low COP.
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8.2

FUTURE RECOMMENDATIONS

It is recommended that the detailed component design of the diffusion-absorption system
proposed in CHAPTER 7 be done by building on the work previously done by Van der Walt (2012)
on the geometric design and considerations of an aqua-ammonia bubble pump; Van Niekerk
(2016) on the development of a model to investigate the factors influencing the performance of
an aqua-ammonia absorber and Botha (2016) on the work done to accurately determine the
effectiveness of aqua-ammonia heat exchanger components.
Once the detailed component designs are done, the refrigerant expansion tank can be designed
according to the sizing calculations described in 6.4. Provided that the necessary funding is
available, it is recommended that the diffusion-absorption system be manufactured and tested to
experimentally confirm the coefficients of performance predicted by the mathematical model.
Although most of the supporting systems discussed in CHAPTER 6 have been investigated to
facilitate non-conventional operating conditions in a diffusion-absorption system, these systems
have not been tested on the scale proposed in 7.4. It is therefore recommended that these
systems be further investigated, scaled and if the necessary funding is available, constructed and
tested with the application of the loads generated from the proposed diffusion-absorption system.
Research done by Kantole (2012), Kitching (2017) and Theunissen (2012) can be built upon for
future scaled system investigations (description of respective components is in CHAPTER 6).
The differential head between the condenser and evaporator components can additionally be
utilised to spray the condensate into the evaporator through the application of a venturi nozzle.
Additionally, experiments with water (with one meter head) were conducted by Botha (2016) to
determine the feasibility of utilising this venturi nozzle to also induce a suction effect from the
absorber. It was reported that it is feasible through proper design. Therefore, it is recommended
that the influence of such a device, on the evaporator performance be further investigated.
It is also recommended that the application of the diffusion-absorption system proposed in this
thesis be techno-economically evaluated to determine the financial feasibility of this system for
residential use. In order to accurately determine the financial feasibility of such an integrated
system, the domestic load requirements must be better defined and the control of the integrated
systems must be determined accordingly.

_____________________________
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CHAPTER 10 APPENDICES
10.1

GASLUX EXPERIMENT

Tests were conducted on a Gaslux ammonia-water diffusion-absorption refrigerator in an
uncontrolled environment to evaluate the effect of ambient temperature fluctuations on the
performance of the diffusion-absorption system. The fluctuations in evaporator temperature as a
result of ambient temperature fluctuations are clear in these test results (Figure 10-1).
A simple experiment was conducted using digital refrigeration thermometers to measure ambient
and evaporator temperatures for a three-day operation of a Gaslux diffusion-absorption
refrigerator heated with a liquid-petroleum (LP) gas burner. The temperatures periodically logged,
are illustrated in Figure 10-1. From these measurements, the evaporator temperature fluctuates
with the variations in ambient temperature. These fluctuations in evaporator temperatures can
only be attributed to the change in condenser and absorber effectiveness and therefore changes
in system pressure and concentration as described in 2.5.1 and 2.5.2.
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FIGURE 10-1 GASLUX EXPERIMENTAL RESULTS FOR AMBIENT INTRA-DAY VARIATIONS

______________________________

118

-25

10.2

MATHEMATICAL MODEL OF ZOHAR ET AL. (2005)

SCHEMATIC REPRESENTATION OF MODEL BY ZOHAR ET AL. (2005)

Analytical model:
𝑇 =𝑇
𝑇

=𝑇
𝑇

− 2°𝐶

= 40°𝐶

𝑇 = −35°𝐶
Combined generator, bubble pump and rectifier components:
General mass balance equations:
𝑚̇
𝑚̇

.

= 𝑚̇ + 𝑚̇

+ 𝑚̇

,

= 𝑚̇ + 𝑚̇
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(𝑛𝑜𝑡𝑒: 𝑚̇

= 𝑚̇

= 𝑚̇ )

Ammonia mass balance equations:
𝑚̇ 𝜉

= 𝑚̇ + 𝑚̇ 𝜉

𝑚̇

,

𝜉

+ 𝑚̇

,

𝜓

= 𝑚̇ + 𝑚̇ 𝜉

𝑚̇

,

𝜉

+ 𝑚̇

,

𝜓

= 𝑚̇ + 𝑚̇ 𝜉

Energy balance equation for the bubble pump:
𝑚̇

,

ℎ

,

+ 𝑚̇

,

ℎ

,

+ 𝑚̇ ℎ

− 𝑚̇

ℎ

,

,

+ 𝑚̇

,

ℎ

,

+ 𝑚̇

+ 𝑚̇

Energy balance equation for the generator:
𝑚̇ ℎ

+ 𝑚̇

,

ℎ

,

− (𝑚̇ ℎ

+ 𝑚̇

,

ℎ

𝑚̇

,

= 𝑚̇ + 𝑚̇

,

+ 𝑚̇ ℎ ) = 𝑄̇

Rectifier:
General mass balance equation:

Ammonia mass balance equation:
𝑚̇

,

𝜓

= 𝑚̇ + 𝑚̇ 𝜉

Energy balance equation:
(𝑚̇ ℎ + 𝑚̇ ℎ ) − 𝑚̇

,

ℎ

Note: 𝑚̇ is ammonia mass flow rate through condenser.
𝑚̇ = 𝑚̇
Condenser:
General mass balance equation:
𝑚̇ = 𝑚̇
Energy balance equation:
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,

= 𝑄̇

,

ℎ

=0

𝑚̇ 𝑋 ℎ

+ 𝑚̇ (1 − 𝑋 )ℎ

, ,

− 𝑚̇ ℎ = 𝑄̇

, ,

Solution heat exchanger:
General mass balance equations
𝑚̇ = 𝑚̇
𝑚̇ = 𝑚̇
Ammonia mass balance equations:
𝜉

=𝜉

𝜉 =𝜉
Energy balance equation:
(𝑚̇ ℎ

+ 𝑚̇ ℎ ) − (𝑚̇ ℎ + 𝑚̇ ℎ ) = 0

Absorber and reservoir:
5b is ammonia leaving evaporator.
Vapour mass:

𝑚̇

,

,

Liquid mass:

𝑚̇

,

,

= [𝑚̇ (1 − 𝑋 ) + 𝑚̇ ]𝑋
= [𝑚̇ (1 − 𝑋 ) + 𝑚̇ ](1 − 𝑋 )

General mass balance equation:
𝑚̇ + 𝑚̇ + 𝑚̇

= 𝑚̇ + 𝑚̇

,

Ammonia mass balance equation:
𝑚̇ + 𝑚̇ + 𝑚̇ 𝜉

= 𝑚̇ 𝜉 + 𝑚̇

,

Energy balance equation:
𝑚̇ ℎ + 𝑚̇

,

ℎ

,

+ 𝑚̇

− 𝑚̇ 𝑋 ℎ

ℎ

,
,

,

,

+ 𝑚̇

,

,

ℎ

,

,

+ 𝑚̇

Expansion chamber (Evaporator).
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,

,

ℎ

,

,

+ 𝑚̇ ℎ

,

+ 𝑚̇ ℎ

= 𝑄̇

4c is ammonia after expansion.
Vapour mass:

𝑚̇

,

,

Liquid mass:

𝑚̇

,

,

= [𝑚̇ + 𝑚̇ (1 − 𝑋 )]𝑋
= [𝑚̇ + 𝑚̇ (1 − 𝑋 )](1 − 𝑋 )

General mass balance equation:
𝑚̇ + 𝑚̇ (1 − 𝑋 ) = 𝑚̇

,

,

+ 𝑚̇

,

,

+ 𝑚̇

,

,

,

,

,

ℎ

Energy balance equation:
𝑚̇ ℎ

+ 𝑚̇ ℎ

,

+ 𝑚̇ (1 − 𝑋 )ℎ

,

= 𝑚̇ ℎ

,

ℎ

,

,

+ 𝑚̇

,

,

ℎ

,

ℎ

,

,

,

Evaporator, ammonia subcooling and gas heat exchanger.
General mass balance equation:
𝑚̇ + 𝑚̇ (1 − 𝑋 ) = 𝑚̇

,

,

+ 𝑚̇

Energy balance equation:
𝑚̇

,

,

ℎ

,

,

+ 𝑚̇

,

,

ℎ

,

,

+ 𝑚̇ 𝐶𝑝 (𝑇

+ 𝑚̇ (1 − 𝑋 ) ℎ

−ℎ

, ,

− 𝑇 ) − 𝑚̇

,

,

,

+ 𝑚̇

+ 𝑚̇ 𝐶𝑝 (𝑇 − 𝑇 ) + 𝑚̇ ℎ

,

,

,

−ℎ

,

= 𝑄̇

Coefficient of Performance (COP):

𝐶𝑂𝑃 =

𝑄̇
𝑄̇

(𝑛𝑜𝑡𝑒: 𝑚̇ = 𝑚̇

,

= 𝑚̇

,

)

Circulation ratio:
The circulation ratio is defined as the mass flow rate relation between the rich solution and the
pure ammonia.
𝑓=

𝑚̇
𝑚̇

Complimentary equations:
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P [kPa]; T [K];
1. Pressure – Temperature – Liquid concentration (mass): 𝑃 − 𝑇 − 𝜉
Ziegler, Trepp:
log 𝑃 = 𝐴 −

𝐵
𝑇

𝐴 = 7.44 − 1.767𝜉 + 0.9823𝜉 + 0.3627𝜉
𝐵 = 2013.8 − 2155.7𝜉 + 1540.9𝜉 − 1094.7𝜉
2. Pressure – Liquid concentration (mass) – Vapour concentration (mass): 𝑃 − 𝜉 − 𝜓
Bourseau, Bugarel:

𝜓 = (1 − 𝜉)

𝑎 = {[(10.75𝜉 − 17.87)𝜉 + 4.03]𝜉 − 1.31}𝜉 + 3.7 × 10

𝑃𝜉 + 6.2 × 10

3. Enthalpy of ammonia-water solution
Pátek, Klomfar:

ℎ = 100 ∑

𝜉̅ =

𝑎

.

−1

𝜉̅

18.015𝜉
18.015𝜉 + 17.03(1 − 𝜉)

4. Enthalpy of ammonia-water gas mixture
EES as reference
ℎ

+ (1 − 𝜓)ℎ

= 𝜓ℎ
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𝑃 + 7.16

10.3

ADDITIONAL (ERSÖZ, 2015) VALIDATION

TABLE 10-1 VALIDATION WITH 80W TEST RESULTS BY (ERSÖZ, 2015)

Ersöz,2015

Mathematical
model

Deviation

Coefficient of performance

COPR

0.31

0.2208

29%

Generator heat input

Qgen

80 W

80 W

0%

Evaporator heat gain

Qevap

22.36 W

17.67 W

20.97%

Heat gain (not considered)

Qgain

4.5024 W

Actual heat gain

Qevap

17.8576 W

17.67 W

1.05%

Actual COPR

COPR

0.2232

0.2208

1.08%

BP inlet
Generator
BP outlet
Rectifier outlet
Condenser outlet
Evaporator outlet
Absorber inlet
Absorber outlet
SHX ws outlet
SHX ss inlet
Operating pressure
Calculated results
SHX ss outlet
SHX ws inlet
Rectifier inlet
Separator liquid
Condenser inlet
Rect strip
Condenser outlet
Subcooled liquid ammonia
Auxiliary return
Evaporator inlet
Evaporator outlet
Absorber ws inlet
Absorber Aux return outlet
Absorber gas inlet
Absorber ss outlet
SHX ws outlet
SHX ss inlet

Experimental results
T[1]
94.03 °C
T[2]
146.43 °C
T[3]
127.08 °C
T[4]
68.19 °C
T[5]
27.63 °C
T[7]
24.16 °C
T[8]
32.09 °C
T[9]
22.98 °C
T[10]
33.01 °C
T[11]
33.01 °C
Psys
14.72 bar
m
x [-]
[g/s]
1a
0.32 0.1260
1b
0.213 0.1080
3
0.732 0.0302
3a
0.19 0.0956
4
0.952 0.0181
4a
0.4 0.0120
5
0.952 0.0181
6a
0.952 0.0181
6b
0.0009
6c
0.952 0.0191
7a
0.952 0.0191
8a
0.213 0.1080
8b
0.0009
9a
0.0191
9b
0.32 0.1260
10
0.213 0.1080
11
0.32 0.1260
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93.85
146.9
146.9
67.36
27
23
39
27
39
27
14.42
x [-]
0.32
0.2125
0.7315
0.1901
0.952
0.393
0.952
0.952
1
0.952
0.9547
0.2125
1
0.9547
0.32
0.2125
0.32

°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
bar
m
[g/s]
0.1279
0.1093
0.0307
0.0972
0.0186
0.0121
0.0186
0.0186
0.0009
0.0197
0.0197
0.1093
0.0009
0.0198
0.1279
0.1093
0.1279

0.18
0.47
19.82
0.83
0.63
1.16
6.91
4.02
5.99
6.01
2.04%

°C
°C
°C
°C
°C
°C
°C
°C
°C
°C

0.00%
0.23%
0.07%
0.05%
0.00%
1.75%
0.00%
0.00%
0.00%
0.28%
0.23%
0.00%
0.23%
0.00%

1.49%
1.19%
1.60%
1.62%
2.58%
0.91%
2.58%
2.58%
1.01%
3.09%
3.09%
1.19%
1.01%
3.49%
1.49%
1.19%
1.49%

TABLE 10-2 VALIDATION WITH 115W TEST RESULTS BY (ERSÖZ, 2015)

Ersöz,2015

Mathematical
model

Deviation

0.1956

35%
0%

Coefficient of performance

COPR

0.3

Generator heat input

Qgen

115 W

115 W

Evaporator heat gain

Qevap

29.14 W

22.49 W

22.82%

Heat gain (not considered)

Qgain

5.7104 W

Actual heat gain

Qevap

23.4296 W

22.49 W

4.01%

Actual COPR

COPR

0.2037

0.1956

3.99%

BP inlet
Generator
BP outlet
Rectifier outlet
Condenser outlet
Evaporator outlet
Absorber inlet
Absorber outlet
SHX ws outlet
SHX ss inlet
Operating pressure
Calculated results
SHX ss outlet
SHX ws inlet
Rectifier inlet
Separator liquid
Condenser inlet
Rect strip
Condenser outlet
Subcooled liquid ammonia
Auxiliary return
Evaporator inlet
Evaporator outlet
Absorber ws inlet
Absorber Aux return outlet
Absorber gas inlet
Absorber ss outlet
SHX ws outlet
SHX ss inlet

Experimental results
T[1]
94.28 °C
T[2]
149.87 °C
T[3]
128.39 °C
T[4]
69.32 °C
T[5]
28.07 °C
T[7]
25.29 °C
T[8]
32.66 °C
T[9]
23.67 °C
T[10]
33.14 °C
T[11]
33.14 °C
Psys
14.92 bar
m
x [-]
[g/s]
1a
0.32 0.1570
1b
0.206 0.1330
3
0.701 0.0434
3a
0.175 0.1140
4
0.951 0.0240
4a
0.391 0.0194
5
0.951 0.0240
6a
0.951 0.0240
6b
0.0012
6c
0.951 0.0253
7a
0.951 0.0253
8a
0.206 0.1400
8b
0.0013
9a
0.0253
9b
0.32 0.1570
10
0.206 0.1330
11
0.32 0.1570

92.01
150.9
150.9
69.32
27
25.01
39
27
39
27
14.42
x [-]
0.32
0.2086
0.6951
0.1741
0.952
0.3992
0.952
0.952
1
0.952
0.9541
0.2086
1
0.9541
0.32
0.2086
0.32

°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
bar
m
[g/s]
0.1593
0.1354
0.0446
0.1147
0.0239
0.0207
0.0239
0.0239
0.0013
0.0251
0.0251
0.1354
0.0013
0.0251
0.1593
0.1354
0.1593

______________________________
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2.27
1.03
22.51
0.00
1.07
0.28
6.34
3.33
5.86
6.14
3.35%

°C
°C
°C
°C
°C
°C
°C
°C
°C
°C

0.00%
1.25%
0.84%
0.51%
0.11%
2.05%
0.11%
0.11%
0.11%
0.32%
1.25%
0.00%
1.25%
0.00%

1.44%
1.77%
2.71%
0.61%
0.50%
6.42%
0.50%
0.50%
1.67%
0.63%
0.63%
3.29%
3.00%
0.63%
1.44%
1.77%
1.44%

10.4

(SRIKHIRIN & APHORNRATANA, 2002) HELIUM RESERVOIR

In order to maintain a constant evaporator temperature (Figure 5-8), the auxiliary gas quantity in
the evaporator needs to be dynamically adjusted. An auxiliary gas adjustment will also result in
an increased system performance (Figure 5-8), while valuable low temperature circulation fluid
below 0°C is produced.
Due to the diffusion-absorption system being a sealed closed loop with no moving parts (minimal
maintenance requirement), it is necessary to facilitate this dynamic auxiliary gas quantity
adjustment within the system itself. In order to enable this adjustment within a sealed system,
the only change to the diffusion-absorption system itself, is proposed to be the positive
displacement of auxiliary gas through the use of an expansion tank type component. This
component, like many others will need to be heavily reliant on the dynamic equilibrium.
10.4.1 LITERATURE REVIEW
The only reference to any method of auxiliary gas quantity adjustment that could be found was
done by (Srikhirin & Aphornratana, 2002). Although not discussed by (Srikhirin & Aphornratana,
2002), the schematic representation of the experiment used, displays what was called a helium
reservoir. One possibility is that the helium reservoir is intended to modify the auxiliary gas
quantity present in the evaporator. To determine the purpose of the helium reservoir, it needs to
be logically evaluated and although changes to operating conditions will cause slight and lethargic
adjustments, these adjustments will occur.
When the heat is rejected from the high concentration refrigerant vapour and results in a phase
change in the condenser, no refrigerant will enter the helium reservoir. However, when the
condenser heat sink temperature increases, while the generator bubble pump continues to
produce refrigerant vapour, the condenser effectiveness will decrease and the refrigerant vapour
will increase.
This will cause refrigerant vapour to enter the helium reservoir, thereby increasing the total
pressure and conveying auxiliary gas to the evaporator.

When the system pressure has

increased, to such a degree that a new equilibrium exists in the condenser, a higher quantity of
auxiliary gas will be present in the evaporator and, if sized correctly, the required partial pressure
will be maintained.
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SCHEMATIC REPRESENTATION OF EXPERIMENTAL DIFFUSION-ABSORPTION REFRIGERATOR USED BY SRIKHIRIN &
APHORNRATANA (2002)

Similarly, when the condenser heat sink temperature is decreased, the condenser performance
will increase and the refrigerant vapour will be condensed faster than it is produced. This will
result in a pressure reduction in the condenser and auxiliary gas will be drawn from the helium
reservoir and thereby the evaporator. When a new system pressure equilibrium is reached, less
auxiliary gas will be present in the evaporator and, if sized correctly, the partial pressure required
by the refrigerant will be maintained.
However, this will be decreasingly effective as the concentration of refrigerant vapour in the
helium reservoir will continue to increase and if auxiliary gas is pulled into the condenser, the
partial pressure caused by it will decrease condenser performance. The condenser relies on
pressure and effective heat rejection to produce saturated liquid refrigerant.
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It is therefore deduced that the intent of the helium reservoir is to increase the auxiliary gas vapour
in the evaporator during the start-up procedure. At start-up, the diffusion-absorption system is at
relatively low pressure, but the system pressure increases as refrigerant vapour is liberated from
the strong solution. Once the pressure is sufficient for saturated liquid to be produced in the
condenser, an equilibrium pressure will be maintained. But, while the system pressure increases,
auxiliary gas will be conveyed to the evaporator.
The helium expansion tank will therefore not produce the dynamic auxiliary gas adjustments
required to maintain the evaporator temperature.

_________________________
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10.5

MATHEMATICAL MODEL ADAPTED FROM VAN DER WALT (2012)

PROCEDURE DATA_shts(P_SYS, xi : DATA1$, DATA2$)
Data_xi$ = CONCAT$(String$(xi), ' ')
P1 = FLOOR(P_SYS/100)*100
IF (P1 = P_SYS) THEN
P2 = P1
ELSE
P2 = CEIL(P_SYS/100)*100
ENDIF
Data_P1$ = String$(P1)
Data_P2$ = String$(P2)
Data1$ = CONCAT$(Data_xi$, Data_P1$)
Data2$ = CONCAT$(Data_xi$, Data_P2$)
END

{DATA_shts}

PROCEDURE DATA_log(i, P_SYS, DATA1$, DATA2$ : T[1..58], q[1..58], rho[1..58], rho_l[1..58],
rho_v[1..58], v_l[1..58], v_v[1..58], h[1..58], h_l[1..58], h_v[1..58], sigma[1..58], m_am_l[1..58],
m_am_v[1..58], m_w_l[1..58], m_w_v[1..58], cp_l[1..58])
$ARRAYS ON
P_min = LOOKUP(DATA1$, 1, 1)
P_max = LOOKUP(DATA2$, 1, 1)
IF (P_min = P_max) THEN
iPOL = 1
ELSE
iPol = (P_SYS*CONVERT(kPa, MPa) - P_min)/(P_max - P_min)
ENDIF
DUPLICATE k = 1, i
A = LOOKUP(DATA1$, k, 2); B = LOOKUP(DATA2$, k, 2)
T[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 3); B = LOOKUP(DATA2$, k, 3)
rho[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 4); B = LOOKUP(DATA2$, k, 4)
rho_l[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 5); B = LOOKUP(DATA2$, k, 5)
rho_v[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 7); B = LOOKUP(DATA2$, k, 7)
v_l[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 8); B = LOOKUP(DATA2$, k, 8)
v_v[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 9); B = LOOKUP(DATA2$, k, 9)
h[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 10); B = LOOKUP(DATA2$, k, 10)
h_l[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 11); B = LOOKUP(DATA2$, k, 11)
h_v[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 15); B = LOOKUP(DATA2$, k, 15)
q[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 21); B = LOOKUP(DATA2$, k, 21)
m_am_l[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 22); B = LOOKUP(DATA2$, k, 22)
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m_am_v[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 23); B = LOOKUP(DATA2$, k, 23)
m_w_l[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 24); B = LOOKUP(DATA2$, k, 24)
m_w_v[k] = A + (B - A)*iPol
A = LOOKUP(DATA1$, k, 25); B = LOOKUP(DATA2$, k, 25)
sigma[k] = (A + (B - A)*iPol)/1000
A = LOOKUP(DATA1$, k, 27); B = LOOKUP(DATA2$, k, 27)
cp_l[k] = A + (B - A)*iPol
END
END

{DATA_log}

PROCEDURE RESULTS(c, P_SYS, DATA1$, DATA2$ : T, q, h)
P_min = LOOKUP(DATA1$, 1, 1)
P_max = LOOKUP(DATA2$, 1, 1)
IF (P_min = P_max) THEN
iPOL = 1
ELSE
iPol = (P_SYS*CONVERT(kPa, MPa) - P_min)/(P_max - P_min)
ENDIF
A = LOOKUP(DATA1$, c, 2); B = LOOKUP(DATA2$, c, 2)
T = A + (B - A)*iPol
A = LOOKUP(DATA1$, c, 15); B = LOOKUP(DATA2$, c, 15)
q = A + (B - A)*iPol
A = LOOKUP(DATA1$, c, 9); B = LOOKUP(DATA2$, c, 9)
h = A + (B - A)*iPol
END

{RESULTS}

PROCEDURE AqAm(CODE, A, B, C : T, P, x, h, s, rho, q)
$ARRAYS ON
IF (CODE = 123) THEN
A = A + 273.15
B = B*CONVERT(kPa, Bar)
CALL NH3H2O(123, A, B, C : TK, Pb, x, h, s, u, v, q)
rho = 1/v
ELSE
IF (CODE = 128) THEN
A = A + 273.15
B = B*CONVERT(kPa, Bar)
CALL NH3H2O(128, A, B, C : TK, Pb, x, h, s, u, v, q)
rho = 1/v
ELSE
IF (CODE = 234) THEN
A = A*CONVERT(kPa, Bar)
CALL NH3H2O(234, A, B, C : TK, Pb, x, h, s, u, v, q)
rho = 1/v
ELSE
IF (CODE = 238) THEN
A = A*CONVERT(kPa, Bar)
CALL NH3H2O(238, A, B, C : TK, Pb, x, h, s, u, v, q)
rho = 1/v
ELSE
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IF (CODE = 138) THEN
A = A + 273.15
CALL NH3H2O(138, A, B, C : TK, Pb, x, h, s, u, v, q)
rho = 1/v
ENDIF
{138}
ENDIF
{238}
ENDIF
{234}
ENDIF
{128}
ENDIF
{123}
P = Pb*CONVERT(bar, kPa)
T = TK - 273.15
END

{AqAm}

PROCEDURE VOID_f(i, q[1..58], rho_v[1..58], rho_l[1..58], M_dot_flux, sigma[1..58], g : EPSILON[1..58])
$ARRAYS ON
EPSILON[1] = 0
EPSILON[i] = 1
DUPLICATE k = 2,(i-1)
C_0[k] = 1 + 0.2*(1 - q[k])
U_GM[k] = (1.18/sqrt(rho_l[k]))*(g*sigma[k]*(rho_l[k] - rho_v[k]))^(0.25)
EPSILON[k] = q[k]/rho_v[k]*(C_0[k]*(q[k]/rho_v[k] + (1 - q[k])/rho_l[k]) + U_GM[k]/M_dot_flux)^(-1)
END
END

{VOID_f}

PROCEDURE VISC(i, T[1..58] , m_am_l[1..58], m_am_v[1..58], m_w_l[1..58], m_w_v[1..58] :
DELTAmu_l[1..58], Ta_am[1..58], Ta_w[1..58], mu_l[1..58], mu_v[1..58], c_am_l[1..58] )
$ARRAYS ON
T_c_mix = 570.27 [K]
T_c_am = T_CRIT(AMMONIA)
T_c_w = T_CRIT(WATER)
M_mol_am = MolarMass(AMMONIA)
M_mol_w = MolarMass(WATER)
Low = (8*(1 + M_mol_am/M_mol_w))
DUPLICATE k = 1, i
THETA[k] = T[k]/T_c_mix
tau[k] = 1 - THETA[k]
Ta_am[k] = THETA[k]*T_c_am
Ta_w[k] = THETA[k]*T_c_w
mu_am_l[k] = VISCOSITY(AMMONIA, T = Ta_am[k], x = 0)
mu_am_v[k] = VISCOSITY(AMMONIA, T = Ta_am[k], x = 1)
mu_w_l[k] = VISCOSITY(WATER, T = Ta_w[k], x = 0)
mu_w_v[k] = VISCOSITY(WATER, T = Ta_w[k], x = 1)
m_mol_am_l[k] = m_am_l[k]*M_mol_am
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m_mol_am_v[k] = m_am_v[k]*M_mol_am
m_mol_w_l[k] = m_w_l[k]*M_mol_w
m_mol_w_v[k] = m_w_v[k]*M_mol_w
m_mol_l[k] = m_mol_am_l[k] + m_mol_w_l[k]
m_mol_v[k] = m_mol_am_v[k] + m_mol_w_v[k]
c_am_l[k] = m_mol_am_l[k]/m_mol_l[k]
c_am_v[k] = m_mol_am_v[k]/m_mol_v[k]
F_mu_x[k] = 6.38*(1 - c_am_l[k])^(1.125*c_am_l[k])*(1 - exp(-0.585*c_am_l[k]*(1 c_am_l[k])^0.18))*ln(mu_am_l[k]^(0.5)*mu_w_l[k]^(0.5))
DELTAmu_l[k] = (0.534 - 0.815*(T[k]/T_c_w))*F_mu_x[k]
Upp[k] = (1 + (mu_am_v[k]/mu_w_v[k])^(0.5) * (M_mol_w/M_mol_am)^(0.25))
PHI_12[k] = (Upp[k]^2)/(sqrt(Low))
PHI_21[k] = PHI_12[k]*(mu_w_v[k]/mu_am_v[k])*(M_mol_am/M_mol_w)
mu_l[k] = exp(c_am_l[k]*ln(mu_am_l[k]) + (1 - c_am_l[k])*ln(mu_w_l[k]) + DELTAmu_l[k])
mu_v[k] = c_am_v[k]*mu_am_v[k]/(c_am_v[k] + (1 - c_am_v[k])*PHI_12[k]) + ((1 c_am_v[k])*mu_w_v[k])/((1 - c_am_v[k]) + c_am_v[k]*PHI_21[k])
END
END

{VISC}

PROCEDURE REYN(i, q[1..58], M_dot_flux, d_i, Ta_am[1..58], Ta_w[1..58], mu_l[1..58], mu_v[1..58],
c_am_l[1..58], cp_l[1..58] : Re_l[1..58], Re_v[1..58], Pr_l[1..58], f_l[1..58], f_v[1..58])
$ARRAYS ON
DUPLICATE j = 1,i
k_am_l[j] = (8.902275*10^2*Ta_am[j]^0 + (-0.69235)*Ta_am[j]^1 + (-2.4010*10^(-3))*Ta_am[j] ^2 +
0*Ta_am[j]^3)*CONVERT(milliW/m-K, kW/m-K)
k_w_l[j] = CONDUCTIVITY(WATER, T = Ta_w[j], x = 0)*CONVERT(W/m-K, kW/m-K)
k_l[j] = c_am_l[j]*k_am_l[j] + (1 - c_am_l[j])*k_w_l[j]
Re_l[j] = ((1 - q[j])*M_dot_flux*d_i)/mu_l[j]
Re_v[j] = (q[j]*M_dot_flux*d_i)/mu_v[j]
Pr_l[j] = (cp_l[j]*CONVERT(kJ/kg-K, J/kg-K))*mu_l[j]/(k_l[j]*CONVERT(kW/m-K, W/m-K))
f_l[j] = f_calc(Re_l[j])
f_v[j] = f_calc(Re_v[j])
END
END

{REYN}

FUNCTION f_calc(Re)
IF (Re < 2000) AND (Re>0) THEN
f = 16/Re
ELSE
IF (Re >= 2000) THEN
f = 0.079/(Re^0.25)
ELSE
f=0
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ENDIF
ENDIF
f_calc = f
END

{f_calc}

PROCEDURE FRIC_P_LOSS(i, q[1..58], f_l[1..58], f_v[1..58], M_dot_flux, d_i, rho_l[1..58], rho_v[1..58] :
DELTAP_f[1..58])
$ARRAYS ON
DUPLICATE k = 1, i
A[k] = f_l[k]*(2*(M_dot_flux^2))/(d_i*rho_l[k])
B[k] = f_v[k]*(2*(M_dot_flux^2))/(d_i*rho_v[k])
G[k] = A[k] + 2*(B[k] - A[k])*q[k]
DELTAP_f[k] = (G[k] * (1 - q[k])^(1/3) + B[k]*q[k]^3)
END
END

{FRIC_P_LOSS}

PROCEDURE SupVEL(i, rho_l[1..58], rho_v[1..58], m_dot_mix, A_c, q[1..58], EPSILON[1..58], g, d_i :
j_l[1..58], j_v[1..58], Slip[2..57])
$ARRAYS ON
DUPLICATE k = 1, i
IF (k = 1) THEN
VEL_l[k] = m_dot_mix/(rho_l[k]*A_c)
VEL_v[k] = 0
ELSE
IF (k = i) THEN
VEL_l[k] = 0
VEL_v[k] = m_dot_mix/(rho_v[k]*A_c)
ELSE
VEL_l[k] = (1 - q[k])*m_dot_mix/(rho_l[k]*(1 - EPSILON[k])*A_c)
VEL_v[k] = q[k]*m_dot_mix/(rho_v[k]*EPSILON[k]*A_c)
SLIP[k] = VEL_v[k]/VEL_l[k]
ENDIF
ENDIF
m_dot_l[k] = (1 - q[k])*m_dot_mix
m_dot_v[k] = q[k]*m_dot_mix
j_l[k] = VEL_l[k]*(1 - EPSILON[k])
j_v[k] = VEL_v[k]*EPSILON[k]
j_t[k] = j_l[k] + j_v[k]
ja_l[k] = j_l[k]*sqrt(rho_l[k])/sqrt(g*d_i*(rho_l[k] - rho_v[k]))
ja_v[k] = j_v[k]*sqrt(rho_v[k])/sqrt(g*d_i*(rho_l[k] - rho_v[k]))
END
END

{SupVEL}
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PROCEDURE TRANS(i, j_l[1..58], j_v[1..58], rho_l[1..58], rho_v[1..58], g, d : E_BS[1..58], E_SC[1..58],
E_CA[1..58], E_AW[1..58])
$ARRAYS ON
DUPLICATE k = 1,i
E_BS[k] = j_v[k]/(1.2*(j_v[k] + 2.17 + 35.45*exp(-j_v[k]/0.4)) + 0.345*sqrt(g*d*(rho_l[k] rho_v[k])/rho_l[k]))
E_SC[k] = j_v[k]/(1.2*(j_v[k] + 0.047*exp(j_v[k]/1.75295)) + 0.345*sqrt(g*d*(rho_l[k] rho_v[k])/rho_l[k]))
E_CA[k] = j_v[k]/(1.2*(j_v[k] + 0.1385 + 2.085*10^(47)*exp(-j_v[k]/0.07853)) + 0.345*sqrt(g*d*(rho_l[k]
- rho_v[k])/rho_l[k]))
T_A[k] = 6.295*(g*d*(rho_l[k] - rho_v[k]))^(1/2)
T_B[k] = 2.85*(j_v[k]*rho_v[k]^(1/2) + j_l[k]*rho_l[k]^(1/2) - 0.775*(g*d*(rho_l[k] - rho_v[k]))^(1/2))
T_C[k] = -1.12*rho_l[k]^(1/2) "j_liq is canstant @ 1.12m/s --> Samaras, p 762 eq14"
E_AW[k] = 1 - ((-T_B[k] + (T_B[k]^2 - 4*T_A[k]*T_C[k])^(1/2) - 0.775*g*d*(rho_l[k] - rho_v[k]))^(1/2))
END
END

{TRANS}

PROCEDURE FLOW_REG(i, E[1..58], E_BS[1..58], E_SC[1..58], E_CA[1..58], E_AW[1..58] :
FLOW$[2..57], cnt)
$ARRAYS ON
j=1
DUPLICATE k = 2,i-1
IF (E[k] < E_BS[k]) THEN
A$ = 'BUBBLY'
ELSE
IF (E[k] > E_BS[k]) AND (E[k] < E_SC[k]) THEN
A$ = 'SLUG'
ELSE
IF (E[k] > E_SC[k]) AND (E[k] > E_BS[k]) AND (E_CA[k] < 0.2) THEN
A$ = 'CHURN'
ELSE
IF (E[k] < E_CA[k]) AND (E[k] > E_AW[k]) THEN
A$ = 'WISPY ANNULAR'
ELSE
A$ = 'ANNULAR'
ENDIF
ENDIF
ENDIF
ENDIF
IF (A$ = 'SLUG') THEN
j=j+1
ELSE
cnt = j
ENDIF
FLOW$[k] = A$
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END
END

{FLOW_REG}

FUNCTION Qwal_Flow(inc, FLOW$[2..inc-1], q_bp[1..inc])
check = 0
DUPLICATE i = 2, inc
IF (FLOW$[i] = 'CHURN') AND (check = 0) THEN
check = 1
q_max = q_bp[i-1]
ENDIF
END
Qwal_Flow = q_max
END

{Qwal_Flow}

{_______________________________________________________}
{___________________INPUT_VARIABLES___________________}
{!_____Comment out T_HS and x_i to Generate q_max for slug flow (parametric table) for Aqam EES}
{T_HS = 60
[°C]
x_i = 0.3
[-]}
x_max = 0.99
[-]
T_min = -15
[°C]
d_i = 0.01
m_dot_mix = 0.016
nr_tubes = 10
A_cross = pi*(d_i^2)/4*nr_tubes

[m]
[kg/s]
[-]

M_dot_flux = m_dot_mix/A_cross
g = g#
Q_flux = 26

[kW/m^2]

{____________________CALCULATIONS_____________________}
inc = 58
{!_____Determine System Pressure according to saturated liquid temperature at Condenser outlet}
CALL AqAm(138, T_HS, x_max, 0 : zxt[1], P_SYS, zxx[1], h[1], s[1], rho[1], q[1])
{!_____Determine Evaporator partial pressure conditions according to T_evap and Sat ammonia vapour}
CALL AqAm(138, T_min, 1, 1 : T[9], P[9], x[9], h[9], s[9], rho[9], q[9])
{!_____Determine Partial pressure of auxiliary gas}
Pp_am_ev = P[9]
Pp_He_ev = P_SYS - Pp_am_ev
{!_____Lookup data tables to be used for interpolation according to system pressure}
CALL DATA_shts(P_SYS, x_i : DATA1$, DATA2$)
{!_____Interpolate between data tables to find properties at system pressure}
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CALL DATA_log(58, P_SYS, DATA1$, DATA2$ : T_bp[1..58], q_bp[1..58], rho_bp[1..58], rho_bpl[1..58],
rho_bpv[1..58], v_bpl[1..58], v_bpv[1..58], h_bp[1..58], h_bpl[1..58], h_bpv[1..58], sigma[1..58],
m_am_l[1..58], m_am_v[1..58], m_w_l[1..58], m_w_v[1..58], cp_bpl[1..58])
{!_____Calculate Reynolds number to determine flow regime}
CALL VISC(58, T_bp[1..58] , m_am_l[1..58], m_am_v[1..58], m_w_l[1..58], m_w_v[1..58] :
DELTAmu_l[1..58], Ta_am[1..58], Ta_w[1..58], mu_l[1..58], mu_v[1..58], c_am_l[1..58])
CALL REYN(58, q_bp[1..58], M_dot_flux, d_i, Ta_am[1..58], Ta_w[1..58], mu_l[1..58], mu_v[1..58],
c_am_l[1..58], cp_bpl[1..58] : Re_l[1..58], Re_v[1..58], Pr_l[1..58], f_l[1..58], f_v[1..58])
{!_____Determine Void fractions for range of Bubble-Pump qualities}
CALL VOID_f(58, q_bp[1..58], rho_bpv[1..58], rho_bpl[1..58], M_dot_flux, sigma[1..58], g :
EPSILON[1..58])
{CALL FRIC_P_LOSS(58, q_bp[1..58], f_l[1..58], f_v[1..58], M_dot_flux, d_i, rho_bpl[1..58],
rho_bpv[1..58] : DELTAP_fric[1..58])}
{!_____Determine superficial velocity in bubble-pump tube(s), void fraction transitions between flow
regimes}
CALL SupVEL(58, rho_bpl[1..58], rho_bpv[1..58], m_dot_mix, A_cross, q_bp[1..58], EPSILON[1..58], g,
d_i : j_l[1..58], j_v[1..58], Slip[2..58-1])
CALL TRANS(58, j_l[1..58], j_v[1..58], rho_bpl[1..58], rho_bpv[1..58], g, d_i : EPSILON_BS[1..58],
EPSILON_SC[1..58], EPSILON_CA[1..58], EPSILON_AW[1..58])
{!_____Flow regime at bubble-pump qualities}
CALL FLOW_REG(58, EPSILON[1..58], EPSILON_BS[1..58], EPSILON_SC[1..58], EPSILON_CA[1..58],
EPSILON_AW[1..58] : FLOW$[2..58-1], cnt)
CALL RESULTS(cnt, P_SYS, DATA1$, DATA2$ : T_max, q_max, h_max)
CALL RESULTS(cnt-5, P_SYS, DATA1$, DATA2$ : T_opt, q_opt, h_opt)
q_SLUG = Qwal_Flow(58, FLOW$[2..58-1], q_bp[1..58])

________________________
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10.6

MATHEMATICAL MODEL (DEVELOPED IN EES)

FUNCTION Qwal_Flow(x, Ti)
T = Ti
DUPLICATE i = 0,5
A = LOOKUP('q_max_SLUG', 61*i+1, 1)
DUPLICATE j = 1,61
B = LOOKUP('q_max_SLUG', i*61+j, 2)
IF (A = x) AND (B = T) THEN
q = LOOKUP('q_max_SLUG', i*61+j, 3)
ENDIF
END
END
Qwal_Flow = q
END

{Qwal_Flow}

FUNCTION AUX(A$, calc, const)
IF (A$ = 'True') THEN
AUX = calc
ELSE
AUX = const
ENDIF
END

{AUX}

PROCEDURE ABS_x(x,r$, a$, T, P: ABS, C$)
P_xr = HENRYCONSTANT_WATER(r$, T = T)*((x/MOLARMASS(r$))/(x/MOLARMASS(r$) + (1x)/MOLARMASS(a$)))
x_i = x
C$ = 'TRUE'
IF (P_xr < P) THEN
ABS = x
ELSE
REPEAT
x_i = x_i - 0.01
P_xr = HENRYCONSTANT_WATER(r$, T = T)*((x_i/MOLARMASS(r$))/(x_i/MOLARMASS(r$)
+ (1-x_i)/MOLARMASS(a$)))
UNTIL (P_xr < P)
ABS = x_i
C$ = 'FALSE'
ENDIF
END
{ABS_x}
FUNCTION EvapX(T, mf8, mf7, x7, mfe2, xe2, mfe3, xe3)
IF (T< 30) THEN
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EvapX = 1
ELSE
EvapX = (mf7*x7 + mfe2*xe2 - mfe3*xe3)/mf8
ENDIF
END

{EvapX}

FUNCTION EvapO(q)
IF (q>1) THEN
EvapO = 1
ELSE
EvapO = q
ENDIF
END

{EvapO}

{!__________________________________________________________________________________
_________________}

{!_____INPUTS_VARIABLES_____}
{OPTIMISING VARs}
T_csl = T_HS + 10
T_HS = 24
x_i = 0.6171
Q_in = 2000
Aux_var$ = 'True'

[°C]
[-]
[W]
{IF = True: Aux qty can change, IF = False: Aux qty = Aux_ElectroLux}

{!__________________________________________________________________________________
_________________}
{__AQUA_AMMONIA__}
{INPUT VARs}
T_e = -16
x_m = 0.99

[°C]
[-]

{AUX_GAS__H2/He}
aux_ga$ = 'HELIUM'
refr$ = 'AMMONIA'
abs$ = 'Water'
{DEFAULT FOR COMMERCIAL SYSTEM}
Aux_ElectroLux = 0.9194

[-] {Calculated @ x_i = 0.3; T_HS = 50; T_e = -15 @ q_e = 1}

{TEMPORARY VARIABLES - CFD}
eps_RHX = 0.8
eps_Rect = 0.8
eps_PC = 0.7
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{!_____AQAM_CALCULATIONS_____}
P_sys = PRESSURE(NH3H2O, T = T_csl, q = 0, x = x_m)
{__________Determine system
pressure from Condenser Sat Liq temperature}
q_bp = Qwal_Flow(x_i, T_csl)
{__________Find maximum
bubble-pump quality for Slug Flow regime (Van der Walt, S. 2012)}
T_bp = TEMPERATURE(NH3H2O, P = P_sys, q = q_bp, x = x_i)
{__________Determine
bubble-pump temperature from P_sys and maximum quality for slug flow regime}
{Bubble-pump outlet}
P[1] = P_sys; T[1] = T_bp; q[1] = q_bp; x[1] = x_i;
h[1] = ENTHALPY(NH3H2O,P = P[1], q = q[1], x = x[1])

mf[1] = 1

[-]

P_a[2] = P_sys; T_a[2] = T_bp; q_a[2] = 0
x_a[2] = MASSFRACTION(NH3H2O, P = P_a[2], T = T_a[2], q = q_a[2])
h_a[2] = ENTHALPY(NH3H2O, P = P_a[2], T = T_a[2], q = q_a[2])
mf[1]*x[1] = mf[2]*x[2] + mf_a[2]*x_a[2]
mf[1]*h[1] = mf[2]*h[2] + mf_a[2]*h_a[2]
{Seperator outlet}
P[2] = P_sys; T[2] = T_bp
q[2] = QUALITY(NH3H2O, P = P[2], T = T[2], x = x[2])
mf[1] = mf[2] + mf_a[2]
mf[2] = mf[1]*q[1]
{Rectifier outlet}
P[3] = P_sys; x[3] = x_m; q[3] = 1
T[3] = TEMPERATURE(NH3H2O, P = P[3], x = x[3], q = q[3])
h[3] = ENTHALPY(NH3H2O, P = P[3], x = x[3], q = q[3])
{Rectifier liquid outlet}
P_a[3] = P_sys; q_a[3] = 0;
{!_____________________________________________________________} T_a[3] = T[3] + (T[2] T[3])*eps_Rect
x_a[3] = MASSFRACTION(NH3H2O, P = P_a[3], T = T_a[3], q = q_a[3])
h_a[3] = ENTHALPY(NH3H2O, P = P_a[3], T = T_a[3], q = q_a[3])
{Regen HX WS inlet}
P_a[4] = P_sys; q_a[4] = 0
mf_a[4] = mf_a[2] + mf_a[3]
T_a[4] = TEMPERATURE(NH3H2O, P = P_a[4], h = h_a[4], q = q_a[4])
mf_a[4]*x_a[4] = mf_a[2]*x_a[2] + mf_a[3]*x_a[3]
mf_a[4]*h_a[4] = mf_a[2]*h_a[2] + mf_a[3]*h_a[3]
mf[3] = mf[2] - mf_a[3]
mf[3]*x[3] = mf[2]*x[2] - mf_a[3]*x_a[3]
{Condenser Outlet, Sat liq}
P[4] = P_sys;
T[4] = T_csl; x[4] = x_m; q[4] = 0
h[4] = ENTHALPY(NH3H2O, P = P[4], x = x[4], q = q[4])
mf[4] = mf[3]
P_evap = Pressure(NH3H2O,T = T_e, x = x[7], q = 1)
{Calculate Auxiliary gas quantity}
P_x[2] = P_sys - P_evap {P_water is negligible @ x = 0.0000001}
Aux_calc = P_x[2]/P_sys
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nf_x = AUX(Aux_var$, Aux_calc, Aux_ElectroLux)
m_x = nf_x*MOLARMASS(aux_ga$)
m_xr = P_evap/P_sys*Molarmass(refr$)
mf_xe = m_x/(m_x + m_xr)
mf_xre = m_xr/(m_xr + m_x)
{Refr and Aux gas return from abs to evap}
CALL ABS_x(x_i,refr$, abs$, T_csl, P_evap: x_abs, Continuity$)
n_abs = ((x_abs/MOLARMASS(refr$))/(x_abs/MOLARMASS(refr$) + (1x_abs)/MOLARMASS(abs$)))
P_xr = HENRYCONSTANT_WATER(refr$, T = T_csl)*n_abs
P_x[1] = P_sys - P_xr
m_x_ABS = P_x[1]/P_sys*MOLARMASS(aux_ga$)
m_xr_ABS = P_xr/P_sys*MOLARMASS(refr$)
mf_xr_a = m_xr_ABS/(m_xr_ABS + m_x_ABS)
mf_x_a = m_x_ABS/(m_xr_ABS + m_x_ABS)
mf_xr = mf_xr_a*(mf_x/mf_x_a)
x_xr = 1
h_xr[1] = ENTHALPY(NH3H2O, P = P_xr, T = T_csl, x = x_xr)
h_x[1] = Enthalpy(Aux_ga$, P = P_x[1], T = T_csl)
mf[7] + mf_el[2] = mf[4] + mf_xr
{!_____________Combined precooler refrigerant mass flow}
mf[7]*x[7] + mf_el[2]*x_el[2] = mf[4]*x[4] + mf_xr*x_xr
combined concentration of PC liq and vap}
mf_eo*x_eo = mf[4]*x[4] + mf_xr*x_xr
mf_eo = mf[4] + mf_xr
q_eo = Quality(NH3H2O, T = T[7], P = P[7], x = x_eo)

{!_____________Calculate

x[7] = 1;{ T[7] = T_e}; q[7] = 1; mf_x = m_dot_x/m_dot[1]
{P[7] = Pressure(NH3H2O, T = T[7], x = x[7], q = q[7])}
x_el[2] = Massfraction(NH3H2O, T = T_e, P = P_evap, q = 0)
P[7] = (mf[7]/MOLARMASS(refr$))/((mf[7]/MOLARMASS(refr$)) + mf_x/MOLARMASS(aux_ga$))*P_sys
h[7] = Enthalpy(NH3H2O, T = T[7], P = P[7], x = x[7])
{for reference purposes only}
T[7] = Temperature(NH3H2O, P = P[7], x = x[7], q = q[7])
{Precooler Outlet}
h[5] = h[4] - mf[8]*(h[8] - h[7])/mf[4]
T[5] = Temperature(NH3H2O, P = P_sys, x = x_m, h = h[5])
{Evaporator Inlet}
x[6] = 1;
P[6] = (mf[6]/MOLARMASS(refr$))/((mf[6]/MOLARMASS(refr$)) + mf_x/MOLARMASS(aux_ga$))*P_sys
mf_ei = mf[4] + mf_xr
mf_ei*x_ei = mf[4]*x[4] + mf_xr*x_xr
h[6] = h[5]
T[6] = Temperature(NH3H2O, P = P[6], h = h[6], x = x_ei)
q_ei = Quality(NH3H2O, P = P[6], h = h[6], x = x_ei)
mf[6] = q_ei*mf[4] + mf_xr
mf[6] + mf_el[1] = mf[4] + mf_xr
mf[6]*x[6] + mf_el[1]*x_el[1] = mf[4]*x[4] + mf_xr*x_xr
mf[8] = mf[4] + mf_xr
refrigerant mass flow}
mf[8]*x[8] = mf[4]*x[4] + mf_xr*x_xr
concentration of PC liq and vap}

{!_____________Combined precooler
{!_____________Calculate combined
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P[8] = ((mf[8]/MOLARMASS(refr$))/(mf[8]/MOLARMASS(refr$) +
(mf_x)/MOLARMASS(aux_ga$)))*P_sys
{!_____________________________________________________________} T[8] = T[7] + (T_csl T[7])*eps_PC
h[8] = Enthalpy(NH3H2O, T = T[8], P = P[8], x = x[8])
q[8] = Quality(NH3H2O, T = T[8], P = P[8], x = x[8])
P_x[4] = P_sys - P[8]
T_x[4] = T[8]
h_x[4] = Enthalpy(aux_ga$, P = P_x[4], T = T_x[4])
{Regen HX outlet}
P_a[5] = P_sys;
x_a[5] = x_a[4]
{!_____________________________________________________________} T_a[5] =T_a[4] (T_a[4] - T_csl)*eps_RHX
h_a[5] = ENTHALPY(NH3H2O, P = P_a[5], T = T_a[5], x = x_a[5])
mf_a[5] = mf_a[4]
{Auxiliary HX outlet}
P_a[6] = P_sys;
x_a[6] = x_a[4]
{!_____________________________________________________________} T_a[6] = T_csl;
h_a[6] = ENTHALPY(NH3H2O, P = P_a[6], T = T_a[6], x = x_a[6])
mf_a[6] = mf_a[5]
{Absorber Outlet}
P[9] = P_sys; T[9] = T_csl;
mf[9] = mf[8] + mf_a[6] - mf_xr
mf[9]*x[9] = mf[8]*x[8] + mf_a[6]*x_a[6] - mf_xr*x_xr
h[9] = ENTHALPY(NH3H2O, P = P[9], T = T[9], x = x[9])
{Regenrative HX outlet}
P[10] = P_sys; x[10] = x_i
mf[9]*h[9] +mf_a[4]*h_a[4] = mf[10]*h[10] + mf_a[5]*h_a[5]
T[10] = Temperature(NH3H2O, P = P[10], h = h[10], x = x[10])
mf[10] = mf[9]
{Generator Inlet}
P[0] = P[10];
T[0] = T[10];

x[0] = x[10];

h[0] = h[10];

mf[0] = mf[10]

{Mass flow rate}
Q_in = m_dot[1]*(h[1] - h[10])
m_dot[2] = m_dot[1]*mf[2]
m_dot[3] = m_dot[1]*mf[3]
m_dot[4] = m_dot[1]*mf[4]
{m_dot[7] = m_dot[1]*mf[7]}
m_dot[8] = m_dot[1]*mf[8]
m_dot[9] = m_dot[1]*mf[9]
m_dot[10] = m_dot[1]*mf[10]
m_dot_xr = m_dot[1]*mf_xr
m_dot_x = 0.5756 {m_dot[1]*mf_x}
m_dot_a[2] = m_dot[1]*mf_a[2]
m_dot_a[3] = m_dot[1]*mf_a[3]
m_dot_a[4] = m_dot[1]*mf_a[4]
m_dot_a[5] = m_dot[1]*mf_a[5]
m_dot_a[6] = m_dot[1]*mf_a[6]
Q_rect = (m_dot[3]*h[3] + m_dot_a[3]*h_a[3]) - m_dot[2]*h[2]

141

Q_cond = m_dot[4]*h[4] - m_dot[3]*h[3]
Q_abs = (m_dot[9]*h[9] + m_dot_x*h_x[1] + m_dot_xr*h_xr[1]) - (m_dot[8]*h[8] + m_dot_x*h_x[4] +
m_dot_a[6]*h_a[6])
Q_aux = m_dot_a[6]*h_a[6] - m_dot_a[5]*h_a[5]
Q_evap = (m_dot[8]*h[8] + m_dot_x*h_x[4]) - (m_dot[4]*h[4] + m_dot_x*h_x[1] + m_dot_xr*h_xr[1])
COP_R = Q_evap/Q_in
COP_HP = 0 - (Q_rect + Q_cond + Q_abs + Q_aux)/Q_in
E_B = Q_rect + Q_cond + Q_abs + Q_aux + Q_evap + Q_in
f = m_dot[2]/m_dot_a[2]
Delta_T_evap = T[9] - T[7]

{__________________________________________________________________________________}

_________________________
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