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ABSTRACT 

Title:  The evaluation of a solar-driven aqua-ammonia diffusion absorption heating and 

cooling cycle 

Author: Mr M.C. Potgieter 

Supervisor: Prof. C.P. Storm 

School: School of Mechanical and Nuclear Engineering 

Degree: Master of Engineering 

An ever-increasing demand for energy with virtually no decline in our dependence on fossil fuels 

puts the world’s non-renewable resources under great pressure.  This problem necessitates careful 

consideration of alternative methods of energy conversion and usage by investigation of novel and 

more sustainable methods or new applications for old ideas.  Using solar thermal energy to drive an 

absorption cycle is one such new use for technology which has been around for almost a century. 

Low values for coefficient of performance (COP) and high capital cost are large drawbacks of such 

systems.  However due to negligible operating costs the investment can be regained back quickly.  

There are several possible mixtures to use as working fluid of which aqua-ammonia is selected for 

diffusion absorption systems as well as solar-driven variants.  This is due to the low temperatures 

that can be achieved in the evaporator for refrigeration purposes.  Another factor for its use in a 

simulation is the availability of accurate thermo-physical property correlations. 

The simulation of such a cycle is required in order to prove its feasibility in a domestic setting 

within South Africa.  After thorough investigation of cycle configurations and alternative working 

fluids, the study focusses on simulating a zero-order model of a solar-powered diffusion absorption 

cycle for refrigeration purposes.  Climate data of Potchefstroom over a 22-month period is used in 

order to establish boundary values for temperatures and along with certain system requirements, 

parameters are set for the overall cycle.  Varying performance and efficiency is also investigated. 

By following a systems-CFD approach the cycle is represented as a thermal-fluid system network of 

components connected by nodes to closely resemble reality.  Where previous studies have neglected 

zero-order requirements or adequately accounted for irreversibilities, here the conservation 

equations have been applied with the most terms used and the least amount of assumptions made in 

order to achieve the greatest accuracy. 
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Several steps are followed in order to evaluate the cycle as the title suggests.  The diffusion 

absorption refrigerator (DAR) cycle performance is evaluated when using helium or hydrogen as 

auxiliary gas.  A slight increase in COP is found when using helium, but it is not sufficient to justify 

the cost.  A secondary simulation of an alternate dual-pressure cycle using a pump is done as 

feasibility comparison with the same parameters as the diffusion cycle.  It was found that the second 

cycle is not acceptable due to high evaporator temperatures needed to ensure liquid enters the pump 

instead of partially evaporated solution.  This would greatly increase the work input required for 

what essentially becomes a compressor. 

Optimisation of the DAR is evaluated by simulating the use of a rectification column and the effects 

of different design points on overall performance.  Meteorological data for Potchefstroom, South 

Africa is used to perform a yearly analysis on the simulated cycle and to specify a suitable design 

point.  The use of a radiative cooling system as heat sink for the system is then investigated and 

incorporated into the system model. 

Finally, the performance characteristics of the simulated DAR cycle are discussed, verified and 

compared with available data from similar research.  It is shown that a 40% solution aqua-

ammonia-hydrogen cycle driven by 526 kW of solar thermal energy at 130°C and a system pressure 

of 1.5 MPa can easily achieve a COP over 0.4 with an air-cooled absorber at 40°C and a water-

cooled condenser at 35°C. A 231 kW refrigeration capacity at an average evaporator temperature of 

–20°C is achieved, satisfying the requirements for a domestic refrigeration system. 

 

Keywords:  Solar, aqua-ammonia, diffusion, absorption cycle, DAR, radiative cooling system, 

solar collectors, generator, absorber, condenser, evaporator, renewable energy. 
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UITTREKSEL 

Titel: Die evaluasie van ‘n son-gedrewe akwa-ammonia diffusie absorpsie verhittings- en 

verkoelingsiklus 

Outeurr: Mnr M.C. Potgieter 

Studieleier: Prof. C.P. Storm 

Skool:  Skool vir Meganiese en Kern Ingenieurswese 

Graad:  Magister in Ingenieurswese 

‘n Toenemende aanvraag na energiebronne terwyl die mensdom steeds nie minder staat maak op 

fossielbrandstowwe nie, plaas die wereld se nie-hernubare hulpbronne onder toenemende druk. 

Hierdie probleem verg noukerige oorweging van alternatiewe metodes van energie omsetting en 

gebruik deur die ondersoek van innoverende en meer volhoubare metodes of nuwe toepassings van 

reeds gevestigde idees. Die gebruik van termiese son-energie vir die aandrywing van ‘n absorpsie 

siklus is een so ‘n toepassing van tegnologie wat reeds ‘n eeu gevestig is.   

Lae vertoningskoëffisiënte (VK) en hoë kapitaal uitgawes is sterk teenvoeters van bogenoemde 

stelsels, maar met lae bedryfskostes in ag genome, kan die belegging vinnig teruggewin word.  Daar 

is verskeie moontlikhede vir werksvloeiers van diffusie absorpsie siklusse sowel as hul son-

aangedrewe variante, waarvan aqua-ammoniak die gekose een sal wees.  Dit is weens die lae 

temperature wat in die verdamper bereik kan word, gepas vir verkoelings doeleindes.  Nog ‘n 

bydraende faktor vir aqua-ammoniak se gebruik in ‘n simulasie is die beskikbaarheid van akkurate 

termo-fisiese eienskap korrelasies.  

Die simulasie van hierdie siklusse is baie gesogd, aangesien dit die lewensvatbaarheid in ‘n 

huishoudelike opset in Suid-Afrika kan bewys. Na ‘n deeglike ondersoek van verskeie siklus-

opstellings en alternatiewe werksvloeiers, het die studie gefokus op die simulasie van ‘n nulde-orde 

model son-aangedrewe diffusie absorpsie siklus vir verkoelings doeleindes. Metereologiese data oor 

‘n duur van 22 maande van Potchefstroom is gebruik om die grenswaardes vir die temperature te 

bepaal. Tesame met voorafbepaalde stelselvereisdes kon parameters vasgestel word vir die algehele 

siklus.  

Deur gebruik te maak van ‘n stelsel-BVM benadering word die siklus as ‘n termo-vloeier stelsel 

netwerk van komponente geheg met nodepunte voorgestel om sodoende die werklikheid so na as 
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moontlik te weerspieël.  Waar voorafgaande studies die nulde-orde vereistes verwaarloos het of 

onvoldoende verantwoordbaarheid gedoen het vir onomkeerbaarhede, is die behoudswette hier 

toegepas met die meeste terme ingesluit vir die model ter sprake en die minste hoeveelheid 

aannames gemaak, ten einde die beste akkuraatheid te bekom. 

Verskeie stappe word gevolg om die siklus te evalueer soos die titel voorstel.  Die diffusie absorpsie 

verkoeler (DAV) siklus se werkverrigting is geëvalueer wanneer helium asook waterstof as hulpgas 

gebruik is, waar daar gevind is dat helium ‘n geringe verbetering aan die vertoningskoëffisiënt 

gewys het, maar nie groot genoeg om die gepaardgaande koste te regverdig nie. ‘n Bykomende 

simulasie van ‘n meganiese pomp-aangedrewe siklus is gedoen vir lewensvatbaarheid vergelyking, 

met dieselfde insetwaardes onder dieselfde toestande as vir die diffusie siklus. Daar is gevind dat 

die tweede siklus nie bevredigend vertoon nie weens die hoë verdamper temperatuur benodig om 

verder in die siklus slegs vloeistof aan die suigkant van die pomp te lewer, in stede van gedeeltelik-

verdampde oplossing.  Dit sou vereis dat die pomp ‘n kompressor moes wees en sodoende ook die 

werksinset benodig aansienlik verhoog. 

Optimisering van die DAV word geëvalueer deur die gebruik van ‘n rektifikasie kolom en die effek 

van verskillende ontwerpspunte op die oorhoofse verrigting.  Daar word gebruik gemaak van 

meteorologiese data vir Potchefstroom, Suid Afrika om ‘n jaarlikse analise op die gesimuleerde 

siklus te doen asook om ‘n gepaste ontwerpspunt te spesifiseer.  Die gebruik van ‘n uitstraling 

verkoelings-sisteem wat dien as hitteput vir die stelsel word daarna ondersoek en bygevoeg tot die 

stelsel model. 

Laastens word die werkverigtings-eienskappe van die gesimuleerde DAV-siklus bespreek, 

geverifieer en vergelyk met beskikbare data vanaf soortgelyke navorsingsbronne. Daar is getoon dat 

‘n 40%-oplossing aqua-ammoniak-waterstof siklus aangedryf deur 526 kW se termiese son-energie 

teen 130°C en ‘n stelseldruk van 1.5 MPa ‘n vertoningskoëffisiënt van meer as 0.4 met gemak kan 

bereik, met ‘n lugverkoelde absorbeerder teen 40°C en ‘n waterverkoelde kondenseerder teen 35°C. 

Verder is gevind dat ‘n verkoelingskapasiteit van 231 kW teen ‘n gemiddelde verdamperdruk van 

sowat –20°C gelewer kan word wat aan die stelselspesifikasies voldoen. 
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CFD  Computational fluid dynamics 

COP  Coefficient of performance 

CPC  Compound parabolic concentrating (type of solar collector) 

DAHP  Diffusion absorption heat pump 

DAR  Diffusion absorption refrigerator 

EES  Engineering Equation Solver (f-Chart software) 

HX  Heat exchanger 

LP  Liquid petroleum (bottled gas) 

PV  Photo-voltaic 

RHX  Recuperative heat exchanger 

SCFD  Systems-CFD, see CFD 

SHE  Solution heat exchanger 

Latin characters 

Symbol  Description        Unit 

A  Area         m
2 

c  Concentration (same as ξ)       – 

cp  Specific heat of a fluid during an isobaric process   kJ/kg·K 

g  Acceleration due to gravity      m/s
2
 

h  Specific enthalpy       kJ/kg 

I  Insolation        kW/m
2
 

i  Inlet / placeholder variable (for 1..2..3.. etc.)   – 

hhtc  Heat transfer coefficient      W/(m
2
·K) 

m    Mass flow        kg/s 

N  Number of bubble pump tubes in cascade     – 

p  Pressure        kPa 

px  Partial pressure of component x     kPa 

Q    Thermal energy added to fluid (if positive) per second  kW 

q  Specific heat transfer       kJ/kg 
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R  Thermal resistance       m
2
·K/W 

s  Specific entropy       kJ/kg·K 

T  Temperature        K or °C 

u  Specific internal energy      kJ/kg 

V  Velocity        m/s 

V  Volume        m
3
 

v  Specific volume       m
3
/kg 

W    Mechanical work performed on fluid (if postive) per second kW 

x  Quality / a variable        – 

y  A variable         – 

z  Elevation        m 

Greek symbols 

ε  Effectiveness (heat exchangers)     – 

η  Efficiency (isentropic)      % 

ρ  Density        kg/m
3
 

ξ  Refrigerant mass fraction / concentration     – 

Subscripts 

0  Stagnation or total property 

A  Absorber 

abs  Absorber 

aux  Auxiliary gas 

BP  Bubble pump 

C  Cold / condenser (in context) 

cond  Condenser 

CPC  Compound parabolic concentrating (type of solar collector) 

E  Evaporator 

evap  Evaporator 

FB  Flash box 

G  Generator 

g  Gas 
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gen  Generator 

H  Hot / high (in context) 

htc  Heat transfer coefficient 

HX  Heat exchanger 

ideal  Theoretical case without any irreversibilities 

internal That of the fluid inside component enclosure  

L  Low 

l  Liquid 

lift  Lifted fluid 

max  Maximum 

min  Minimum 

oil  Thermal heating oil 

P  Pump 

R  Rectifier 

r  Refrigerant 

sol  Solar 

sys  System 

sub  Sub-cooling 

sup  Superheating 

tp  Two-phase 

 

 

Mathematical operators 

Δ  Difference or change in (followed by variable) 

Σ  Sum of (sums all values after operator) 

 

 

(Chemical formulae and organic compound abbreviations are excluded from this list.)
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“Science is the engine of prosperity.” 

 

 

 

 

 

 

 

Dr Michio Kaku 

American theoretical physicist and futurist. 
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CHAPTER 1: INTRODUCTION 

1.1  Background and domestic energy needs 

Ever since the dawn of man, the basic need for shelter from the elements along with the 

preservation and preparation of foodstuffs has given rise to our domestic energy requirements.  

Apart from the passive insulation provided by dwellings, heating from a hearth became essential 

during the winter months.  Wealthy families of the Ancient Greeks and Romans used so-called 

snow cellars to keep perishables cool, long before any mechanical refrigeration was invented 

(Encyclopaedia Britannica, 2012). 

These energy requirements have since grown exponentially, where most of the heating and cooling 

needs of homes, businesses and other buildings are provided for today by electricity.  This is 

especially true in South Africa, where insufficient infrastructure prevents the use of natural gas or 

waste heat from industry for a portion of heating requirements as is common in Europe.  It is taken 

for granted that hot water geysers, heaters and air-conditioners are all powered by readily-available 

electricity.  This may change in the coming years, where increasing electricity tariffs (Eskom, 

2012b) will push informed and energy-conscious consumers towards exploring alternative sources 

of energy where available. 

Egoli Gas has been a local provider of natural gas to the greater Johannesburg metropolitan area 

since 2000, with many residential, commercial as well as industrial clients (Egoli Gas, 2012a).  

Their natural gas consists of 92% methane and is provided independent of power outages or load-

shedding (Egoli Gas, 2012b) during peak times or over-demand.  For the sake of brevity all types of 

gas fuels will henceforth be referred to as “gas”.  The availability of a fuel source for gas-powered 

appliances, which are able to provide direct heating to both hot water and spatial heating, makes 

these units convenient alternatives to their electric counterparts. 

Table 1.1: Domestic cost of heating provided by electricity and bottled gas in South Africa. 

2012 Consumer Pricing 

Source R/kW.h 

Electricity 1.19 

LP Gas 1.42 
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Gas appliances are more expensive than conventional electric equipment yet the price per kilowatt 

heating from Egoli’s natural gas is close to that of residential electricity tariffs.  After being 

contacted for a pricing list, Egoli Gas has not yet replied at the time of writing in this regard.  As 

seen in Table 1.1 the cost of heating from bottled propane, butane or such mixtures are roughly 20% 

more expensive than electricity. 

Familiarity with traditional gas-powered refrigerators (a type of absorption chiller) will confirm that 

cooling may be accomplished with a thermal energy input.  This subject will be thoroughly 

explored in this dissertation as it is the basis on which the proposed diffusion absorption 

thermodynamic cycle functions.  Furthermore, with tri-generation – where an absorption unit is 

coupled to a steam generation cycle, Egoli Gas is itself able to offer electricity, heating and cooling 

simultaneously to industrial clients.  This is all accomplished with natural gas as energy source 

(Egoli Gas, 2012c). 

The use of any gas, liquid or solid fuels for that matter, holds the advantage that the fuel source is 

converted into heat energy in sito through combustion.  This conversion is subject to combustion 

efficiency and heat transfer losses of the appliance or utensils it is used in.  Induction ovens or 

stoves improve on such losses, but the source of heating must be electric energy, which is still 

converted from the chemical energy in coal at a very low efficiency. 

According to Storm (2009:2) this may be quantified where the use of a simple coal stove for 

cooking is roughly 70% more efficient with regard to energy conversion with coal as direct heat 

source.  It is further explained that the pollution aspects and need for electricity to power inductive 

and capacitive loads, however, greatly outweighs this efficiency advantage when only thermal 

energy is concerned.  Therefore electricity remains a modern necessity; however alternate energy 

sources which are more efficient for heating purposes should be evaluated. 

The sun is the source of any and all energy ultimately interacting with and influencing human life 

on earth: past, present and future.  Without the sun sustaining photosynthesis in green flora as well 

as regulating the earth’s climate with seasonal change due to orbital progression, life as we know it 

could not exist.  All green plants use energy from the sun in the form of light and heat to grow, 

storing carbon-based compounds and expending oxygen. 
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Figure 1.1: Two conversion paths of solar energy. 

Over a period of millions of years (or thousands, depending on personal religious views) organic 

plant matter is compacted under great pressures whilst interacting with other chemicals and 

undergoing certain processes.  These secondary processes form natural occurring gas such as 

methane, propane, butane and as well as crude oil.  The remaining fossilised material is mostly coal 

with varying grades of energy content (Eskom, 2010).  With such a time scale these fossil fuels with 

their very high energy densities are simply irreplaceable. 

Numerous losses result from the conversion of these fuels into electric energy, only to again be 

converted (again with associated losses) to shaft power in order to drive domestic cooling units as 

well as thermal power to provide heating.  Ultimately traced back to its origin, the mentioned 

energy path holds considerable inefficiency in terms of utilising its original source i.e. sunlight. 

If solar energy is utilised directly, the energy conversion path is several orders more efficient, not to 

mention renewable.  These paths are both illustrated in Figure 1.1.  The direct usage of solar energy 

is naturally very dependent on the availability of sunlight throughout the year and will not be a 

suitable alternative in some places around the globe. 
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This availability is firstly dependant on the latitudinal geographic position of the location in 

question as well as the time of year which both will influence the incidence angle of solar radiation.  

This angle can be calculated very accurately and incorporated into designs (Kalogirou, 2009:60).  

Secondly, the specific seasonal climate including rainfall and cloud cover will also influence 

availability and can only be predicted based on previous records and short-term weather data.  A 

location which shows great insolation potential may be disregarded due to high annual rainfall, such 

as along the equator on the west coast Africa (also refer to Figure 2.5). 

Applications include solar collectors and storage which utilise thermal energy from sunlight directly 

as well as photo-voltaic (PV) panels which in turn convert the energy from photons into electric 

potential to drive a direct-current circuit.  Although many advances have been made in the field of 

PV technology and manufacturing over the past several decades, it still remains an expensive 

alternative to electricity from a municipal grid, albeit 100% renewable.  From Figure B-1 in 

Appendix B it can be seen that the efficiency of multi-junction research-cells have increased from 

32% to 44% since 2000 (NREL, 2012). 

Costs associated with solar equipment may be easily justified in rural areas where minor yet critical 

electric needs have to be met, yet it will be impractical for the average urban household.  More 

applicable to this study, however, are the aforementioned solar collectors which together with 

thermal “batteries” can provide thermal energy for several hours (Kalogirou, 2009:275-286).  This 

includes nighttime and also certain times when solar availability is erratic, e.g. during rain seasons 

and excessive cloud cover. 

This study will explore the direct use of solar energy, specifically through the use of the mentioned 

collectors and storage.  This is done in reference to the driving of a diffusion absorption 

thermodynamic cycle.   

The use of these technologies to satisfy domestic energy needs is finally evaluated with the 

simulation of such an absorption system by judging its ability to meet domestic energy 

requirements.  Furthermore, the use of an A-frame stylised house, two examples of which are 

shown in Figure 1.2, is considered as platform for this system and motivated for any future 

experimental setup.  This is due to a good average incidence angle provided by the architecture 

throughout the year on one side of the slanted roof as well as ample space required to accommodate 

the system components as an integrated whole within the structure. 
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Figure 1.2: Two typical A-frame houses with solar collectors (Radiantec, 2011). 

It has been shown in this section how certain domestic functions necessitate the supply of energy to 

residences as well as commercial and other occupied buildings.  This energy is mostly provided by 

electricity and suitable alternatives have been mentioned.  These are now explored in greater detail. 

 

Domestic energy needs may thus be summarised as: 

i. Heating of water for sanitary needs and of living spaces during cold months 

ii. Refrigeration and freezing of perishables, and spatial cooling during warm months 

iii. Electricity to power artificial lighting and other loads. 

 

 

1.2  Meeting domestic energy requirements 

1.2.1  Current methods of energy supply 

The bulk of South Africa’s base-load electricity requirements are met by utility giant Eskom’s total 

of 13 coal-fired thermal power plants, with two more such stations currently under construction 

(Eskom, 2008).  With our abundant coal supply, this is indeed the most inexpensive source for the 

generation of electric energy.  Various state-of-the-art technologies (Storm, 2009) have been 

implemented to not only enable the firing of otherwise unusable low-grade coals, but to also 

drastically reduce and even capture aerial pollutant emissions such as fly ash and common SOx and 

NOx-compounds.  Furthermore, the zero-effluence construction requirement on all new plants for 

the past three decades has eliminated the spread of pollutants to ground-water and rivers from these 

plants.  Despite low pollution numbers and the large coal reserves in the country, it ultimately 

remains an unsustainable source of energy.  The question whether these aspects are the only 

concerns, will be explored further. 
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Figure 1.3: A simple Carnot heat engine. 

Net work done by cycle:     H LW Q Q losses       (1.1) 

Carnot cycle efficiency:  C

H

W

Q
        (1.2) 

Carnot’s theorem results from the second law of thermodynamics and states that even for ideal 

situations, a sizable amount of the energy input needs to be rejected from any heat engine in order 

to produce a reasonable power output.  The relationship between energy input QH and energy 

rejected QL in terms of the work output W from a thermodynamic cycle is shown in Equation 1.1. 

This principle is illustrated in Figure 1.3, with input and outputs shown. All thermodynamic cycles 

may be simplified in terms of these components of the Carnot cycle and Equation 1.1 holds true. 

1.2.2  The “efficiency game” 

From Equation 1.2 it is clear that efficiency is a measure of performance for the conversion of 

energy into work.  All energy that is not converted into work is accounted for either as rejected 

energy or losses due to cycle irreversibilities.  The implication of this is that for coal-fired plants 

operating on the Rankine thermodynamic cycle, the percentage of energy not converted into electric 

power is lost in the form of thermal energy.  Design efficiency η at maximum continuous turbine 

rating for Eskom’s Lethabo power station is 37.80% (Eskom, 2012a).  This translates into thermal 

losses of 62.2 MW for a 100 MW input at design point.  For a total installed capacity of 3708 MW 

this equals 6101 MW thermal losses, which may be broken down into heat rejected by cooling 
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towers, boiler and combustion losses, cycle irreversibilities, etc. (Storm, 2009:1-2).  A loss of as 

little as 0.1% efficiency is significant and translates into thousands of rands in terms of coal cost 

and increasing efficiency should be the operating objective of any generation plant. 

Eskom’s total installed capacity of coal-fired stations is around 38 GW at present (Eskom, 2012b).  

Again, applying this simple calculation, and assuming 38% efficiency, it yields 24 GW of heat 

rejected into the atmosphere.  Some of this is negated, as precipitation will result from the 

accompanying cooling water condensate formed in wet cooling towers.  It is not necessary to 

outline in greater detail how this energy is further dispersed, in order to provide the insight of 

thermal waste energy remaining a hidden “pollutant” where all thermal machines are concerned.   

Many environmentalists, if not most, overlook this fact when pointing out the apparent air and 

water pollution.  This rejected energy from thermal electricity generation systems surely has some 

yet-unknown effect on the environmental system in which it functions, and will be regarded as a 

negative result of the generation process.  The issue here is “waste” heat, which could have 

otherwise been applied for domestic heating purposes or to power combined thermodynamic cycles. 

 

Figure 1.4: Lethabo’s power generation cycle as a simplified physical system. 

In Figure 1.4 the accompanying human, social and economic components have been excluded from 

the physical system.  Although, as mentioned before to have been shown by Storm (2009:2-3) the 

economic performance of the plant in terms of operating costs also mainly depends on its 

efficiency.  Its intent is only to show, in increasing order, the physical system outputs resulting from 

the energy conversion process.  This is again to highlight the great amount of waste heat rejected.  

This waste heat being of a low grade – that is, at a low temperature relative to other industrial 

process requirements – and also in part due to the country’s warmer climate has resulted in little 

effort to utilise this thermal energy by industries or municipalities. 

LETHABO 

Input 

 Energy 

from coal 

Outputs 

 Waste heat 

 Power 

 CO2 etc. 
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A primary objective of this study is thus to investigate means of increasing the overall efficiency of 

the absorption cycle in question, which is driven by low grade heat.  This is not only for better 

performance, but to also reduce the size of such units for suitability in a domestic application. 

1.2.3  Alternative methods 

Increasing environmental awareness and the desire to break free from a fossil fuel economy has 

brought many alternative and renewable methods of energy supply into existence.  Hydro, solar, 

wind and even wave power are some examples of 100% renewable sources to meet increasing 

demands (Lund, 2010:7).  Yet as of 2010, only 16.7% (see Figure 1.5) of the world’s energy is 

supplied by renewable means (REN21, 2012:21), including biomass.  As explained the reliance on 

electricity in South Africa and also most parts of the world, link this form of energy directly with 

the listed domestic energy needs in the energy conversion path.  Thus, alternate sources for 

fulfilment of these needs are still required to be electric energy sources, unless the means by which 

these needs are provided for can be changed. 

 

Figure 1.5: Renewable energy share of global final energy consumption (REN21, 2012:21). 

The aforementioned gas-powered refrigerators and tri-generation equipment intended on providing 

cooling are all examples of absorption chillers.  Such chillers are, in simple terms, heat-driven heat 

pumps – a heat engine used to “pump” thermal energy from a lower to a higher temperature relative 

to the ambient temperature in which the machine is designed to function, and by using thermal 

energy alone in the case of a diffusion cycle where flow is sustained without the need for added 

mechanical energy. 
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The greatest advantage of these cycles is the ability to make use of low grade thermal energy from 

primary processes such as power generation, or even solar energy with added equipment, to drive 

the cycle.  De-centralisation of heating and cooling systems will also relieve some pressure on the 

national electric supply grid. 

The use of solar thermal energy to drive such an absorption heat pump will be the first requirement 

outlined and evaluated in this study.  Only diffusion-type single pressure systems will be 

investigated, with a simple pump-driven dual-pressure cycle also modelled, only to serve as 

comparison in a later evaluation. 

1.2.4  Need for this study 

Many studies were found which model the functioning of commercial diffusion absorption 

refrigerators driven by an electric element.  Of studies done on different or unique diffusion 

absorption cycles, some are driven by solar energy but do not take into account preliminary losses 

such as uncorrelated pressure losses, heat exchanger effectiveness or irreversibilities.  No 

simulations have quantified the effect of using helium compared to hydrogen as the auxiliary gas. 

This study aims to contribute in the following way: 

 Simulate a solar-driven diffusion absorption cycle with realistic constraining parameters and 

typical losses. 

 Choose boundary values such as intended for refrigeration purposes. 

 Use a concentration, system pressure and temperatures that would allow functioning in 

Southern Africa. 

 Compare the use of hydrogen and helium as auxiliary gas in terms of system performance. 

 Evaluate a simple dual-pressure cycle as possible alternative with the same solar thermal 

input. 

1.3  Problem definition 

To identify, investigate and evaluate different means of optimising a solar-driven aqua-ammonia 

diffusion absorption refrigeration cycle using a thermodynamic mathematical model and comment 

on the feasibility for domestic use in Southern Africa. 
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1.4  Method of investigation 

The following steps were followed in this study:  

a) A comprehensive literature survey in order to investigate the best configuration for a solar-

driven application. 

b) Process meteorological data for Potchefstroom, South Africa to be used as benchmark and 

simple inputs of the cycle model. 

c) Incorporate relevant terms into the conservation equations in order to improve accuracy of 

the model and making no ungrounded assumptions. 

d) Construct a detail systems network of components and nodes to represent the cycle chosen. 

e) Program the network in the Engineering Equation Solver (EES) software package to build a 

working thermodynamic model. 

f) Use a different property correlation method to evaluate accuracy. 

g) Compare auxiliary gasses in terms of cycle performance. 

h) Evaluate and compare results to a simple non-diffusion cycle and address feasibility as well 

as validate results with another study. 

i) Draw conclusions on the results and validation with other studies. 
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CHAPTER 2: LITERATURE STUDY 

2.1  Introduction 

Absorption cooling cycles form the basis of operation of many large industrial chillers as well as 

domestic refrigerators.  With their size and required performance, the mass flow of most industrial 

units is achieved by a pressure differential accomplished with a pump, hence referred to as a dual-

pressure cycle.  The pump can in turn be driven by either an electric motor or turbine.  On the other 

hand, the flow in single-pressure or diffusion absorption cycles (such as camping refrigerators) is 

driven by a bubble pump operating on the principles of natural convective boiling and resulting 

density variations in the working fluid. 

After an investigation into absorption technology and its uses, the operation of single-pressure or 

diffusion cycles will be treated in detail.  Different working fluid pairs and combinations are 

evaluated with regard to advantages and disadvantages.  Previous research into solar driven 

applications will then be discussed.  A critical evaluation of other models is given together with 

experimental studies to be used in the verification of the model considered in this study.  The 

objective of this literature study is to investigate whether absorption technology could meet 

domestic energy needs when driven solely by solar energy at a similar or smaller cost than vapour 

compression systems.  Few textbooks or undergraduate courses cover the topics of diffusion 

absorption cycles and literature from this field is relatively scarce.  Many aspects contribute to the 

various processes, relations and performance of the components found in absorption machines.  

This chapter aims to provide a thorough insight into the aspects relevant to this study. 

2.2  History and application of absorption technology 

2.2.1  Invention of the vapour absorption cycle 

Artificial refrigeration systems can be classified according to their working principles.  The most 

common today are vapour compression systems as found in refrigerators, air-conditioners and heat 

pumps.  Other cycles include vapour absorption and gas cycles, where the working fluid does not 

change phase.  There exist two principals whereby flow may be achieved in a vapour absorption 

cycle. These systems can also be cascaded to improve both performance and efficiency.  Further 

classifications will be discussed further in a following section. 
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Initial experiments on absorption were conducted in 1810 by John Leslie with sulphuric acid.  Two 

jars were connected by a tube, one containing H2SO4 and the other water.  The acid’s very high 

affinity for water results in the absorption of water vapour evaporating from the second jar.  This 

phenomenon resulted in a flow of vapour through the tube, thus eliminating the need for a 

compressor.  Continuous operation, however, is only possible if the acid is recycled by heating to 

expel most of the absorbed water vapour and such an experiment was only tested in 1878 

(Ramgopal, 2005:11). 

In 1860 French engineer Ferdinand Carré was the first person documented as inventing an aqua-

ammonia absorption system (Ramgopal, 2005) that used water as absorbant together with NH3, 

which in turn has a strong absorption potential for H2O.  He made use of a separate vessel to which 

the strong solution was pumped at a higher pressure after absorption and then heated to expel 

ammonia in gaseous form.  The vapour was then condensed, expanded and finally evaporated at the 

lower pressure to be readily absorbed by the weak solution again, which is returned to the absorber 

vessel through another valve.  First steam and later gas and oil were used to power similar systems.  

This experimental setup illustrated that with minuscule pump power and low-grade energy the cycle 

could be operated continuously. 

These innovative systems were usually harnessed to produce ice in small amounts.  This together 

with mention of experiments elsewhere in the world probably inspired the scene in the film Back to 

the Future Part 3 in Figure 2.1 where fictional time-travelling Dr Emmett Brown can be seen 

making ice in 1885 using a steam-powered vapour absorption cycle (1990). 

 

Figure 2.1: Dr Brown’s fictional ice machine in the American west during 1885 

(copyright Universal Pictures). 
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Two students at the Royal Institute of Technology in Stockholm, Sweden namely Baltzar von 

Platen and Carl Munters working together invented a three fluid system in 1922 (Ramgopal, 2005).  

This system did not require a mechanical pump but relied rather on a bubble pump that could be 

driven by heat and two-phase flow alone in order to circulate the strong solution.  Weak solution 

returned by gravity after separating from the forming desorbant ammonia vapour.  Hydrogen was 

introduced as the third fluid (auxiliary) to reduce the partial pressure of ammonia whilst remaining 

incondensable at the pressure and temperatures in question.  Helium is also commonly mentioned as 

an alternative auxiliary gas for safety and performance reasons, although it remains unclear when it 

was first used. 

 

Figure 2.2: Patent drawing and added clarifications for the Einstein refrigerator. 

Motivated by safety concerns from other refrigeration cycles of the time, Albert Einstein and Leó 

Szilárd improved on the Platen-Munters cycle in 1926 by substituting hydrogen with butane 

(Einstein & Szilárd, 1930:2). In this cycle butane is condensable at the temperatures and pressures 

and is allowed to evaporate and condense along with the ammonia refrigerant whilst still providing 

a partial pressure component to have the ammonia evaporate and expand at a lower temperature 

(Kotenko et al., 2012:598).  On 11 November 1930 they received the patent (U.S. Patent 1,781,541 

in Figure 2.2) for the Einstein Refrigerator. 
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Previous attempts a three fluid system by H. Geppert in 1899 were unsuccessful due to the use of 

air as non-condensable gas without the provisions made by Einstein and Szilárd.  Thus in 

recognition of their work the diffusion absorption thermodynamic cycle with non-condensable 

auxiliary gas is today named after Von Platen and Munters. 

Several decades later Alexandre Rojey improved on the Einstein cycle and received France Patent 

number 2321098 (Rojey, 1975) and US Patent number 4,167,101 (Rojey, 1979) for his new 

Absorption process for heat conversion known today as the Rojey cycle.  Research done on the use 

of additives to absorption cycles by Kotenko et al (2012) have shown promising results for the 

Rojey cycle when using a strong base as additive and offers higher efficiencies (COP) than other 

absorption cycles where high generator temperatures are used.  Use of this cycle for solar-driven 

applications could not be found in literature. 

2.2.2  Commercial refrigeration units 

Millions of units based on the Platen-Munters design are still in use around the world.  Their 

compact size, quiet operation and being driven solely by heat makes these units attractive for use in 

hotel rooms when equipped with electric heaters or for camping, when fitted with a burner, where 

electricity is not easily come by.  For this reason many units, such as the S55GE from Sibir in 

Sweden (Sibir, 2012), ship with the option of running on bottled gas, 230 V (AC) or 12 V (DC).  

The cycle on which any such diffusion unit operates is illustrated in Figure 2.3.  Ammonia is 

referred to as the refrigerant and the non-condensable gas (in this case hydrogen, shown in yellow) 

as the auxiliary gas.  Possible use in remote areas with an abundance of sunlight is sparking a 

renewed interest in such diffusion-driven units utilising solar energy for cooling purposes. 
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Figure 2.3: The Von Platen-Munters cycle illustrated showing components and 

species (adapted from Ramgopal, 2005:12) 

As mentioned, their relatively small cooling capacity compared to vapour compression units rarely 

justify using an electric heating element to drive the cycle where noise is not an important factor.  

Using solar energy may prove a viable solution where electricity is not readily available, yet no 

commercial solar-powered diffusion-absorption units are available at the time of this study.  An 

evaluation of the experimental research being done in this field will be given in Section 2.4.3  

Analogue to the experiments done by Von Platen and Munters, absorption cycles require several 

basic components (refer to Figure 2.3).  The most important are the generator or desorber where 

separation of refrigerant from absorbant occurs at the highest temperature found in the cycle and the 

absorber where at a temperature lower than that of the generator, refrigerant is re-absorbed into the 

absorbant medium.  Because absorption is an exothermic reaction, the absorber requires cooling. 

Heat Out 

Condenser 

Separator 

Heat Source 

Generator 

Absorber 

Heat Out Heat In 

Evaporator 

Legend 

 

Ammonia vapour 

(also other circles) 
 

Hydrogen 

 
 

Water 

 
 

Strong / weak 

ammonia solution 

Bubble 

pump 

lift tube 



Chapter 2: Literature Study      16 

The evaluation of a solar-driven aqua-ammonia diffusion absorption heating and cooling cycle 

 

 

Dual-pressure systems 

A variation of the diffusion cycle is the dual-pressure cycle where the bubble pump seen in Figure 

2.3 is replaced with a mechanical pump between the absorber and generator.  The pump simplifies 

construction of the unit because flow is now mechanically induced.  It is unclear when this cycle 

first appeared and was the result of adapting the original Von Platen-Munters concept for industry 

(Srikhirin et al., 2001).  Due to the low noise requirements of commercial units, dual-pressure 

systems are found only in industrial setups. 

2.2.3  Industrial units 

Very large and high performance dual-pressure (and often multi-stage) units can be found in 

industrial applications where waste heat produced by a process in close proximity to the absorption 

unit is utilised for another process where cooling is needed.  One such example is where low 

temperature waste steam is available in a plant to drive an absorption chiller which in turn provides 

air conditioning of the plant offices.  It is economically viable as long as electricity costs exceed 

fuel costs and low grade steam or hot water is available which would otherwise be wasted (Antares, 

2012). 

This ability to use relatively low-temperature waste heat in order to accomplish cooling makes this 

an attractive technology in any market where readily available waste heat is otherwise rejected to 

the environment and indeed proves to be much more economical over vapour-compression units in 

terms of operating costs.  They do, however, require a much greater capital expenditure.  A York 

YIA-ST-120 is pictured in Figure 2.4 and can be used to cool steam or water.  Combined cycles 

(such as tri-generation mentioned in Chapter 1) aim to meet the needs of heating, cooling and 

electricity generation and such units, although scarce, can also be found in industry (Rohatensky, 

2007). 

 

Figure 2.4: The York YIA series single-effect absorption chiller (Johnson Controls, 2012). 
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In a cost analysis presented by Wang (2000:14.18-14.19) comparing an absorption chiller to a 

centrifugal chiller with higher initial capital cost, the absorption unit shows an annual saving of 

27% over due to much lower electricity usage of dual pressure absorption systems. In this example 

payback is also around 6 years to break even and with no moving parts and low maintenance, such 

systems are indeed an attractive option. 

2.2.4  Viability of solar-driven systems 

The factors that make absorption technology attractive to both commercial and industrial markets 

namely the use of waste heat in order to provide cooling and heating have been investigated thus 

far.  The prospect of electricity generation with special cycle configurations further presents 

absorption systems as a viable means to provide to the three domestic energy needs.  Using free 

solar energy to power a diffusion unit results in a zero operating cost as long as solar availability is 

high. 

In a simulation done by Shiran et al. (1982) an economic evaluation was performed on the use of a 

solar-driven diffusion system to provide heating and cooling as required (seasonally) for the 

Knesset building in Jerusalem.  It showed a payback period of 9 years with a saving of $42.5 

million in 1981 over a 20 year lifetime of the system.  The present value in 2011 based on a 12% 

interest rate would be $410 million if the system was implemented.  Other cost evaluation studies 

could not be found in literature. 

2.2.5  Resurgence 

Policies to reduce the use of natural gas from the 1970’s due to incorrectly predicted supply deficits 

caused a drastic decline in the absorption technology market in the United States of America to 

about 10% of its former size.  In Japan, however, market demands and technological development 

stimulated growth which has remained fairly constant over the years.  Revival of the market in the 

U.S. around 1990 caused manufacturers to rely heavily on Japanese innovation and stimulated 

renewed interest in research on these cycles (Herold et al., 1996:5).  In recent years the 

developments made in industry as well as research into advanced cycles make absorption 

technology a fertile field for further innovation, especially in solar-powered systems (Srikhirin et 

al., 2001:368). This resurgence stimulated by the desire to improve efficiencies as well as the use of 

free solar energy was predicted by Ziegler (1999). 

 



Chapter 2: Literature Study      18 

The evaluation of a solar-driven aqua-ammonia diffusion absorption heating and cooling cycle 

 

 

2.2.6  Performance 

For heat pumps and refrigeration cycles the measure of efficiency is termed coefficient of 

performance (COP). The most significant draw-backs of absorption over vapour-compression units 

are unfortunately the low COP-values and high capital cost (Herold et al., 1996:ii).  Typical COP 

values for absorption systems will be discussed in the following sections as found in other 

theoretical as well as experimental studies.  The refrigeration COP will be the primary value 

compared in the verification of the model presented in this study with other similar research and 

published experimental results. 

2.3  Working fluids 

For any pump driven dual-pressure absorption cycle the following must be present: 

 An absorbant 

 A refrigerant 

Together these form the binary fluid mixture or commonly referred to as fluid pair. According to 

Srikhirin et al. referring to a survey done in 1988, over 200 absorbant and 40 refrigerant substances 

are available worldwide (2001:347) yet new research and developments in industry are sure to have 

increased this number since, although no new survey data was available at the time of writing. 

The most common of these due to standards and their proven effectiveness remain aqua-ammonia 

(water/NH3) and lithium bromide-water (LiBr/water).  Each time in parentheses the pair is given as: 

“absorbant/refrigerant”.  In the case of aqua-ammonia, water acts as liquid absorbant and ammonia 

as gaseous refrigerant at pressures found in the absorber and generator.  For the latter pair, water is 

now the refrigerant (mostly liquid in the absorber) and lithium bromide a solid absorbant. 

Although LiBr systems commonly present better COP’s than aqua-ammonia systems, they are 

limited to an evaporator temperature above that of the freezing point of water for the specific 

pressure chosen, or else the unit will cease to function.  Due to difficulties in heat transfer, higher 

temperatures are also needed in a LiBr desorber to achieve optimal separation as well as greater 

absorber cooling requirements due to crystallisation when compared to liquid-gas systems (Herold 

et al., 1996:103).  Temperatures below 0°C are easily achieved with an aqua-ammonia system and 

for this reason it is the absorption system of choice for domestic refrigeration – for air-conditioning 

purposes, LiBr systems prove to be superior. 
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The same is valid for single-pressure (diffusion) absorption cycles, only a third fluid is needed to 

achieve a partial pressure equalization of the refrigerant before evaporation can take place.  In the 

case of the Einstein cycle this may be a non-condensable gas such as: butane, isobutane, pentane, 

neopentane or isopentane (Delano, 1998:119).  For the Von Platen-Munters cycle it must remain 

incondensable at all temperatures for the system pressure chosen, which may itself vary under 

transient conditions.  Hydrogen is the most commonly used non-condensable gas with helium also 

used in some cases (Herold et al., 1996:177).  Alternative choices for an auxiliary gas are discussed 

in Section 2.3.3  where this study focusses on a modified aqua-ammonia-gas absorption diffusion 

cycle based on the Von Platen-Munters cycle with hydrogen and helium being evaluated as 

auxiliary gas based on effect on overall cycle efficiency. 

2.3.1  Ammonia as refrigerant 

Commercially available refrigeration grade ammonia is 99.98% pure and already showed much 

promise as a superior alternative to chlorofluorocarbon (CFC) and hydrochlorofluorocarbon 

(HCFC) based refrigerants for use in vapour compression refrigerators, freezers and air-conditioners 

(ASHRAE, 2002:2).  Yet at present only 2% of commercially produced ammonia world-wide is 

utilised as refrigerant.  According to the International Institute of Ammonia Refrigeration it will 

“not contribute to ozone depletion, greenhouse effect or global warming” as reaffirmed by 

ASHRAE (2002:3). 

Furthermore, it is only classified as irritant at low concentration levels of less than 300 ppm, as will 

be the case with minor leakages in a well-ventilated space.  Its very sharp smell makes it easy to 

detect and take appropriate action.  Nevertheless the necessary precautions and emergency 

procedures must be in place where it is to be used as refrigerant, all of which are thoroughly treated 

in literature. 

Regarding thermo-fluid performance, ammonia exhibits an exceptionally high latent heat of 

vaporisation of 1369 kJ/kg when compared to other refrigerants, such as R-134a with 216 kJ/kg.  

The best substance in this regard is water with 2257 kJ/kg – all three values given are at standard 

pressure and their respective boiling points (The Engineering Toolbox, 2012).  What this implies is 

that ammonia can remove more heat at a constant temperature (not being an azeotrope) in an 

evaporator before reaching a superheated stage and rising in temperature.  The opposite holds true 

for two-phase condensation with the removal of heat, where a high temperature is desirable for 

adequate heat transfer. 
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Another practical implication is the same performance as delivered when using an inferior 

refrigerant with greater mass flow, hence a smaller ammonia unit is needed for the same cooling.  

All things considered, this presents ammonia as an appropriate refrigerant for domestic use in terms 

of safety, environmental impact as well as performance. 

Environmental concerns 

More than two decades have passed for alternative working fluids and cycles demanded by the 

Montreal Protocol to be implemented and the predictions made (Creswick et al., 1988) to come to 

fruition.  Developments based on the then-newly researched R134a were considered only a 

secondary solution to finding alternative refrigeration cycles.  The use of solar-driven absorption 

cycles which is still being evaluated and improved upon may provide an answer to the questions 

asked many years prior. 

The proposed use of carbon dioxide or other refrigerants which already have a natural role to play 

in the ecosystem may also greatly relieve environmental impact.  Lorentzen & Pettersen (1993:4) 

suggested the use of CO2 in automobile air-conditioning systems as well as other more “natural” 

substances.  Several years later it was proposed using an absorption system, utilising spent exhaust 

gas heat to power the unit.  Published in 2008, tests done locally with an aqua-ammonia system on a 

small truck showed promising results (Vicatos et al., 2008:10).  Using aqua-ammonia for this study 

in simulating both a single and dual pressure system for eventual construction aligns with this 

objective. 

2.3.2  Refrigerant mixtures and additives 

A simulation done by Stoecker & Walukas (1981:201) on domestic vapour compression 

refrigerators showed it is possible to save 12% compressor power when using a refrigerant mixture, 

due to decreased irreversabilities where two evaporators at different temperatures are used.  As 

stated in the following section, mixtures of organic fluid pairs show similar results in absorption 

cycles.  Inorganic mixtures have, however, not been extensively researched and may provide even 

better performance.  Additives are discussed along with their related working fluid-pair in the 

section below. 
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2.3.3  Alternative fluid pairs and auxiliary gasses 

According to Sun et al. (2012:1900-1903) there are four main categories (according to refrigerant 

component) of working fluids in absorption cycles: 

 Ammonia (NH3 + H2O; NH3 + H2O + NaOH; NH3 + LiNO3) 

 Water (H2O + LiBr; H20 + KNO3) 

 Alcohols (TFE + NMP; TFE + PYR; TFE + E181; TFE + TEGDME) 

 Halogenated hydrocarbons (R22, R134a + DMETEG, MCL, DMEU) 

Examples are shown in parentheses with absorbant as a second component and possible additives as 

the third.  A few examples will be given for each of these categories with qualitative performance 

and operational characteristics relative to each other (from Sun et al. 2012): 

i.  Ammonia 

Paired with water as absorbant and possibly salt additives to improve heat transfer characteristics, 

these working fluid pairs allow temperatures below 0°C with a suitable moderate generator 

temperature of around 70 – 100°C and high system pressures.  As previously mentioned the high 

latent heat of vaporisation along with its low freezing point at standard conditions of –77°C makes 

NH3 a good and stable refrigerant over a wide range of pressures and temperatures.  Rectification of 

desorbant is, however, necessary due to incomplete separation and to prevent water vapour from 

entering the evaporator where ice might form at the typical low temperatures. Adding sodium 

hydroxide (NaOH) or any other compatible hydroxyl compound will help separation and thereby 

decrease losses in the rectifier.  Using NaOH shows a simulated increase in the COP of up to 20%.  

Other detriments include the highly corrosive properties of ammonia in the presence of copper and 

less so but still prevalent with mild steels as well as piping and component geometries to reach the 

required high pressures around and above 1 MPa.  Toxicity of NH3 at certain concentrations is also 

a main concern and the appropriate safety measures should be in place where it is to be used.  

Higher rated standards of leak-proof joints, seals etc. will have to be used, further increasing cost. 

ii.  Water 

Lithium bromide has been used as absorbant with water since the 1930’s.  Its popularity today is 

because of high latent heat of vaporisation for H2O and immense difference of boiling point 

between the two substances.  Cycles utilizing this working fluid pair can achieve higher COP’s at 

lower pressures approaching vacuum and without rectification, than ammonia based systems.   
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Evaporator temperatures well above zero do however limit use of the former to air-conditioning 

applications.  Additives mainly added to LiBr absorbant include ethylene glycol [(CH2OH)2] to 

improve operation and inhibit corrosion.  Other absorbents include LiI, KNO3, CaCl2 or a 

combination of LiBr + CH3COOK, CHO2Na or CHO2K and many other mixtures exist in literature. 

iii.  Alcohols 

Using alcohol is advantageous for high output temperatures and thermal stability at these 

temperatures, typically for use in type II heat pumps mentioned in section 3.4.1 below.  At 

temperatures below 150°C, which is the limit for LiBr systems due to crystallisation and corrosion 

problems, alcohols are outperformed by LiBr.  Alcohols prove superior at temperatures above this 

up to 200°C which is the limit for most.  The first fluid pair proposed was that of 

tetrafluoroethylene + N-Methyl-2-pyrrolidone or (TFE/NMP) as it offers a broad working 

temperature range at relatively low pressures with acceptable properties with regards to safety.  

Other pairs include TFE + E181 and TFE + PYR for higher temperatures or TFE + TEGDME 

where the temperatures of NH3 systems are required and it offers a simulated increase in COP of 

15%.  Toxicity comparable to that of ammonia is also a drawback for most of these pairs. 

iv.  Halogenated hydrocarbons 

Environmentally acceptable hydro-fluorocarbons (HFC’s) with organic absorbants offer suitable 

combinations for working fluid pairs without the problem of corrosion.  Refrigerants include R21, 

R22, R30, R31, R133a, R124a and R134a with R22 offering the best efficiency yet limited in 

application due to corrosion of copper.  Absorbants compatible with the abovementioned include 

dimethylethertetraethylene glycols (DMETEG) which yields the best performance (such as a 

mixture of R134a + R22 as fluid pair), dimethyl ethylene urea (DMEU), MCL, DMAC, DMEU, 

and DMPU.  R125 is also compatible with NMP, DMAC, MCL, DMEU and DMETEG. 

 

2.3.4  Naming convention 

The binary fluid-pair of water and ammonia hence referred to as aqua-ammonia as is customary in 

industry, is a solution of NH3 in pure H2O and is investigated as the working fluid for the diffusion 

absorption chiller under evaluation in this work.  As treated in the next chapter, the component 

doing most of the “work” will still be ammonia and is referred to as the refrigerant with water the 

absorbant.  Other nomenclature includes ammonia/water or NH3 + H2O with the “/” and “+” 

symbols also interchanged in some sources. 
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2.3.5  Choice of refrigerant for solar-driven systems 

From literature, the optimal fluid pair for refrigeration purposes with a solar-driven diffusion 

absorption cycle is aqua-ammonia.  This is due to the fact that compared to other possible 

refrigerants as shown by Lambert (2007) ammonia has an above-atmospheric evaporator pressure 

which prevents poisoning by air and a sub-zero boiling point ideal for a refrigeration cycle, as 

opposed to a heat pump. 

Ammonia paired with lithium nitrate (LiNO3) as solid absorbant will allow raising the generator 

temperature and eliminate the need for rectification because it remains solid at the temperatures in 

question.  In a simulation done by (Karamangil et al., 2010) on a dual-pressure single-stage cycle 

shows that the COP is higher when using the solid absorbant for low generator temperatures.  For 

the typical domestic requirements of low evaporator temperature, high condenser temperature and 

high absorber temperatures the solid absorbant consistently outperforms water, if only by a small 

percentage.  Due to a lack of well-researched substance properties for this type of absorbant, it will 

not be evaluated in this study. 

2.4  Previous research 

This section focusses on previous research done in the field of solar-driven absorption systems.  It 

includes a critical evaluation of simulations from other studies, discussion of experimental research 

and selection of studies from which suitable results can be used for verification.  A definite 

shortcoming that was found is that no study attempted to evaluate a dual-pressure cycle with the 

same requirements as a DAR.  This would be an evaporator temperature below zero degrees 

centigrade with acceptable COP and system pressure.  Noise could be problematic in a domestic 

application with the use of a pump but a more compact unit and possibly better COP is more 

desirable.  For this reason a simple dual-pressure model is also developed in this study in order to 

evaluate the diffusion cycle as best choice. 

2.4.1  Preliminary studies 

The first study on aqua-ammonia absorption systems with computerised models was done by Shiran 

et al. (1982).  It comprised of a simulation for a conventional dual-pressure cycle with cooling 

tower for a water-cooled absorber and condenser.  Furthermore a cost evaluation was done with the 

use of solar collectors for air conditioning purposes.  The achieved evaporator temperature of 7°C is 

adequate for air-conditioning purposes but not for refrigeration as evaluated in this study.  The 
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property methods used in the model have also become outdated.  Results from this study did 

however show the economic feasibility of a solar-driven absorption system used for heating and 

cooling purposes of a building as discussed in Section 2.2.4 . 

In the same year a study by Kandlikar (1982) proposed the use of a modified absorber heat recovery 

cycle with solution pump in order to achieve an evaporator temperature of 0°C suitable for 

refrigeration purposes.  The use of solar energy was also investigated and a COP of 0.55 was found 

for the practical cycle with a generator temperature of 130°C.  The modified cycle showed an 

average increase in COP of 10% for a range of operating conditions.  The efficiencies and losses 

used in the simulation of the practical simulation were chosen optimistically.  This together with 

simplified conservation equations and outdated property methods leave the accuracy of these values 

in question 30 years on. 

2.4.2  Revival and choice of cycle 

Several years later an experimental study by Bell et al. (1996) marked a renewal of interest in solar-

powered absorption systems.  It was done on a solar-driven lithium-bromide system which was 

constructed in evacuated glass vessels in order to observe the processes involved.  The COP which 

equalled 0.65 under design conditions deteriorated greatly with evaporator temperatures below 

10°C.  With generator temperatures over 100°C no improvement can be seen.  This experimental 

finding confirms the unsuitability of water-LiBr systems for solar refrigeration purposes.  Where 

only air-conditioning requirements are to be met, aqua-ammonia systems will be outperformed in 

terms of COP and thus require a smaller area for solar collectors. 

Dual-pressure systems are still reliant on electricity in order to power a solution pump which drives 

the cycle.  In order to function on solar energy alone and provide refrigeration, the system being 

investigated is based on an aqua-ammonia diffusion cycle.  Some studies done on dual-pressure 

systems are included in this section and will be used for the purpose of verifying the simple dual-

pressure cycle model also used in this study.  The comparison is done between these two models in 

order to determine the viability of another cycle over the DAR being evaluated.  As the title of this 

study suggests, however, the focus will be on a diffusion cycle. 

2.4.3  Experimental studies 

Pioneering work at the Stuttgart University of Applied Sciences resulted in the construction of a 

prototype diffusion absorption refrigerator which produced viable results during 2001.  
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According to Jakob & Eicker (2002) sub-zero temperatures were attained in the evaporator during 

trial runs.  The system operated on a 38% solution of aqua-ammonia with helium as auxiliary gas 

and was powered indirectly by a fluid circuit heated in compound parabolic concentrating (CPC) 

collectors.  The simulated performance value for COP of 0.53 was calculated without extensive 

conservation equations. The prototype’s components were not thermally insulated and no rectifier 

was used, hence the COP was found to never exceed 0.15 in practice. 

A similar prototype developed by Srikhirin & Aphornratana (2002) that was directly heated by an 

electrical element showed a similar COP of between 0.09 and 0.15 for similar testing conditions.  

The investigation included a simulation to predict cooling performance and COP. Practical values 

deviated from the predictions for high generator inputs, possibly due to increased thermal losses at 

corresponding higher temperatures. 

A second optimised prototype was developed by Jakob et al. (2003) focussing on air-conditioning 

applications.  Built partly from commercially available components and solar collectors this 

compact unit showed more stable operation with an improvement in COP.  These improvements 

were due to a renewed generator design with shortened bubble pump lift height.  Evaporator 

temperatures between –10°C and 5°C could be achieved for generator temperatures around 135°C.  

Improvements in COP are not quantitatively mentioned. 

In late 2005 the Ostbayerisches Technologie-Transfer-Institut (OTTI) organised and hosted the 1
st
 

International Conference on Solar Air-Conditioning.  This marked a milestone in this field of 

research with many of the experimental findings by Jakob et al. presented. 

Two years later Jacob et al. (2008) published the results from a third aqua-ammonia diffusion 

absorption prototype unit.  Replacing the plate heat exchangers from the previous optimised 

prototype with coaxial heat exhangers resulted in a COP of 0.38 and almost double its cooling 

capacity at 4 kW.  According to recorded data an evaporator temperature of –15°C could be reached 

with a generator input temperature of 135°C.  Although intended for air-conditioning purposes, this 

unit can thus also function as a refrigerator.  This third study, similar to the previous two, lacks the 

input of variable atmospheric conditions due to seasonal changes.  Data is also only provided for a 

single run from start-up during sunrise to shutdown as solar availability ceases over a timespan of 

less than 10 hours.  This is due to no thermal storage system and long term performance figures are 

thus unknown. 
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2.4.4  Numerical models 

In a study done by Kim & Machielsen (2002) different cycle configurations with different solar 

collectors were simulated.  An evacuated vacuum tube collector was shown to have the best 

efficiency over the range of simulated operating conditions.  The optimal generator temperature for 

use with this type of collector and the cycle considered in this study was shown to be around 95°C.  

The corresponding COP is 0.58 which decreases almost linearly with higher temperatures.  At 

130°C the COP of 0.55 is still acceptable, given the increase in cooling capacity.  Between 95°C 

and 90°C the COP showed a drastic decrease to 0.4 and below this point values are undefined.   

It can thus be seen that a generator temperature above 100°C must be maintained to avoid degraded 

performance.  Another theoretical study confirmed evacuated selective surface collectors to have 

the best efficiency consistently throughout the day (Atmaca & Yigit, 2003).  The study was 

however not verified with experimental data.  The semi-empirical model developed by Fathi et al. 

(2004) for a solar refrigerator shows similar variation in performance with changing inputs to that 

of Kim & Machielsen.  It accounts for heat exchanger irreversibilities due to thermal losses, friction 

and turbulance.  The lower values for COP of around 0.4 for similar conditions are thus explained.  

This model also used vacuum tube collectors. 

The studies outlined here, although not empirically verified, are the only ones to consider different 

types of collectors.  Based on these findings, evacuated tube collectors will be considered further in 

the development of the model for this study. 

Zohar et al. (2007) modeled a commercial DAR unit in two configurations namely with and without 

condensate sub-cooling.  In the case of no sub-cooling the COP was found to be 14-20% higher for 

varying generator temperatures but at a high evaporator temperature of 15°C.  This necessitates the 

sub-cooling of condensate before entering the evaporator for refrigeration purposes at the system 

pressure considered.  It is thus to be expected that the COP of a diffusion cycle will be lower in a 

refrigerator configuration than for air-conditioning purposes or as a heat pump.  Furthermore the 

concentration of aqua-ammonia was varied and the effect on COP investigated. 

The simulation done by Chaouachi & Gabsi (2007) showed the highest COP values for generator 

temperatures above 100°C are obtained at a system pressure of 15 bar or higher when an evaporator 

temperature below 0°C is specified.  The refrigeration COP was shown to decrease almost linearly 
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with an increasing generator temperature and cooling capacity increased similarly.  Although the 

source of generator heat is specified as solar, this input is not varied according to climate data. 

2.4.5  Cycle improvements 

In a recent study done by Wang (2012) on a simulated solar DAR the use of small circulation 

pumps is investigated.  Proposed in order to improve COP, these pumps help to circulate ammonia, 

absorbant and the desorbant and the cycle is still considered a diffusion cycle.  These pumps could 

be powered with photo-voltaic (PV) cells in order to rely exclusively on solar energy.  Although a 

simulated evaporator temperature of –13°C was reached with a cooling capacity of 1.9kW, the COP 

did not exceed 0.156 under steady-state conditions.  The transient simulation was only performed 

up to steady state conditions and did not evaluate varying solar input or atmospheric conditions.  

The addition of LiNO3 was simulated, although the quantity chosen is unclear.  Mention of 

solutions and the circulations are understood to imply it was not implemented as a solid absorbant.  

By raising the system pressure (which was not specified) and also generator temperature to above 

100°C the COP of this study could possibly be improved, as evident from other simulations for 

these inputs. 

2.4.6  Exergy analyses 

Sözen et al. (2002) determined specific component irreversibilities and their influence on system 

performance.  Calculations were based on experimental data obtained from a prototype dual-

pressure solar absorption heat pump. 

A similar study was done on a theoretical DAR by Ben Jemaa et al. (2007) yet did not include 

solar-driving components.  The component with the highest relative irreversibility was found to be 

the rectifier at 48% followed by the generator at 18%.  For generator temperatures between 136°C 

and 140°C the exergy loss of all components increase only slightly with a remarkable change after 

150°C particularly in the condenser and rectifier.  An evaporator temperature below –8°C shows the 

highest value for exergetic COP.  These values are used in the selection of system operating 

parameters and constraints in the DAR simulation outlined in this study. 

2.4.7  Other research 

A small solar driven intermittent system has been investigated by Rivera & Rivera (2003) and 

simulated for different seasons in the climate of Morelos, Mexico.  The working fluid pair chosen 

was ammonia with lithium nitrate as solid absorbant, eliminating the need for rectification.  It was 
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found that 11.8 kg of ice can be produced with generator temperatures around 120°C and condenser 

temperature kept below 44°C.  Practical COP’s of between 15% and 40% could be achieved 

depending on seasonal temperatures.  Although the intermittent operation of this system can be 

inconvenient, the fact that refrigeration and ice can be provided during the warmest months in 

southeast Mexico, without dependence on electricity and without pollution, cannot be overlooked. 

2.4.8  Detailed designs 

Detailed design guidelines and selections for a solar powered cycle using ammonia with a solid 

absorbant are presented by Lambert (2007).  Although ammonia is the refrigerant used and results 

would be comparable to aqua-ammonia systems, the results for a varying solar input are not 

investigated.  No similar study for aqua-ammonia could be found at the time of writing. 

2.4.9  Verification 

In Chapter 6 data from the empirical studies done by Srikhirin & Aphornratana (2002) and Jacob et 

al. (2008)  will be compared to the results from the DAR model developed in this study for 

verification.  The constraints and input values are taken from each and the generated results 

compared to those published.  Conclusions on the accuracy, advantages as well as shortcomings of 

the model are then discussed. 

2.5  Summary 

In this chapter a review of absorption technology history, development and applications was 

presented.  This was followed by an investigation into various working fluids and the advantages 

and disadvantages of using ammonia as refrigerant.  Lastly a critical survey was given on previous 

research done in the field of solar diffusion cycles as well as dual-pressure cycles for comparison.  

Two empirical studies were identified to serve as reference for the verification of the DAR model 

presented in this study.  Based on the conclusions drawn from theoretical studies, several inputs will 

be selected in Chapter 4 to serve as initial operating points for the DAR and dual-pressure model 

before optimisation. 

Table 2.1 is presented in the following section to serve as summary of the abovementioned studies 

and guide further research as a result of this study.  It is also intended to show the various 

international interests in the field. 
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2.6  Overview of research 

Table 2.1 shows a brief summary of all published experimental and simulated experimental studies for solar-driven absorption cycles that could be 

sourced as of September 2012.  All sources are listed fully with corresponding titles in the bibliography under lead researcher, date published. 

Table 2.1: Tabulated summary of published research done on relevant DAHP’s as of September 2012. 

Lead researcher Date published Location Study Description 

Shiran, Y. 1981 Haifa, Israel Simulation Includes year-round performance and cost evaluation 

Kandlikar, S.G. 1982 Rochester, NY, USA Simulation Heat recovery 

Bell, I.A. 1996 Coventry, UK Experiment Observable solar-driven processes 

Bula, A.J.
*
 2000 Barranquilla, Colombia 

Thermodynamic 

simulation 

Dual pressure cycle to correlate generator temperature 

and εHX with COP  

Wijeysundera, 

N.E. 
January 2000 Singapore 

Thermodynamic 

model 

Accounts for irreversibilities with thermal storage and 

cooling tower 

Jakob, U. 2002 Stuttgart, Germany First prototype Sub-zero cooling 

Srikhirin, P. February 2002 Pathum Thani, Thailand First prototype Refrigerator 

Kim, D.S. September 2002 Delft, Netherlands Simulation Cycle configurations 

Sözen, A. November 2002 Ankara, Turkey First prototype 
Above-zero heat pump, determined effect of 

irreversibilities 
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Rivera, W.
†
 March 2003 Temixo, Mexico Transient model Seasonal and daily climate data for a NH3-LiNO3 system 

Jakob, U. June 2003 Stuttgart, Germany Second prototype Air-conditioning applications 

Atmaca, I. July 2003 Bursa, Turkey Simulation Non-purchased energy quantified 

Fathi, R. July 2004 Casablanca, Morocco 
Thermodynamic 

model 
Accounts for irreversibilities with heat exchangers 

Zohar, A. September 2005 Be’er Sheva, Israel Simulation Effects of configuration 

OTTI October 2005 Staffelstein, Germany 1
st
 Int. Conf. Solar Air-Conditioning is held 

Chaouachi, B. 2007 Gabès, Tunisia Simulation Refrigeration 

Lambert, M.A. June 2007 San Diego, CA, USA Detail design Heat pump, includes ice storage 

Jakob, U. July 2008 Stuttgart, Germany Third prototype Air-conditioning applications 

Wang, H. 2012 Shenzhen, China New prototype DAR with small solution pumps 

 

*
Although a simulated dual-pressure cycle driven by a pump, this entry has been included for comparison and because it was the only solar absorption 

research found in South America and this table aims to show locality as well.  For most other entries it was found that for each one solar DAHP, several 

solar-driven dual-pressure studies have been done for that specific location – with the former being the exception. 

†This cycle uses solid lithium nitrate as absorbant but because ammonia is the refrigerant it is still considered.  Modelling of meteorological inputs is 

something lacking in most other aqua-ammonia models. 

 



Chapter 2: Literature Study               31 

The evaluation of a solar-driven aqua-ammonia diffusion absorption heating and cooling cycle 

 

The locations from Table 2.1 are shown over a global map of annual average insolation incident on a horizontal surface in Figure 2.5 where the x-axis 

and y-axis represent longitude and latitude, respectively.  It is based on a 22-year monthly average between 1983 and 2005 and the legend shown is in 

kWh/m
2
 per day.  The average value for Potchefstroom, South Africa being considered in this study is around 5.4. 

 

Figure 2.5: International research locales shown on a global map of global horizontal insolation incident (NASA, 2008). 
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CHAPTER 3: THEORY 

3.1  Introduction 

This chapter focusses on the theory behind the operation of a diffusion absorption cycle.  The topics 

of the sections outlined in this chapter are as follows: 

o Conservation laws 

o General form of equations 

o Cycle configuration and operation 

o System components 

o Working fluid properties and their calculation 

o Thermodynamic processes 

o Theoretical system requirements 

Firstly the three conservation laws are discussed in terms of an integrated thermal-fluid system.  

Various system configurations are briefly discussed to justify the choice of a DAR and comparative 

dual-pressure model as part of the former’s evaluation, the operation of which is treated in detail.  

Thereafter each component of a solar DAR is discussed thoroughly referring to its function within 

the cycle as a whole.  The calculation of fluid properties and the thermodynamic processes involved 

are also explained, with the boundary values required by the conservation equations for each 

component elaborated on.  Lastly a summary is provided for the system requirements of the 

theoretical cycle model from literature. 
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3.2  Conservation laws 

The basis for a sound thermodynamic and flow model of an integrated thermal-fluid system rests 

upon three governing laws of conservation: 

 Conservation of mass 

 Conservation of momentum 

 Conservation of energy 

When following a network approach (elaborated on in Chapter 4 – Section 4.2 ) each component of 

the system is regarded as a one-dimensional element connected by nodes for each inlet and outlet in 

a manner such as to represent the physical system (Rousseau, 2010:25).  Elements in this network 

must be characterised by certain parameters in order to simulate their reaction based on fixed inlet 

conditions to obtain accurately predicted outlet conditions.  Such component characteristics include 

heat transfer rates such as found in the generator, pressure drops obtained from correlations as well 

as pipe diameters and lengths. 

The assumption of one-dimensional flow is not entirely restrictive and by including heights and 

lengths for component characteristics the model may be expanded to represent a two-dimensional 

flow field as done in this study.  Because the single-pressure system relies on diffusion from forced 

convection and thermal syphoning, any simplifications and assumptions are carefully considered so 

as to accurately represent these phenomena. 

Another fundamental aspect of the model and that which contribute greatly towards its accuracy is 

the working fluid properties.  For ideal and perfect gasses as well as pure fluids the established laws 

and well-published property tables offer very high accuracy in terms of predicting temperatures, 

pressures, enthalpies etc. at node points.  Furthermore, for pure fluids two independent properties 

are required in order to obtain any other undefined properties.  For fluids which have a constant 

boiling pressure and temperature within a two-phase flow regime, either specific volume, quality, 

enthalpy or entropy (not with quality) must be one of the properties specified in order to obtain the 

latter mentioned.  For binary mixtures a third independent value is required, which is typically the 

mass fraction of one of the components.  Lastly, the final part required for fully specifying each 

component and the model as a whole are boundary values such as properties of the fluid at certain 

nodes, mass flows, or heat inputs.  A certain number of constraints are required depending on the 

number of free variables when compared to the number fixed by equations. 
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When solving using the software package Engineering Equation Solver (EES) it is also imperative 

to include sensible guess values as well as limits for calculated variables.  Convergence is also 

dependant on this as property methods and the accuracy of correlations will be affected negatively 

by high temperatures, for example.  Solving equation sets can also be done more effectively if the 

solver is constrained so as not to use negative values where it is impossible such as pressures and 

mass flows or the correct sign convention for heat transfers. Use of this software package in the 

modelling of the system network is discussed further in Section 4.2.1 .   

Summary of simulation model structure 

In summary, proper formulation of a simulation model requires the following in accordance with 

Rousseau (2010:26): 

i) Conservation laws 

ii) Component characteristics 

iii) Fluid properties 

iv) Boundary values 

Of these equations, i) is typically rewritten and, where possible simplified to suite the specific 

problem at hand.  Where the working fluid remains in gaseous form terms relating to 

compressibility are not eliminated.  For boiling two phase flow the working fluid composition and 

phase are taken into account and with mixed fluids the mass balance must be valid for each 

component of the fluid.  Component characteristics are unique to the specific component and ii) 

should be defined for each element in the network.  A careful approach should be chosen for 

obtaining iii) as it will influence the accuracy of calculated values in ii) such as heat transfer and 

COP with the margin of error increasing as calculated values are used as inputs elsewhere. 

A thorough model aims to make as few assumptions as possible when choosing values for iv) and 

those made should reflect reality as closely as possible.  Other values are meant to “fix” the system 

at a state or desired operating point as one would be able to do were it a physical experiment.  If 

assumptions can be made to greatly simplify calculations at a negligible effect on accuracy, it can 

mean the difference between obtaining reasonable results within a week rather than waiting months 

for tenth-order accurate predictions.  Practicalities may reflect even the most accurate model 

differently in experimental results.  Each of these four fundamental equations is treated in detail in 

the following sections to explain the theoretical basis of the model in Chapter 4. 
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3.3  Conservation equations 

The integral form of each conservation law is presented here for a one-dimensional finite control 

volume with inlet cross sectional area A, pressure p and velocity V.  These attributes change along 

the sectional length dℓ with x
t




 denoting the partial differential change in a variable x per unit 

volume to an infinitely small time step in differential form of the equation.  The volume is denoted 

by V to avoid confusion. Any sign conventions used are treated where applicable.  The simplified 

forms of fundamental equations applicable to each component are shown in their corresponding 

sub-sections of this chapter with quantified boundary values discussed in Chapter 4. 

3.3.1  Mass conservation 

In complete integral form, the equation for conservation of mass for the finite control volume 

specified is comprised of two terms, one for rate of internal mass change and the second for rate of 

mass leaving the control volume: 

d V
t





  0V dA       (3.1)  

3.3.2  Momentum conservation 

Again in integral form for the same finite control volume, the equation for conservation of 

momentum in integral form is comprised of terms accounting for surface forces acting on the fluid, 

body forces acting on the fluid, internal momentum change and rate of momentum flowing out of 

the control volume: 

dA B d V  V d V
t





    V V dA     (3.2)  

3.3.3  Energy conservation 

For energy conservation across the control volume four terms are of importance namely the rate of 

thermal energy added to the fluid, mechanical energy added to the fluid, rate of change of energy 

within the control volume and rate of energy flowing from the fluid: 

 21
2

Q W u V gz d V
t




   

   21

2
h V gz V dA       (3.3)  
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Sign convention 

In this study, both the total rate of heat transfer term Q  and the total rate of work term W  in the 

above equation are defined as positive for energy added to the working fluid.  Mass does not flow in 

or out of the system and thus energy added to it as a whole is also positive.  This avoids confusion 

when considering the overall cycle and referring to specific components e.g. “heat is added to the 

generator in order to heat the fluid to a quality of 0.25” and “the cycle extracts heat from the 

surroundings in the evaporator” etc. 

3.4  Absorption cycle configuration 

The remainder of this study will focus on a modified Von Platen-Munters absorption cycle using 

aqua-ammonia as binary absorbant-refrigerant mixed fluid pair and a tertiary non-condensable gas 

to allow partial pressure equalization.  Both hydrogen and helium will be considered and evaluated 

for the latter in the simulation chapter.  The cycle in consideration is modified from the standard 

diffusion cycle by adding several heat exchangers to improve efficiency and will be elaborated on 

qualitatively in the following sub-sections.  How this cycle is configured and differs from a dual-

pressure type is discussed in this section. 

3.4.1  Thermally-driven heat pumps 

The absorption cycle heat pump or refrigerator is considered a heat-driven heat pump and two types 

of these exist.  A type I heat pump uses heat from a high temperature heat source to “pump” thermal 

energy from a low to an intermediate temperature relative to the surroundings.  This is illustrated in 

Figure 3.1 where the subscripts from top to bottom refer to generator, condenser and evaporator, 

respectively. 

A type II extracts heat at an intermediate temperature and expels it at both a high and low 

temperature.  This type of reverse-cycle heat pump is usually referred to as a heat transformer or 

reverse absorption heat pump.  It would be more suitable than a type I heat pump for domestic 

heating applications in cooler climates with a lesser abundance of solar availability. 

In both these cases no mechanical energy has to be added to the system in order for it to function.  

Adherence to the second law of thermodynamics through the Clausius statement where the system 

cannot operate in such a way that the net effect is energy transfer from a cold to a warm body is 

enforced for both types and any confusion from the illustration thus avoided. 
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Figure 3.1: A type I thermally-driven heat pump 

In Figure 3.1 the implications for the system within an environment becomes clear, showing the 

type I to be suitable for refrigeration and moderate temperature heating purposes.  Already the 

principles of a zero-order-model (implemented in the simulation under Chapter 4) becomes evident 

in that the assumption is made heat can only be transferred along a temperature gradient.  The heat 

source must be at a greater temperature 
GT  than the generator ,intG ernalT  in order to overcome a heat 

transfer resistance RG due to convection and conduction resistances to heat flow. 

So far, the absorption heat pump has only been treated as a “black box” for illustration.  Expanding 

on this concept, some requirements are to be met with the zero-model approach as listed below: 

 A suitable system pressure in order to achieve an above-atmospheric temperature in the 

condenser to overcome its thermal resistance. 

 The generator temperature relating to a solar thermal input along an increasing gradient. 

 An evaporator temperature suitable for refrigeration thus below 0°C or colder if freezing is 

also required. 

These requirements are quantified in Section 3.8  as overall system requirements of the theoretical 

cycle based on data found in literature from actual DAR prototypes.  The thermal resistances for the 

model presented are not calculated per se but are implied through heat exchanger effectiveness. 
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3.4.2  Dual-pressure cycles 

The simplest dual-pressure absorption cycle is the single-effect system shown diagrammatically in 

Figure 3.2 and superimposed on a Dühring chart (pressure-temperature diagram).  This is to show 

the relative rise in pressure and temperature of the working fluid along the cycle.  The solution 

recuperative heat exchanger might be left out, but this would only require more energy to be 

removed from the absorber (a greater –QA) to adequately cool the strong solution and more energy 

added to the generator in order to achieve separation (increase in QG).  This in turn would greatly 

decrease the cycle COP and the heat exchanger is considered essential. 

Here the sign convention is followed that energy added to the system is positive and energy 

removed to be negative.  Also, in practicality, the temperature of condenser and absorber would lie 

much closer to each other in Figure 3.2, which is as such for the purpose of explanation only.  

Lastly, this diagram is valid for an absorption system using any liquid working fluid pairs. 

 

Figure 3.2: Components of a single-effect dual-pressure absorption cycle showing relative 

P–T positions (Herold et al., 1996:1). 

3.4.3  Single-pressure diffusion cycles 

This section will elaborate on the single-pressure cycle which is to be treated in this study.  As 

mentioned, flow is driven by buoyancy forces due to differences in density caused by separation of 
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refrigerant from absorbant and phase change, both by adding thermal energy to the stream.  No 

mechanical components are thus present, setting the work term in the energy equation to zero.  The 

phenomenon of enthalpies resulting from heat of mixing and the associated energy generated within 

the system is discussed in Section 3.7 . 

Referring to Figure 3.3 as comparison to the dual-pressure cycle previously shown, here the 

components are placed to illustrate their relative physical positions as well as concentration of 

refrigerant in the mixture.  The height is represented on the z-axis and the P-axis is representative of 

the rise in pressure due to partial pressure separation of auxiliary gas and refrigerant, which is 

reverted after only refrigerant is absorbed and returned to the generator at system pressure. 

The vertical rise in pressure due to potential energy as well as fall in hydrostatic pressure is also 

represented by the vertical axis, this implies these pressures as well as losses are more apparent in 

the diffusion cycle than with a dual-pressure cycle where a pump easily overcomes friction with 

little energy needed to increase the pressure of the incompressible strong solution. 

Here the very working of the system is influenced by minute changes in surface roughness, pipe 

bends and component geometries.  Due to very low velocities and mass fluxes, flow is always 

assumed to be laminar (Herold et al., 1996). 

Efficiency considerations 

For absorption heat pumps focussed on the heating capacity of the condenser and refrigeration 

cycles focussing on cooling capacity of the evaporator the measure of efficiency is termed COP as 

previously defined. The most significant draw-backs of absorption over vapour-compression units 

are unfortunately the low COP-values and high capital cost (Herold et al., 1996:ii). 

For a type I absorption heat pump, it is quantified as: 

A C
AHP

G

Q Q
COP

Q


      (3.4)  

and for an absorption chiller or refrigerator as: 

E
AR

G

Q
COP

Q
       (3.5)  
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Figure 3.3: Components of a single-effect single-pressure absorption cycle 

showing relative z–P positions. 

The absorption cycle is essentially the combination of a heat-pump cycle driven by a power 

generation cycle which in turn is driven only by heat.  Herold et al. show that when simplified as 

two Carnot cycles (1996:10) the type I absorption heat pump operates at three temperatures as seen 

in Figure 3.1 and the absorber temperature TA is equal to that of the condenser TC.  Under ideal 

conditions and substituting these four temperatures into equation (2.1) and (2.2) where applicable, it 

can easily be shown that the relationship between efficiency of both applications is given by: 

1AHP ARCOP COP       (3.6)  

It then follows that, similarly to vapour compression heat pumps and refrigerators that the 

efficiency is only determined by application under the same operating conditions.  Furthermore 

COPAR < 1 and 2 < COPAHP < 1 for any valid Qi,ideal.  All equations are valid for both single and 

dual-pressure cycles but for single effect only.  Single effect refers to the fact that the process of 

desorption-absorption occurs only once throughout the cycle.  Pump driven double-effect systems 

exist but any multi-effect systems working on the diffusion principle have yet to be developed. 
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Variations on cycle configuration 

Some variations of the single-effect cycle do exist.  The most common is adding a pre-cooler 

between the condenser and evaporator where evaporated fluid is used to cool condensate before 

entering the evaporator.  This can be done without decreasing COP because QE > QC and thus 

reduces the necessary cooling of the condenser, increasing COP. 

Another heat exchanger may be added between the evaporator and absorber for heat recovery from 

the returning auxiliary gas stream to the refrigerant vapour.  This requires separation of the auxiliary 

gas from refrigerant at the inlet to the evaporator and to then be transported to the absorber where, 

being less dense than the refrigerant and newly-formed strong solution, it is returned to the 

evaporator through the proposed heat exchanger as hot stream (Zohar et al., 2007:2215). 

A less common feature is the addition of small solution pumps to the standard cycle.  The first 

drives strong solution from the absorber reservoir to the generator after expanding through a valve.  

The second also has the addition of a weak solution cooler through which weak solution is pumped 

after separation and returned to the absorber with a spray valve fitted. 

The third is a liquid refrigerant pump to force the flow of accumulated condensate in the evaporator 

through a separate cooler and then returned to the evaporator, again with a spray valve (Wang, 

2012:685).  The increased mass flows result in much greater cooling capacities for the same sized 

unit but only a slight increase in COPAR (Wang, 2012:692).  For this particular study an auxiliary 

gas is still present but only a solution heat exchanger (SHE) has been added for heat recovery.  This 

SHE as well as condenser are both plate heat exchangers. 

Cycle operation 

Basic cycle operation of a diffusion absorption cycle is established from the phenomenon of 

absorption with the removal of heat and desorption with the addition of heat together with diffusive 

mass flows.  Thermal syphoning in well insulated vertical piping as well as flows due to buoyancy 

forces are also primary driving forces behind this type of cycle. 

A delicate balance of chemical thermodynamics, fluid mechanics and heat transfer within and 

between the mixture in both single and two-phase flow regimes exists and can only be modelled by 

approximation.  It is therefore quite difficult under practical circumstances to match experimental 

operation closely to simulated design points (Jacob et al., 2008:1148). 
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A key component of importance to this cycle is the bubble pump which should be optimised for 

maximum lift (outlet height) for the least amount of energy input in the generator of which it forms 

an integral part.  A study done parallel to this on the bubble pump and generator configuration and 

performance in the context of a solar-driven diffusion cycle (Van der Walt, 2012) has shed much 

light or characterising and designing a cycle from the ground up around the bubble pump, once a 

system pressure corresponding to required evaporator and condenser temperatures has been 

specified.  The starting point of relating cycle operation is thus also chosen as the bubble pump. 

Two-phase flow can be sustained in the slug regime within the bubble pump’s lift tube.  Where a 

greater mass flow is needed several vertical tubes may be cascaded together.  This slug flow can 

only be achieved under specific conditions depending on the bubble pump configuration and given 

an adequately long and insulated lift tube.  According to Inoue et al. the existing correlations for 

heat transfer coefficients are insufficient to easily and accurately predict values (2011).  This 

necessitates the verification of predicted values with experimental data. 

The position of slug flow relative to other regimes and corresponding relative temperatures are 

illustrated in Figure 3.4.  Slug flow is a condition of two-phase flow where the vapour component is 

conglomerated together forming a shaped bubble or slug which is able to push liquid portions due 

to difference in density.  This allows the fluid to be lifted along a tube so long as slug flow can be 

maintained.  In practicality this requires the tube to be adiabatic from the section where the quality 

corresponding to slug flow is found and only to have a small pressure drop in order to achieve 

maximum lift. 

A tube or pipe, which can also be bundle together with dimensionally similar tubes, designed for 

this exact purpose is called a bubble pump and forms a very critical component of a diffusion 

absorption cycle.  Attaching the bubble pump to the top of the generator with a necessary 

submerged section is a typical configuration.  After achieving a quality related to slug flow in the 

generator and thus achieving lift, it will be maintained in the bubble pump given a small pressure 

drop and isolated sides.  

This allows a two-phase mixture of partially evaporated working fluid, consisting mostly of 

refrigerant but also absorbant (in the case of liquid-gas working fluids), and liquid working fluid of 

ever-decreasing refrigerant concentration as separation continues, to be lifted to a height several 

times greater than that of the generator (Rivera & Best, 1999). 
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Figure 3.4: Two-phase flow regimes under forced convection in a vertical tube 

(Kovalev, 2012). 

All vapour enters a rectification column where most of the remaining absorbant is removed as a 

condensate.  A dephlegmator may be added which is fed a small bled stream of liquid refrigerant 

from the evaporator in order to capture all but a miniscule fraction of remaining absorbant vapour 

from the exiting stream.  This bled stream along with condensate from the rectifier and weak 

solution leaving the bubble pump is returned to the absorber after passing through a recuperative 

heat exchanger (RHX) for heat recovery. 

The superheated refrigerant vapour leaving the dephlegmator / rectifier can be assumed pure for the 

purpose of clarity.  It is then condensed to a subcooled state in a condenser which can be any form 

of heat exchanger (HX).  Either an air-cooled or water-cooled type may be chosen, depending on 

the requirement to reject heat to the environment or for water heating, respectively.  Now the fluid 

enters through a valve or mixer, as used for the system network shown in Figure 3.6, and 

encounters the auxiliary gas.  This causes a drop in partial pressure of both components although 

the total system pressure is maintained (hence “single-pressure” cycle).  The ratio of refrigerant 

pressure (pr) to auxiliary gas partial pressure (paux) is usually in the order of 1:20.  Dalton’s law 

states that for ideal gasses, the total pressure of the gas mixture is the sum of the partial pressures of 

each component: 

x y zp p p p        (3.7)  

 

for three components x, y, and z. 
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Thus, assuming ideal gas behaviour which lacks accuracy because of evaporation and thus two-

phase conditions of highly polar NH3 – in the case of this study) as well as the partial pressure of 

the remaining leeched absorbant to be negligibly small, the total system pressure (Psys) for an aqua-

ammonia system is given by: 

3sys NH auxP p p p        (3.8)  

As discussed, the auxiliary gasses considered in this study are hydrogen and helium which will both 

remain incondensable at the pressures and temperatures being evaluated.  They will thus 

demonstrate close-to ideal gas behaviour – even more so in the case of inert helium.  It is assumed 

that no oxygen is present in the system and H2O cannot be formed in reaction with H2.  Of these 

gasses the former is most commonly used (Jakob et al., 2003:4) with the latter chosen in some 

applications for safety reasons and resulting in better COP’s (Srikhirin & Aphornratana, 2002). 

Absorption of refrigerant causes a decrease in pressure on the absorbant surface (Inoue et al., 2011) 

due to the removal of refrigerant from the volume only with a slight increase in the specific volume 

of absorbant, as long as the absorber is properly cooled to prevent expansion of contained 

compounds.  Following complete evaporation of refrigerant in the evaporator (which can be several 

stages from a subcooled to superheated temperatures thus allowing an ice compartment, 

refrigeration box etc. depending on the application) it flows towards the slightly lower pressurised 

absorber along with the auxiliary gas.  Most of the refrigerant is absorbed into the cooled weak 

solution leaving the RHX and the auxiliary gas remains buoyant to return to the evaporator inlet. 

The absorber must be cooled further due to heat produced by the exothermic reaction from 

absorption.  The newly-formed strong solution is in a subcooled state and at the original 

concentration at which the system was charged.  It is then re-heated by the RHX to a quality near 0.  

In the generator heat is added at a high temperature in order to get the solution to a quality where 

slug flow is imminent before entering the bubble pump, which is assumed to be adiabatic. 

Here Figure 3.5 is presented in order to elaborate visually on the phase and composition of the fluid 

found in and between each component.  It also shows the method of induced partial pressures in the 

presence of an auxiliary gas, which is kept separate.  The cycle shown is an aqua-ammonia 

diffusion absorption refrigerator (DAR) with hydrogen as ternary fluid (non-condensable auxiliary 

gas). 
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Figure 3.5: The most basic aqua-ammonia DAR or DAHP, adapted from Chen et al. (1996:209). 

In the Figure 3.5 the vertical centreline divides the system into a bottom left weak and bottom right 

strong concentration of refrigerant in solution, top left low and top right high pressure refrigerant 

quadrants and the horizontal line in turn divides the system into top refrigerant and bottom 

absorbant + refrigerant mixture halves. 

The following section provides an oversight on several advanced single and dual-pressure cycles 

and their configuration.  This is presented as basis for further study as well as improvement of the 

cycles presented herein. 

3.4.4  Intermittent systems 

It is also noteworthy to mention absorption systems which are designed to only function for a set 

amount of time depending on heat input before having to be recharged.  Such systems are seldom 

referred to as cycles because the working fluid does not follow a looped path in forward or reverse 
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operation.  The most elemental configuration consists of a generator-absorber, condenser, valve and 

evaporator.  The refrigerant is separated from the strong solution in the generator and follows the 

usual processes of condensation, expansion and finally evaporation at a low pressure to remove heat 

from the evaporator.  After all refrigerant is removed from the solution it is unable to function and 

the evaporated refrigerant must be re-introduced into the generator (now functioning as the 

absorber) and is readily absorbed by the very weak solution absorbant.  Only after this reverse / 

recharge path is completed can the system function as a chiller once more. 

These systems are typically used where cooling is needed for short periods of time to allow 

reabsorption in between operation.  Their compact size and simplicity also make these systems 

popular for recreational vehicles, caravans or mobile units.  Performance is also measured by COP 

but can be related to the amount of ice that can be produced in a single charge.  As discussed in the 

literature review, the system described by Rivera & Rivera (2003) showed a competitive COP in 

comparison to cycle-based units. 

3.5  Components of a solar-powered diffusion absorption cycle 

In this section the primary components that comprise a single-pressure diffusion absorption cycle 

driven by solar thermal energy will be discussed along with a short description of its function.  In 

the parts of the cycle subjected to a partial-pressure due to the presence of the auxiliary gas, the 

pressure of the refrigerant can be very low, mostly less than 20% of the system pressure.  Because 

the cycle is usually explained in terms of which processes the refrigerant undergoes, the term 

single-pressure may lead to confusion.  The main purpose is to achieve refrigeration at temperatures 

below zero in a domestic environment, with the heating achieved by the condenser only utilised as 

secondary effect.  For these reasons such a cycle will from here on only be referred to as a diffusion 

absorption refrigerator, or DAR, when referring to the cycle being considered.  In the next sections 

the different components will be discussed based on Figure 3.6. 

3.5.1  Generator and solar heating components 

Arguably the most crucial component together with the absorber is the generator as it defines the 

performance of the cycle and its characteristics have the greatest influence on COP.  Referring to 

Figure 3.6, fluid enters the generator consisting of refrigerant absorbed in solution at the specified 

system working fluid concentration.  This is essentially what the system is charged with during 

commissioning.  It is thus referred to as strong solution and can be found at system pressure. 
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Heat is added to the generator at the submerged section of the bubble pump which is found therein.  

This heats the solution to a certain point of quality in the two-phase region where it then continues 

up the remaining section of bubble pump.  The outlet stream then consists of a strong solution at a 

quality of x > 0 where slug flow is achieved. 

In Figure 3.7 the elementary components needed to operate a continuous solar driven DAR can be 

seen.  In practice the solar collector may be of another type, although the compound parabolic type 

was shown in Chapter 2 to be the most efficient. 

 

Figure 3.6: The simulated solar diffusion absorption cycle network as modelled in this study. 

 

Some type of solar collector and thermal storage unit is used to capture and store thermal energy 

from the sun during the day with excess heat delivered to the generator at up to a few degrees above 

design point which is typically between 100°C and 170°C during the day.  For times when the 

storage unit is saturated and too much heat delivered to the generator, some sort of dumping heat 

sink should be in place to prevent over-heating. 
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Temperatures up to 300°C and even 400°C have been achieved in concentrating solar thermal 

collectors, but at low mass flows. This is more than adequate to achieve high temperatures in the 

generator of above 100°C.  For these temperatures a type of thermal oil with sufficiently high 

boiling point must be used in the solar energy collection loop to aid in heat transfer to the generator 

and to ensure it does not evaporate which would hamper efficient heat transfer.  Because high 

pressures in this flow circuit are impractical, water cannot be used for high temperature collectors. 

During the night or times of interrupted sunshine, a valve is closed to prevent cooling of the oil in 

the collector, which would become a heat sink without any thermal energy input.  Heat from the 

storage unit is now used to drive the generator, but at a declining temperature as the unit reaches 

depletion. 

The thermal storage unit or “battery” seen in Figure 3.7 could be a phase-changing material (PCM) 

device with chemical compounds chosen for high temperature application.  Such a system relies on 

the latent heat of melting or evaporation of some substance in order to provide thermal energy at a 

mostly constant temperature before depletion.  Suitable collectors include concentrating parabolic 

types (CPC’s) which are easily configured for tracking and offer high temperatures but take up a 

sizeable area.  Or alternatively evacuated / vacuum tube bundles commonly found accompanying 

solar geyser solutions and occupy less area but with reduced temperatures (Kalogirou, 2009). 

A model developed by Moodaly (2008) focussed on the solar radiation intensity achieved in a two 

dimensional CPC verified with a simple experimental setup.  Without tracking internal temperatures 

of 100°C to 200°C were approximated.  With one axis tracking the possible range is between 150 – 

450°C.  This model could be incorporated in the one treated in this study for solar energy input, but 

due to the small scale of the experimental unit the available energy with a large load would not be 

accurately estimated.  For this reason a simpler yet conservative approach is used. 

The methodology followed in the simulation of the collector, battery and generator fluid loop is 

discussed below.  Because this study’s primary focus is the evaluation of the cycle, with the solar 

components specified as the generator’s energy supply, no detailed investigations into the selection 

of these components are done.  Instead the choice of component type used for the simulation is 

based on previous studies which determined the most efficient type for each.  The corresponding 

efficiencies as shown in these studies are used as component characteristics where applicable. 
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Figure 3.7: Elementary components of a solar driven generator. 

Refrigerant fluid mixture loop 

Variables in the following equations are numbered in accordance to the nodes in Figure 3.6 for the 

generator and similarly for all other absorption cycle components in the following sub-sections. 

The conservation of mass is given by the following equation derived from Equation 3.1: 

V 2 1 0m m
t


  


      (3.9)  

The system in this study is only simulated for steady-state conditions.  Therefore no mass flow is 

generated within the control volume of the generator with respect to water and ammonia (not to be 

confused with mass transfer).  Due to steady-state assumptions the first term of Equation 3.9 is 

discarded and the final mass balance equation for the inlet and outlet streams of strong ammonia 

solution may be simplified as: 

2 1m m       (3.10)  
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The complete steady-state equation for conservation of momentum in the generator is given by: 

   1
02 01 1 2 2 1 ,1 2 2 12 avg genp p VV g z z p           (3.11)  

The velocities term is useful to determine stream directions, such as liquid returning down a pipe 

containing a fluid undergoing two-phase flow.  With the low velocities in a DAR the relative size of 

this term is very small compared to the rest of Equation 3.11 and stream directions are known 

beforehand.  Therefore this term may be discarded to simplify calculations without the loss of 

accuracy.  Another reason behind this simplification is that the simulation is geometrically non-

dimensionalised in this evaluation.  This method is treated in detail in Section 4.2.4 . 

The conservation of energy for the generator with submerged section of the bubble pump is given 

by the following simplified equation: 

2 02 1 01 2 2 1 1GQ m h m h m gz m gz        (3.12)  

As previously, the volume term is eliminated with steady-state conditions.  As no mechanical work 

is added to the generator the work term (not shown) is also zero.  The specific node heights zi 

required for both Equation 3.11 and 3.12 are given in Table 4.1 as was estimated for installation of 

the unit in an A-frame house. 

Component characteristics of the generator include:  

 Heat added .GQ   

 Pressure loss across the generator .genp   

 Effectiveness 
G  (heat transfer). 

 Desorption / separation isentropic efficiency
G .  

Lastly, boundary values applicable to the generator for this study are: 

 Inlet pressure (system pressure, stagnation) 0 , .i G sysp p   

 Inlet quality or otherwise temperature. 

 Inlet concentration of solution (system charged mass fraction of refrigerant to solution) .sys  

 Outlet pressure subject to correlated losses. 

 Outlet quality where slug flow is achieved. 

 Outlet concentration which is equal to that of the inlet (only one inlet and outlet). 
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Heating fluid loop 

The solar components may be treated as a singular system with solar irradiation as input and heat 

added to the generator as output.  The solar radiation collected on a certain surface area is known as 

insolation.  Only a certain percentage of the total available insolation is converted to thermal 

energy.  This measure of conversion efficiency 
CPC  is what characterises the parabolic collector. 

If this system is treated as adiabatic except for thermal energy added through insolation and heat 

transferred to the generator, these values are equal.  The second component characteristic of the 

collector is its collection area 
CPCA or that of the total array of collectors.  Provided a certain 

maximum insolation input 
maxI  and area ,CPCA the collectors convert solar radiation to thermal 

energy 
solQ  at an efficiency 

CPC .  In order for heat transfers to occur a certain mass flow of 

thermal heating oil 
oilm  is required. 

This mass flow is constant throughout the fluid loop such that: 

i oilm m for any i     (3.13)  

Because the solar heating system is seen as a separate from the absorption unit, the pressure 

distributions within the collector, storage buffer and piping are not integral to its evaluation.  

Therefore the momentum balance equation is not required. 

The quantified conversion of solar energy is given by the following equation: 

maxsol CPCQ I       (3.14)  

The energy balance for the heating fluid loop is simply given by: 

0sol GQ Q        (3.15)  

Summarising component characteristics: 

 Collector conversion efficiency .CPC  

 Collection area .CPCA  

 Converted thermal energy .solQ  

 Mass flow of heating oil .oilm  
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And boundary values: 

 Insolation potential 
max .I  

 Oil temperature fed to the generator .oilT   

Modelling of the operation of the thermal storage system is beyond the scope of this study.  It is 

included with the assumption that it provides a continuous heat input as required by the generator at 

night, but at a lower temperature.  The required input is reduced, however, due to lower atmospheric 

temperatures, increased ease of heat rejection by the condenser and decreased cooling load. 

3.5.2  Bubble pump 

The section of the bubble pump which is submerged is regarded as part of the generator.  Assuming 

the inlet is the section where slug flow has been established, the two-phase solution mixture is lifted 

to a certain height z as a function of the height of the generator and performance characteristics of 

the bubble pump.  At its outlet vapour is allowed to rise and continue to a rectification column 

where as weak refrigerant-poor solution is left to fall and is returned along the outer wall of the 

bubble pump within an enclosure to a height close to the inlet point.  This also functions to keep the 

bubble pump at a constant temperature and assuming the outer casing is well-insulated the bubble 

pump is assumed to be adiabatic. 

The mass balance of the bubble pump is represented by the following equation: 

4 3 2m m m         (3.16)  

For two outlet streams the momentum balance of the bubble pump must be done for each flow 

component.  These balances are given by: 

 03 02 g 3 2 BPp p g z z p        (3.17)  

for the vapour outlet, and: 

 04 02 4 2l BPp p g z z p        (3.18)  

for the liquid outlet. 
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Because the bubble pump is assumed to be adiabatic the heat transfer term is discarded and the 

energy balance equation becomes: 

4 04 4 4 3 03 3 3 2 02 2 2m h m gz m h m gz m h m gz        (3.19)  

Component characteristics of the bubble pump are: 

 Lift height 
, .BP liftz  

 Submergence ratio of the section within the generator to total length of the bubble pump 

plus generator.  This characteristic is of importance to detail component design and also 

when using relative heights in an overall simulation with a momentum balance. 

 Pressure losses .BPp  

Boundary values applicable to the bubble pump for this study are: 

 Inlet pressure. 

 Inlet quality at slug flow point. 

 Inlet concentration of solution. 

 Vapour and liquid outlet pressure. 

 Vapour and liquid outlet qualities (1 and 0, respectively). 

 Vapour outlet temperature which is assumed equal to the inlet of the adiabatic bubble pump 

as this is the highest temperature found in the bubble pump. 

3.5.3  Rectifier 

Although this component is not necessary it is essential for aqua-ammonia systems in order to keep 

the refrigerant as pure as possible, not only improving performance but also preventing system 

failure due to the formation of ice blocking flow or similar.  The inlet stream is vapour containing 

around 5 – 15% absorbant from the bubble pump vapour outlet.  A cooling coil at an adequately 

low temperature to allow condensation of absorbant is placed around the rectification column and 

the forming droplets collected and mixed with the weak solution exiting the bubble pump.  A more 

pure vapour then exits the top of the column. 

Similarly to the bubble pump except for heat transfer, the three conservation equations for the 

rectifier are: 

6 5 3m m m         (3.20)  
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 05 03 5 3 Rp p g z z p         (3.21)  

 06 03 6 3 Rp p g z z p         (3.22)  

6 06 6 6 5 05 5 5 3 03 3 3RQ m h m gz m h m gz m h m gz         (3.23)  

Component characteristics of the rectifier include: 

 Heat removed .RQ  

 Pressure loss .Rp  

 Effectiveness of cooling coil .R  

Boundary values of the rectifier are: 

 Inlet conditions equal to that of the bubble pump vapour outlet. 

 Vapour outlet purity (concentration). 

 Vapour and liquid outlet temperatures. 

 Vapour and liquid outlet pressures. 

 Vapour and liquid outlet qualities (1 and 0, respectively). 

 Liquid outlet concentration (if quality is not specified). 

3.5.4  Condenser 

Rectified refrigerant vapour at a concentration high enough to assume it to be pure enters the 

condenser and heat is removed such that the refrigerant completely condenses with a few degrees 

below saturation temperature to leave as a subcooled liquid.  The average temperature across the 

condenser must be such that it is several degrees higher than that of the cooling medium used.  

When also keeping the heat exchanger effectiveness and possible high atmospheric temperatures in 

mind, this temperature must be at least 10°C above atmospheric when air is the cooling medium.  

This is to allow acceptable heat transfer rates to occur by overcoming thermal resistance.  High 

atmospheric temperatures are especially prevalent in regions with plentiful sunshine where the 

system would typically be used. 

A practical solution to this problem is presented in a study done by Theunissen (2011) on a 

radiative cooling system.  The system serves as a regulating heat sink at a temperature several 
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degrees below that of the atmospheric temperature.  Comprising of a storage tank and radiator 

panel, the unit is place in the shade to prevent excess heating during the day.  When exposed to a 

lower minimum temperature during the night a greater temperature difference is achieved. 

This system excels at regulating the cooling temperature when maximum temperatures peaks occur 

during the day.  Coupled with the condenser of a solar DAR, such a radiative cooling unit will 

lower condensing temperature and improve COP.  The cooling temperature used in the cycle model 

is quantified from experimental values as shown in Section 4.4 in order to better estimate heat sink 

performance. 

With a set strong solution concentration, generator temperature and given atmospheric conditions, 

there is a certain cycle pressure at or above which the refrigerant will completely condensate for the 

stated atmospheric temperature “plus ten degrees”.  This is the minimum system pressure that must 

be chosen.  At colder conditions or with less input to the generator during colder months, 

condensation will only be easier and is thus also accommodated with this minimum pressure. 

Conservation equations of the condenser: 

7 5m m        (3.24)  

 07 05 7 5 Cp p g z z p        (3.25)  

7 07 7 7 5 05 5 5CQ m h m gz m h m gz        (3.26)  

Component characteristics of the condenser: 

 Heat removed .CQ  

 Pressure loss .Cp  

 Effectiveness .C  

 The degree of sub-cooling , .sub CT   

Boundary values for the condenser: 

 Inlet conditions of rectifier outlet. 

 Outlet quality = 0 or subcooled temperature. 

 Outlet pressure. 
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3.5.5  Flash box / valve 

In this optional component shown before the inlet to the evaporator in Figure 3.6, liquid refrigerant 

is initially flashed into a volume with a certain amount of auxiliary gas.  This process is taken as 

adiabatic when the box is well insulated.  The refrigerant expands to a significantly lower pressure 

where it exists as liquid at a much lower temperature.  Auxiliary gas is allowed to flow into this area 

as necessary to maintain partial pressure equilibrium and the overall system pressure is still 

sustained.  Typical values are such that the ratio of auxiliary gas partial pressure to refrigerant 

partial pressure is 20:1 with corresponding temperatures (Srikhirin et al., 2001). 

The conservation equations for the refrigerant fluid stream are given as follows: 

9 7m m        (3.27)  

 09 07 9 7 FBp p g z z p        (3.28)  

9 09 9 9 7 07 7 7m h m gz m h m gz       (3.29)  

And similarly for the auxiliary gas: 

,9 8auxm m        (3.30)  

 ,09 08 9 8aux FBp p g z z p        (3.31)  

,9 ,09 ,9 9 8 08 8 8aux aux auxm h m gz m h m gz      (3.32)  

Component characteristics: 

 Pressure loss .FBp  

 Ratio of refrigerant partial pressure to system pressure 
3

: .NH sysp P  

Boundary values: 

 Inlet conditions for refrigerant equal to condenser outlet conditions. 

 Inlet conditions of auxiliary gas as specified pressure and temperature or equal to absorber 

auxiliary gas outlet. 

 Outlet pressure of each flow component. 
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 Outlet enthalpy equals inlet enthalpy for each component. 

 Outlet concentration of refrigerant equals inlet concentration. 

3.5.6  Evaporator 

In Figure 3.6 the evaporator inlet and outlet are represented by nodes 9 and 10, respectively.  Here 

partially expanded refrigerant leaving the flash box or valve is evaporated whilst removing heat.  

Because the refrigerant is at a very low pressure, the boiling temperature is much lower than 

atmospheric and allows the area surrounding the evaporator, typically a cold compartment, to be 

cooled.  When specifying a required temperature such as –18°C for domestic freezing needs it 

necessitates the evaporator to operate at a specific pressure which is also a function of the 

refrigerant concentration, to achieve complete evaporation.  This boiling temperature must also be 

chosen at a few degrees lower than the required specified refrigeration / freezing temperature in 

order to account for evaporator effectiveness and thermal losses.  Complete evaporation in the 

evaporator is not necessary but then then piping must be designed to accommodate liquid flowing to 

the absorber.  This might be the case when there is inadequate energy to be extracted from the 

cooling compartment.  The lower than design temperature of refrigerant returning to the absorber 

will in turn decrease the heat produced during the absorption process. 

The low-side system pressure is thus also a specification for a required evaporator performance 

similar to the condenser.  With the aqua-ammonia system being evaluated, ammonia with some 

water accompanying it will not evaporate at a constant temperature, and although minute, this may 

enhance evaporator performance and will be investigated in the simulation section.  Evaporated 

refrigerant may leave at a quality of 1 or a few degrees above resulting in a superheated vapour. 

The accompanying auxiliary gas must not condensate at temperatures found within the evaporator.  

Hydrogen and helium are suitable non-condensable gasses at typical pressures and temperatures and 

are both compatible for this study.  A slight portion of the heat transferred to the mixture of 

refrigerant and auxiliary gas is transferred to the auxiliary gas.  The mass flow of this gas is usually 

much lower than that of the refrigerant and this heat may be disregarded in crude simulations. 

The mass flow of auxiliary gas is estimated and corresponding heat transfers calculated throughout 

its fluid loop.  At this point the density of auxiliary gas is also higher than that of ammonia and it 

“falls” to the absorber with flowing refrigerant.  The exact mechanism behind mass transport is not 

simulated as it is beyond the scope of this study.  The small effect on heat transfers, viscosity, 
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pressures etc. do influence performance, although not in the order to be established with utmost 

accuracy for the conceptual simulation considered.  A simple fractional mass flow ratio is used 

based on difference in specific volume and unit area through which the flow occurs. 

Similar to the condenser except for heat added and two fluid streams, the conservation equations for 

the evaporator are: 

10 9m m        (3.33)  

,10 ,9aux auxm m       (3.34)  

 010 09 10 9 Ep p g z z p        (3.35)  

       10 010 10 10 10 010 10 10 9 09 9 9 9 09 9 9Eaux aux
m h m gz m h m gz Q m h m gz m h m gz         (3.36)  

Component characteristics of the evaporator are: 

 Heat added to refrigerant .EQ  

 Pressure loss .Ep  

 Effectiveness .E  

 Degree of superheating 
sup, .ET  

Boundary values for the evaporator are: 

 Inlet conditions equal to that of flash box outlet conditions. 

 Outlet quality equal to 1 or superheat temperature. 

 Outlet pressure. 

3.5.7  Absorber 

The efficiency at which refrigerant is re-absorbed into weak solution within the absorber determines 

the recirculation rate of refrigerant.  Good recirculation has a positive effect on mass flow of the 

refrigerant, thus increasing system performance. 

With two inlet and two outlet streams of varying composition and phase, the processes occurring 

within the absorber become complex.  The heat exchanged between fluids, mass transfer due to 

absorption and mixing of the four components involved are fundamentally different.  However, the 

conservation laws remain valid and are applied without difficulty if each flow component is treated 
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separately.  These are the returning weak solution (absorbant), refrigerant, auxiliary gas and the 

strong solution leaving the absorber.  The optimal physical configuration and geometry of the 

absorber in order to achieve the best modelled efficiency is, in itself, an entire study on post-

graduate level.  This study assumes the designed absorber efficiency is achievable in practice.  A 

proposed conceptual design is outlined in Section 6.7  as part of a recommendation for further 

study.  The modelled efficiency will be compared with that of the absorber used for a prototype by 

Jacob et al. (2008) proven in practice. 

Refrigerant vapour and auxiliary gas enter the top part of the absorber and is met with an oncoming 

flow of weak solution cooled in the RHX.  This solution readily absorbs refrigerant and heat is 

expelled.  The resulting warmer and higher concentration falls to the bottom and is cooled, allowing 

more refrigerant to be absorbed.  Specific volume of the absorbed refrigerant is also drastically 

reduced which in turn expands the auxiliary gas and allows it to cool. 

The less dense auxiliary gas is also cooled further before leaving the absorber in a top opening to 

return to the flash box at stated conditions.  In practical setups the auxiliary gas cannot be 

adequately cooled in the absorber as heat is much better removed from liquid solution and therefore 

requires a heat exchanger to be placed between the flash box and absorber to allow cooling of the 

gas with the evaporated refrigerant and auxiliary gas mixture leaving the evaporator. 

Strong solution leaves the absorber towards the generator which pulls the solution because of flow 

induced by the bubble pump.  Heat is exchanged between the warm weak solution returning to the 

absorber and cool strong solution leaving.  This greatly reduces the amount of heat required by the 

generator and heat to be removed in the absorber, and the addition of a recuperator is the single best 

addition that can be made in terms of COP improvement. 

Conservation equations of the absorber: 

13 12 11m m m        (3.37)  

,11 14auxm m        (3.38)  

 

 013 011 13 11g Ap p g z z p        (3.39)  

 013 012 13 12l Ap p g z z p        (3.40)  
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 014 ,011 14 11aux g Ap p g z z p        (3.41)  

     0 0 011 12 ,11 13 14i i i i i i i i i i i i Aaux
m h m gz m h m gz m h m gz Q

 
        (3.42)  

Component characteristics of the absorber: 

 Rate of heat removed .AQ   

 Pressure loss across streams .Ap  

 Effectiveness 
A  (heat transfer). 

 Absorption efficiency
A or recirculation ratio.  

Boundary values of the absorber: 

 Inlet pressures and temperatures. 

 Weak solution concentration. 

 Refrigerant concentration. 

 Strong solution outlet temperature 
absT  that should be higher than that of surroundings or 

cooling fluid temperature. 

 Strong solution exit pressure. 

 Strong solution concentration determined from ammonia mass balance.  This must equal the 

concentration sys  with which the system was originally charged with during 

commissioning. 

 Auxiliary gas exit temperature and pressure.  The temperature must be less than or equal to 

Tabs as this is the highest temperature found in the absorber.  An equal temperature is 

unlikely due to less than 100% effective heat transfer and thermal losses through the upper 

casing of the absorber where the auxiliary gas is found. 

3.5.8  Recuperative heat exchanger 

The RHX as mentioned helps to greatly improve cycle performance.  The type of and material from 

which the heat exchanger is made has an immense influence on its price.  Copper cannot be used 

with ammonia as it is corrosive and in order to still have a good effectiveness a stainless steel must 

be used in its construction.  Silver plated components must also be avoided (LaRoche Industries 

Inc., 1997).  The heat transfer equations are treated under Thermodynamic Processes.  The mass 

and momentum equations for the RHX are: 
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1 17m m        (3.43)  

16 15m m        (3.44)  

 

 01 017 1 17 RHXp p g z z p        (3.45)  

 016 015 16 15 RHXp p g z z p        (3.46)  

Component characteristics of RHX: 

 Heat exchanged .RHXQ   

 Pressure loss .RHXp  

 Effectiveness 
G  (for heat transfer). 

RHX boundary values: 

 Inlet temperatures or enthalpies. 

 Inlet pressures. 

 Mass flow of each stream. 

 Fluid cp values. 

 

3.5.9  Piping 

The conservation equations for all piping, such as between points 13 and 17 given as example, are 

as follows: 

17 13m m        (3.47)  

 013 011 13 11 0Lp p g z z p        (3.48)  

17 017 17 17 13 013 13 13m h m gz m h m gz       (3.49)  

A fully assembled system including all the components mentioned is shown in Figure 3.8 which 

depicts the prototype DAR used in the investigation by Srikhirin & Aphornratana (2002). 
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Figure 3.8: An experimental DAR unit. 

3.5.10  Dual-pressure cycle components 

This sub-section is applicable to the secondary simulation done on a dual-pressure cycle as shown 

in Figure 4.9 with variables numbered accordingly.  The fundamental equations for the mechanical 

pump and expansion valves are presented here.  For a generator without a bubble pump these 

equations differ from those shown in Section 3.5.1  and are therefore treated in Section 3.7.1  with 

the explanation of the desorption process.  Both the mechanical pump and expansion valve are 

assumed to be adiabatic. 

Mechanical pump 

10 9m m        (3.50)  

 09 010 09

1
P

P

W v p p


       (3.51)  
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Expansion valve 

10 9m m        (3.52)  

012 011h h       (3.53)  

 

3.6  Working fluid properties 

The binary pair working fluid chosen for the diffusion absorption cycle to be simulated is aqua-

ammonia with hydrogen and helium considered for auxiliary gas.  As mentioned in Section 3.1  the 

fluid properties of a working fluid in question is one of the most important aspects to accurately 

simulate a thermal-fluid system.  This section elaborates on some of the physical and 

thermodynamic properties of aqua ammonia as well as different methods of determining them. 

3.6.1  Description and chemical composition 

What is referred to as aqua-ammonia is technically speaking a chemical compound ammonium 

hydroxide with formulation NH4OH.  These terms both refer to a solution of ammonia, a stable 

molecule with formulation NH3, in pure water (H2O).  An information docket by LaRoche 

Industries (1997:4) states that dissolved ammonia is mainly found as the ammonium ion NH4
+
 with 

corresponding hydroxyl OH
- 
ions.  The molecule NH4OH can also be readily found in a solution 

with the possibility of hydrated molecules such as NH3-H2O or NH3-2H2O also being formed. 

The formation of ammonium ions when dissolving ammonia (or specifically also absorption) in 

water is an exothermic reaction, the balance for which can be written as: 

3 2 4NH H O NH OH E        (3.54)  

where E is the energy released during this vigorous exothermic absorption process. 

Hydrogen bonding may also occur within aqua-ammonia solutions (ANON., 2012).  This results in 

clusters of positive and negative ion complexes of ammonia and water forming (Hvelplund et al., 

2010).  They are generally of the form    2 3H O p NH q
.  An example of such a complex which 

can be found is  2 420
H O NH 

 (Desfrançois et al., 1994). 
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These complexes and their interaction within the solution could have some effect on the properties 

of the bulk fluid.  Variations in their stability and clustering at different concentrations of aqua-

ammonia for specific temperatures and pressures are not fully accounted for in any property 

methods.  Thus the circumstances leading to their formation should be prevented as best possible in 

a practical setup in order to minimise deviation from simulated values. 

The concentration of ammonia in solution will be represented by the Greek symbol .  Here 

concentration is defined as the mass fraction of ammonia as a percentage of the total mixture mass 

and although many sources simply refer to the mass fraction (x) the former convention will 

henceforth be followed in this study.   

3.6.2  Refrigerant operating limitations 

Under manageable cycle pressures the usual composition of aqua-ammonia is 40% mass fraction 

ammonia to have the least separation of ammonia from solution at standard temperature.  The 

boiling point for this mixture at standard pressure of 101.325 kPa is 10.34°C and for this reason it is 

always transported and stored under pressure.  It is also rare that cycles operate below 1 MPa except 

where lesser concentration mixtures are used.  The critical point of this specific mixture is at 19.5 

MPa and 570K, well above the respective pressures and temperatures found in any absorption cycle. 

The refrigerant component of aqua-ammonia is ammonia as mentioned previously.  Hydrogen 

bonding is strong in ammonia but dissociation will occur above 200°C with the following reaction: 

3 2 2200
2 3

C
NH H N


       (3.55)  

and therefore generator temperatures approaching 200°C should be avoided. 

3.6.3  Procedures and safety 

LaRoche Industries offer excellent information (1997) treating most aspects of aqua-ammonia use 

in industry and otherwise, ranging from storage, transportation and handling to regulations and 

emergency procedures.  Should information relating to these aspects be desired it is highly 

recommended to consult their documentation.  Because of the theoretical nature of this study this 

section reaches beyond its scope, but because of its importance should this lead to experimental 

validation, it is mentioned here. 
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3.6.4  Property methods 

Because impure refrigerant is found for most sections of the refrigerant loop, assuming it to be pure 

refrigerant in calculating fluid properties will result in accumulation of errors.  Even if the parasitic 

absorbant is included but unreliable correlations used, the error might even be greater.  Again, the 

necessity for accurate thermodynamic properties cannot be stressed enough.  Ammonia is a polar 

molecule due to its pyramidal structure shown in Figure 3.9.  It will therefore show much deviation 

from properties predicted by the ideal or perfect gas law at temperatures and pressures associated 

with the liquid phase (also in or near two-phase region).  For this reason more reliable property 

methods and correlations have been developed since the need for the modelling of aqua-ammonia 

absorption cycles have increased over the past three decades. 

 

Figure 3.9: The 3D structure of ammonia with superimposed dimensions. 

Two property methods were used in the development of the model for this study.  They are existing 

correlations programmed from Ibrahim & Klein (1993) as well as values from a property database 

based on the correlations by Lemmon & Tillner-Roth (1999).  The implementation of these methods 

is discussed in further detail where prudent in the following chapter.  Values obtained by using both 

methods on a typical operating point are compared and evaluated in the results chapter and the 

accuracy discussed. 

3.7  Thermodynamic processes  

3.7.1  Desorption 

Herold et al define desorption as “the generation of vapour from the condensed phase of a mixture” 

with a further note that “the term implies that the vapour contains predominantly one component in 

contrast to evaporation where all components are assumed to vaporize.”  The vapour-phase outlet of 

a generator without a bubble pump is shown in Figure 3.10 as fluid stream . 
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It is desirable that the stream contains as little as possible water vapour as part of the mixture, as it 

would react negatively in processes following desorption.  One such problem in refrigeration cycles 

is the formation of ice crystals in the evaporator due to water and temperatures below its freezing 

point. 

 

Figure 3.10: The desorption process within generator. 

 

In practice this cannot be fully realised and the process occurring in the generator shall be referred 

to as desorption.  This process is illustrated in Figure 3.10 showing several properties for each fluid 

stream, inlet node heights and the heat added to the system .GQ   The following boundary conditions 

and conservation equations are applicable to the desorption process of the dual-pressure cycle. 

Strong solution inlet 

Aqua-ammonia mixture with a supplied concentration 
1  enters the generator at point  with a 

certain mass flow 
1m
 
and total pressure

01p .  This entering strong solution is assumed not to be sub 

cooled and the quality is consequently taken as 
1 0x   and temperature 

1T  thus taken at saturation 

point.  From these parameters the inlet enthalpy 
1h  may then be calculated by a suitable fluid 

property correlation. 

Conservation of mass  

The overall mass flow rate of the generator inlet stream will be equal to the sum of the mass flow 

rates of the two outlet streams when steady state flow is assumed.  The mass balance equation for 

mixture within the generator can be simplified as: 

1 2 3 0m m m        (3.56)  
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For the ammonia the equation becomes: 

1 1 2 2 3 3 0m m m         (3.57)  

Conservation of momentum 

The process is taken to be isobaric as shown by Herold et al. (1996:67) by assuming internal losses 

and irreversibilities to be negligible.  Other pressure losses may occur outside of the process namely 

inlet and outlet geometries, bends as well as pipe friction and because the system control volume is 

taken around components and not within, these losses are included with the final model as close 

estimations.  For two-phase flow the conservation equation from point  to  is given by: 

     1
02 01 1 2 2 1 ,1 2 2 1 0,1 22

0avgp p VV g z z p             (3.58)  

and follows similarly for point  to .  Using the momentum balance and with all heights known, 

the top and side outlet pressures may be calculated, respectively. 

 

Conservation of energy 

Heat is added at a rate gQ in order for the mixture to reach a certain quality 
2 1x   at outlet stream 

 so as to mostly avoid the vaporisation of water and hence the greater of the two component mass 

fractions in the vapour outlet will be that of ammonia.  This quality is again obtained with property 

correlations and the ammonia is assumed to now exist only as vapour at quality
NH3 1x   as a 

mixture with some two-phase water molecules still present.  The concentration 
2  is thus < 1 and is 

calculated with the ammonia mass balance equation.  Using the overall mass balance equation the 

vapour outlet mass flow rate 
2m  may also be calculated.  No mechanical work is done on the fluid 

stream.  For two-phase flow the difference in component densities and change in potential energy as 

interaction occurs is no longer negligible and included in the energy balance equation: 

3 03 2 02 1 01 3 3 2 2 1 1GQ m h m h m h m gz m gz m gz         (3.59)  

With the pressure 2p  now also known and together with the concentration and enthalpy, the 

remaining outlet conditions for both stream  and  calculated. 
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3.7.2  Heat transfer 

For any heat exchanger with a hot and cold stream with known inlet temperatures, mass flows and 

specific heat (cp) values the maximum heat transfer 
maxQ  possible is theoretically given by: 

max maxminpQ mc T        (3.60)  

with the fluid with the minimum heat capacity as product of mass flow and specific heat capacity 

limiting the heat transfer, times the greatest temperature difference (always hot stream inlet and 

cold stream inlet values).  Aqua-ammonia has a specific heat value less than water and within the 

same order as liquid at different concentrations and throughout the cycle a significantly lower mass 

flow rate than cooling fluids, it can be assumed that 
minpmc   will always be that of aqua-ammonia.  

With 
maxT known, 

maxQ can be calculated and with a heat exchanger effectiveness of 
HX  the actual 

heat transfer will be given by: 

maxHX HXQ Q      (3.61)  

The effectiveness is selected for specific components based on values from empirical studies. 

3.7.3  Forced convective boiling and flow 

When equipped with a bubble pump the cycle is driven by the forced convective flow induced by 

heating the submerged section of the bubble pump.  By assuming the lift tube to be adiabatic and 

providing boundary values for outlet quality the simulation of this component is greatly simplified.  

It is assumed that only vapour leaves the top of the tube and saturated liquid returns to the weak 

solution outlet. 

3.7.4  Cycle irreversibilities 

Several phenomena contribute to irreversibilities in absorption systems resulting in thermal energy 

losses, pressure losses etc. and are listed by mechanism with examples of where they occur in Table 

3.1.  A sound thermodynamic model accounts for these losses in some way at least to closer 

represent real circumstances and predict, quantify and possibly improve upon the causes and/or 

effect of such losses.  A detailed discussion of internal irreversibilities and external heat transfer 

irreversibilities may be found in Wijeysundera (2000). 
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Table 3.1: Irreversible processes in absorption cycles. 

Phenomenon Example Loss 

Viscous friction Vapour and liquid flows Pressure losses 

Thermal mixing Liquid inlet to desorber 
Entropy generated during 

absorption 

Mass mixing Liquid inlet to generator Pressure loss due to geometry 

Heat transfer Every component Non-adiabatic losses 

Unrestrained expansion Expansion valve Momentum losses 

 

3.8  Simulation system requirements 

The following are related to the zero-order requirements as qualitatively mentioned in Section 3.4.1 

: 

 

 Aqua-ammonia is specified as working fluid, at a concentration of 40% mass fraction 

ammonia. 

 Hydrogen and helium must be evaluated for use as auxiliary gas. 

 The cycle must be driven by solar heat. 

 Generator temperature (bubble pump outlet temperature) is to be 120°C, assuming a solar 

heated heating fluid is available at 150°C. 

 It is to be a refrigeration-orientated unit. 

 Thus optimised evaporator work at sub-zero temperature. 

 An average maximum evaporator temperature of –20°C is specified. 

 A minimum condenser temperature of 35°C is specified, suitable for water cooling with 

25°C inlet temperature. 

 The absorber must be at least 40°C to allow air cooling indoors with a surrounding 

temperature of 20°C. 

 A system pressure no higher than 2MPa to keep the casing and pipe thicknesses down. 

 

 

 



Chapter 3: Theory      70 

The evaluation of a solar-driven aqua-ammonia diffusion absorption heating and cooling cycle 

 

 

3.9  Summary 

This chapter provided a detailed overview of the underlying theory needed to simulate a DAR and 

simple dual-pressure cycle. This included the conservation laws, characteristic equations, working 

fluid properties and boundary values applicable to each component of the system.  A discussion was 

also given on the solar heating loop and its components.  The physical desription and composition 

of working fluid was treated as basis to explain the calculation of fluid properties thereafter.  An 

overview was also given on the thermodynamic processes involved.  In conclusion of this chapter 

the system requirements of the theoretical cycle model were given, based on values from literature.  

These requirements are used as constraints for the cycle model, as discussed in the next chapter. 
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CHAPTER 4: MATHEMATICAL MODEL 

4.1  Introduction 

The core of this study involves the simulation of a solar-driven DAR using 40% aqua-ammonia as 

working fluid.  Hydrogen and helium are both investigated as auxiliary gas for a Von Platen-

Munters configuration and the resulting difference in cycle COP compared.  Lastly, a dual-pressure 

pump-driven cycle is simulated with similar parameters than that of the diffusive cycle and both 

then evaluated for domestic refrigeration needs given solar thermal input. 

4.2  Approach to modelling 

The systems-computational fluid dynamics (SCFD) approach is followed in the simulations 

presented in this study.  This makes use of a network representing the actual cycle as elements 

connected by nodes as shown in Chapter 3 – Figure 3.6. 

4.2.1  Software used for modelling 

f-Chart Software’s Engineering Equation Solver (EES) is a powerful tool when the modelling of 

thermal-fluid systems is concerned.  It offers the ability to solve many simultaneous equations by 

using the Newton-Raphson method, as long as the amount of variables equals the number of 

equations.  Convergence and iteration solution stability are dependent on programmed guess values 

and limits for variables.  As further functionality EES offers several built-in functions for 

calculating (or estimating) fluid properties, given the required minimum inputs.  This allows the 

determination of the temperature of hydrogen at a pressure of 190 kPa and specific enthalpy of 3932 

kJ/kg with the following code and Temperature function: 

p1 = 190 [kPa] 

h1 = 3932 [kJ/kg] 

T1 = Temperature(Hydrogen, P = p1, h = h1) 

Here three variables (p1, h1 and T1) can be counted with three equations (one each line).  

Temperature and enthalpy are the two independent properties required to obtain a third namely 

temperature.  The default unit associated with temperature is Kelvin and solving the above code will 

result in T1 = 298.2 K = 25°C. 
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The built-in fluid property functions are able to calculate most thermodynamic and transport 

properties of pure fluids or pre-defined mixtures of compounds such as R134a.  A special procedure 

is included to provide the thermodynamic properties of aqua-ammonia.  The EES NH3H2O 

Procedure requires three independent input properties in order to determine any other, as is to be 

expected when working with a two-component mixture.  Properties compatible with this procedure 

are associated with certain symbols as follows: 

1) T = Temperature (K) 

2) P = Pressure (bar) 

3) c = Concentration 

(mass fraction ammonia) 

4) h = Spec. enthalpy (kJ/kg) 

5) s = Spec. entropy (kJ/kg·K) 

6) u = Spec. int. energy (kJ/kg) 

7) v = Spec. volume (m
3
/kg) 

8) x = Quality 

(mixture vapour mass fraction) 

The numerical code within the procedure call represents the specific input variables according to the 

list shown above in numerical order.  For the example below the code is given by the input 

properties as: P = 2, c = 3 and x = 8 thus 238. 

The program code for using the procedure in order to obtain the temperature of a 40% solution 

aqua-ammonia at a pressure of 1.5 MPa and a quality of 0 is written as: 

c = 0.4 [dim] (standing for dimensionless) 

P = 15 [bar] 

x = 1 

CALL NH3H2O(238, p, c, x: T1,P1,c1,h1,s1,u1,v1,x1) 

Solving the above code will cause the function to return values for all eight variables associated 

with it, including the input variables with their given values.  The temperature returned is found to 

be 372.6 K or 99.4°C, the corresponding boiling temperature of 40% aqua-ammonia at 1 500 kPa.     

Giving temperature, enthalpy and quality with their corresponding code as inputs for the procedure 

to determine the properties of a second point would appear as: 

CALL NH3H2O(148, T, h, x: T2,P2,c2,h2,s2,u2,v2,x2) 
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This procedure is externally written using the correlations from Ibrahim & Klein (1993:1495) to 

determine mixture properties.  Another software package using this correlation is PROPATH 

(PROPATH Group, 2001) and it is equally capable than the above procedure, however difficult to 

integrate with EES.  The convenience of calculating properties at the same time as equations are 

solved is unmatched. 

The EES instructions for the NH3H2O-procedure states: “Newer and presumably more accurate 

correlations for ammonia-water mixture properties are provided in the NIST REFPROP 7 

program.”  The correlation referred to was developed by (Lemmon & Tillner-Roth, 1999). 

The U.S. National Institute of Standards and Technology or NIST have developed a Reference 

Fluid Thermodynamic and Transport Properties Database (REFPROP) software package with 

versatile functions and allowing users to easily generate steam tables etc. for specific boundary 

values.  Perhaps the best feature is the ability to select a combination of pure fluids as a mixture of 

specified mass fractions and generate saturation tables for a varying pressure, for example.  This 

software package was obtained for this study and used alongside EES for evaluation of property 

methods.  Presuming the correlations used by REFPROP 9.0 are an improvement over previous, as 

a last step the simulation will be done using properties from its database and compared with the 

results from the EES procedure. 

4.2.2  Advanced simulation 

Transient conditions as well as mass transfer resulting from chemical and chemical-thermodynamic 

mechanisms are well beyond the scope of this study, and not necessary for the outlined simulation 

of a conceptual design phase.  This provides further evidence of the interdisciplinary nature of 

absorption systems in terms of researching and integrating all physical processes involved. 

M-Tech Industrial’s Flownex SE (2012) as well as Aspen HYSYS and Plus (AspenTech, 2012) are 

suitable for the modelling of a DAR in complete detail and for transient conditions, with the Aspen 

products focussing more on the chemical processes involved.  FLOWNEX offers retrieval of 

REFPROP properties as the composition of mixtures change and can even be programmed with 

seasonal variation in temperature inputs. 

Using the above packages is a good interim step between the conceptual design and modelling 

presented in this study and a prototype as the contributing chemical processes, especially their 
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effect on transport phenomenon, might influence cycle performance in ways overlooked by the 

methods of this study.  This prevents wasted energy with experimental fine tuning and allows 

quicker realisation of a commercially viable and optimised product.  Expanding the climate data 

input with data from any location, performance figures can further be optimised for locale-specific 

units. 

4.2.3  Visual representation 

A 3D temperature-entropy-concentration diagram is presented in Figure 4.1 generated from 

saturation properties obtained from REFPROP.  These properties were calculated as would be done 

to plot a T-s diagram for a fixed concentration.  Several concentration increments then form the 

different “slices” in the z-direction. 

 

Figure 4.1: 3D compiled T-s-ξ diagram for aqua-ammonia. 

 

Note the instabilities in correlations near the critical point resulting in “furrows” on the contour.  

Temperatures above 400 K are not applicable to the cycles considered.  The temperatures calculated 

from correlations will thus be well below this problematic area. 

 

Temperature 

in Kelvin 
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4.2.4  Non-dimensionalised system 

The model presented for both the DAR and dual-pressure cycles are not dimensionalised except for 

node heights.  Therefore physical dimensions such as pipe diameters or heat transfer areas are not 

specified.  Instead the simulation is done in terms of unit mass flow of aqua-ammonia and the 

corresponding solar collector area to achieve the generator heat input required.  As such the values 

obtained for heat transfer rates 
iQ  are in fact specific heat transfers 

iq  of kJ per kg of fluid.  

Although results are presented in kW, they should be interpreted as follows:  A heat transfer rate of 

x kW is achieved for each 1 kg/s mass flow of aqua-ammonia between the absorber and generator 

which requires a solar collector area of y m
2
. 

By treating the results in this manner, it allows the cooling capacity that can be achieved in a 

domestic setup to be related to the available area on a roof for solar collectors.  With the associated 

mass flow and mass flux specified for the bubble pump, the number of tubes in cascade can then be 

calculated, piping diameters specified and heat exchangers sized.  Component efficiency and heat 

exchanger effectiveness is, however, proportional to component size.  For this reason the specified 

component characteristics are chosen conservatively and based on values found in literature for 

domestic-sized prototypes.  This is a convenient method to quickly evaluate a system.  After a 

system is evaluated for a certain location, an adjusted simulation with specific dimensions may then 

be performed for improved accuracy. 

 

4.3  Requirements for domestic use 

Derived from the system requirements listed in the previous chapter, domestic use of a DAR with 

solar input requires: 

 Solar collectors must be placed on available roof space. 

 High availability of sunlight. 

 The highest possible COP should be aimed for, resulting in the smallest unit possible given 

certain cooling and heating requirements. 

 The chiller box must be easily kept at between –10 to –20°C. 

 Condenser and absorber temperatures must be well above ambient for a chosen location to 

ensure adequate heat transfer and air cooling is more desirable than water cooling, especially 

when scarce. 
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The location for the unit is chosen as Potchefstroom, North West, South Africa at the following 

GPS coordinates: 

26°42'52" S   27°5'49" E 

at an elevation of 1342 m.  For this location acceleration due to gravity g is equal to 9.78672 m/s
2
. 

Weather and solar data for Potchefstroom is now incorporated into the simulation and a yearly 

analysis then performed for the system.  Boundary conditions are chosen to allow the system to 

continue to perform as specified under likely worst-case conditions.  These are found during 

summer where heat is rejected with difficulty by the condenser and cooling demand is high. 

. 

4.4  Meteorological data for Potchefstroom, South Africa 

The information provided here has been processed from data provided with permission from the 

South African Weather Bureau.  This data will not be provided in this dissertation as per the non-

disclosure agreement.  As mentioned, it is necessary to first select a design point such that 

performance is not degraded during warm atmospheric conditions.  In Figure 4.3 it can be seen that 

the most likely average high temperature during warmer months in Potchefstroom will be 32°C.  

Temperatures above 35°C are uncommon. For the observed period it was found that temperatures 

higher than 37°C only occurred on four days for a brief period. 

 

Figure 4.2: The frequency of daily temperatures for Potchefstroom between January 2011 

and October 2012. 
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The radiative heat sink discussed in the next section is able to provide cooling at a temperature 

12°C below atmospheric on average.  For an atmospheric temperature of 35°C it would be able to 

provide cooling of the condenser at ~23°C.  This is sufficient and this temperature is thus chosen as 

the design point. 

The maximum temperature of each day minus 12°C will be used as input for the yearly analysis.  

These temperatures are shown in Figure 4.3 together with daily the minimums.  Where the 

difference between the average daily minimum and maximum temperatures are constant the heat 

sink will perform consistently.  This is prevalent for the period between July 2011 and August 

2012. 

 

Figure 4.3: Daily recorded temperatures over a 22-month period for Potchefstroom. 

 

In the study by Theunissen (2011) an experimental radiative cooling system was tested for 

Potchefstroom.  Two storage tanks were observed for a period of 38 days during spring.  Tank S1 

was subjected to a heat load and S2 used as control.  In Figure 4.4 it can be seen how the heat sink 

provides a much more stable cooling temperature compared to the fluctuating atmospheric drybulb 

temperature.  The heat sink temperature is mostly consistently 12°C below the maximum daily 

temperature.  It is confirmed that temperatures above 37°C occur only during brief periods of the 

day and the inputs chosen remain valid. 
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Figure 4.4: Temperature reduction with a radiative cooling system (Theunissen, 2011). 

 

 

Figure 4.5: Average solar availability as hours per day for Potchefstroom between 

January 2011 and October 2012. 
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Figure 4.5 shows the availability of insolation as hours per day for Potchefstroom as averaged 

between January 2011 and October 2012.  The daily rainfall was converted with a conservative rate 

of precipitation applicable to the specific season in order to obtain the duration of rainfall.  It is 

assumed that during rain the sky is overcast.  This duration was then subtracted from the hours of 

useable daily sunshine and the histogram generated.  During sunrise and sunset the incident angle of 

insolation is impractical for collection and useable sunshine was assumed to be 80% of the hours 

between sunset and sunrise of each day as approximated from Kalogirou (2009:55).  For the period 

shown in Figure 4.5 it can be concluded that Potchefstroom has a very high solar availability with 

less than 5% of the 669 days showing availability below 8 hours per day. 

 

Figure 4.6: Definition of horizontal irradiation compared to other definitions (SECO, 2012) 

 

Figure 4.7: Global horizontal irradiation for Southern Africa (SolarGIS, 2012). 
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In order to estimate the required solar collector area, the horizontal irradiation is required as 

collectors are assumed to be fixed.  This is done to obtain a conservative estimate.  The calculation 

of horizontal irradiation is shown in Figure 4.6 with other definitions for the calculation of 

irradiance shown as comparison. 

By using the annual average sum of horizontal irradiation presented in Figure 4.7 the calculation is 

again kept conservative.  By using this convention rather than a tilted approximation, provision is 

also made for collectors installed on flat roofs.  The value for Potchefstroom (shown) is 

approximately 2150 kWh/m
2
 and will be used in the simulation.  During summer months with 

longer hours of more intense sunshine this value will be higher and similarly lower during winter.  

If the average value together with peak summer temperature is used as design point, the system will 

be able to provide the required cooling capacity during warm, overcast days.  On days where there 

is an excess of irradiation the mass flow of thermal oil can be regulated in order to prevent 

overheating of the generator.  Alternatively, it can be used for the heating of water or a swimming 

pool.  If decreased performance during overcast days is not problematic e.g. for air conditioning 

absorption systems, the estimated area of collectors required may be reduced. 

 

4.5  Bubble pump characteristics 

An advanced and detailed model using the best correlations for two-phase heat transfer coefficients 

(hhtc,tp) was developed by Van der Walt (2012) in parallel to this study.  Preliminary, verified results 

from this model have been used here with permission and incorporated into the DAR model.  The 

graph below shows the relation of heat flux of the submerged bubble pump section contained in the 

generator to the increasing critical temperature needed for the incipience of nucleate boiling and 

actual wall temperature found using the Riviera and Best- correlation (1999) for hhtc,tp.  It can be 

seen in Figure 4.8 that the unnecessary increase in wall temperature only equates to a waste of 

energy and thus a heat flux of 6.0 kW/m
2
 is chosen for the DAR simulation. 

All input parameters for the bubble pump simulation were: 

 A tube diameter of 10 mm. 

 A cascade of N number of tubes is used for the final mass flow required. 

 Mass flux of 10 kg/s·m
2
. 

 Heat flux of 6 kW/m
2
. 



Chapter 4: Mathematical Model      81 

The evaluation of a solar-driven aqua-ammonia diffusion absorption heating and cooling cycle 

 

 

 

Figure 4.8: Effect of heat flux of heat added to bubble pump submerged section 

on critical and resulting wall (Van der Walt, 2012). 

The above were values chosen to optimise bubble pump performance in terms of maximum 

refrigerant separated per unit heat input.  The results were as follows: 

 Overall length from bottom of generator to tube outlet = 4.97 m. 

 Generator height = 2.18m. 

 Quality at which slug flow is maintained = 0.25 (used for quality at point 2, Figure 3.6). 

 Mass flow per tube = 0.785 g/s. 

 Required heat input per tube = 410.7 W. 

 Pressure drop across bubble pump = 2.28 kPa. 

These values are used to fix conditions of the simulation at the bubble pump outlet and thereby 

provide a closer approximation of system performance by integration of results from a detailed 

model. 

 

4.6  Node elevations 

For the cycle network with nodes as shown in Figure 3.6 the following heights are now specified 

for the DAR model based on the dimensions of a A-frame type house as shown in Figure 1.2 of 

Chapter 1: 
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Table 4.1: Different heights of nodes for DAR cycle simulation network in Figure 3.6. 

Node 

i 

Height 

zi 

1 0.0 m 6 5.6 m 11 3.0 m 16 2.4 m 

2 2.7 m 7 5.5 m 12 3.0 m 17 0.0 m 

3 5.5 m 8 5.4 m 13 2.2 m - - 

4 2.8 m 9 5.5 m 14 3.0 m - - 

5 6.0 m 10 6.0 m 15 2.4 m - - 

 

The values as shown were estimated for a double-storey A-frame house for the placing of system 

components to maximise flow.  Relative sizes of components were estimated from dimensions of 

the experimental system built by Srikhirin & Aphornratana (2002).  These values contribute to both 

the momentum balance and energy balance equations of all components in the DAR cycle model.  

Similar heights for nodes in the comparative dual-pressure model with numbering taken from 

Figure 4.9 are shown in Table 4.2 in the following section. 

4.7  Comparative dual-pressure model 

The dual-pressure absorption cycle shown in Figure 4.9 was simulated in EES with input 

parameters similar to those of the DAR simulation in the previous section.  The purpose of this 

secondary simulation is to evaluate its feasibility for use with solar thermal input and for 

refrigeration purposes.  Whilst this study focusses on a DAR, in doing so the compared results form 

part of its evaluation.  The additional system components and their fundamental equations are 

discussed in Section 3.5.10  with boundary values based on those of the DAR. 

The most important requirement is that the system pressure of both should be equal in order to 

simulate units of a comparable cost.  Higher pressures would imply thicker pipes and casings with 

associated higher costs.  Another crucial prerequisite is that only liquid may enter and leave the 

pump from node  to  in order to prevent cavitation and keep pump work to a minimum if 

incompressibility of liquid solution is assumed.  This can be detrimental to COP because the work 

required by a compressor needed for a phase-changing flow is also much greater, as can be seen in 

Equation 3.51 with a large v.  The greater cost for a compressor is also a deciding factor. 

The respective height for each node of the dual-pressure cycle in Figure 4.9 is shown in Table 4.2. 
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Figure 4.9: Simulated dual-pressure absorption cycle network for comparative evaluation. 

 

Table 4.2: Different heights of nodes for dual-pressure cycle simulation network in Figure 4.9. 

Node 

i 

Height 

zi 

1 0.5 m 7 5.0 m 

2 1.0 m 8 1.0 m 

3 0.0 m 9 0.5 m 

4 5.0 m 10 0.5 m 

5 4.5 m 11 0.0 m 

6 4.5 m 12 0.0 m 

 

If unfavourable results for the dual-pressure cycle are obtained, it will be investigated what has to 

be done or changed in order to achieve a similar cooling capacity to that of the DAR. 
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4.8  Summary 

In this chapter the development of a simulation model for primarily the DAR cycle was treated, as 

outlined by the requirements at the end of the previous chapter.  Secondarily for a simple dual-

pressure cycle with similar parameters used in the evaluation of the former, a brief discussion was 

also given.  The approach used in the S-CFD modelling of the cycles was elaborated upon including 

an overview of the software used.  Requirements for domestic use to serve as boundary values for 

the model and certain components therein were quantified and expanded to include meteorological 

data for Potchefstroom.  This data is used to further perform a yearly analysis on the DAR cycle as 

configured for acceptable performance during warmer days.  The bubble pump characteristics are 

chosen and outlet conditions then derived from a detailed model in a study by Van der Walt (2012) 

which provides conservative results compared to other studies using the same correlations from 

Rivera & Best (1999).  Node elevations are also provided as boundary conditions based on the 

layout of the system in an A-frame house.  In conclusion, the comparative dual-pressure model is 

developed based on input values from the primary DAR model.  Special requirements of this cycle 

are also explained regarding performance.  The next chapter shows the results obtained from these 

detailed simulations. 
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CHAPTER 5: SIMULATION RESULTS 

5.1  Introduction 

The cycle simulations were done for primarily a DAR cycle and secondly a simple dual-pressure 

pump-driven system in order to compare performance as well as evaluate suitability of each 

regarding the requirements as specified for a refrigerator.  Firstly the results of a worst-case design 

point simulation of a DAR are provided with accompanying optimisation graphs and a discussion of 

noteworthy points.  Results obtained using different property methods from EES and REFPROP are 

included for both hydrogen and helium as auxiliary gas, in each case.  Secondly the results from a 

yearly analysis on a DAR are presented.  The cycle remains configured as in the base simulation.  

Finally the results from a dual-pressure cycle with similar inputs are provided followed by results 

when configured to deliver the same cooling capacity as the former. 

5.2  Base DAR cycle simulation 

Results from the simulation of the specified DAR using property methods from EES presented in 

Table 5.1 based on unit mass flow aqua-ammonia.  Values obtained using hydrogen and then 

helium as auxiliary gas is shown.  It should be noted that the only difference when using Helium is 

a 100 W decrease in heat transferred to evaporator.  This is a reduction in cooling capacity of less 

than 0.1% over that of hydrogen with a negligible influence on COP. 

Table 5.1: Results from worst-case design point primary DAR cycle using EES. 

Hydrogen Helium 

QG 526.2 kW COPAR 0.438 QG 526.2 kW COPAR 0.438 

QR –100.6 kW COPAHP 1.438 QR –100.6 kW COPAHP 1.438 

QC –280.2 kW Tcond,min 35°C QC –280.2 kW Tcond,min 35°C 

QE 230.7 kW Tevap,avg –21.9°C QE 230.6 kW Tevap,avg –21.9°C 

QA –376.1 kW Tabs 40°C QA –376.1 kW Tabs 40°C 

 

The performance results when using properties from REFPROP based on the same input and unit 

mass flow is presented in Table 5.2 and for both gasses.  A more noticeable difference in cooling 

capacity is seen, now favouring helium with a 13.5% increase in cooling capacity and a 13.4% 

increase in COPAR.  These results are discussed in greater detail in the next chapter. 
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Table 5.2: Results from worst-case design point primary DAR cycle using REFPROP. 

Hydrogen Helium 

QG 554.1 kW COPAR 0.277 QG 551.1 kW COPAR 0.320 

QR –100.2 kW COPAHP 1.272 QR –100.2 kW COPAHP 1.320 

QC –291.8 kW Tcond,min 35°C QC –291.8 kW Tcond,min 35°C 

QE 153.4 kW Tevap,avg –21.9°C QE 177.4 kW Tevap,avg –21.9°C 

QA –315.6 kW Tabs 40°C QA –339.5 kW Tabs 40°C 

 

5.2.1  Influence of generator temperature 

The generator temperature is a direct measure of the thermal oil temperature in the solar heating 

loop.  A higher temperature relates to an increase in available solar energy and also in energy 

transferred to the generator. 

A parametric study using EES and it’s built in property methods for aqua-ammonia was performed 

on the DAR cycle using the same configuration as before.  The results may be used as an aid in 

optimising the cycle based on specific inputs. 

An increase in generator temperature has the largest influence on generator heat input rate as should 

be noted in Figure 5.1 from the slope of QG.  This increase in energy added to the desorber will 

result in an increased rate of desorption.  This in turn is subject to an increase in irreversibility 

hence decrease in COP.  More refrigerant is expelled which provides the increase in cooling 

capacity.  At higher temperatures more water is also evaporated with desorbant at a non-linear rate 

and results in the curve of QR as more heat must be removed to rectify the impure refrigerant. 

Similarly to other thermodynamic cycles a trade-off must be made between efficiency and 

performance.  A generator temperature of 130°C is selected as operating point.  This temperature 

offers an excellent cooling capacity despite a COP of only 0.45 as obtained from the results.  

During the night a lower temperature will be reached due to the energy provided from a thermal 

storage device as discussed in previous chapters.  The required cooling is also lower and thus the 

decrease in QE is not detrimental.  The increase in COP favours the situation as the system makes 

more efficient use of the heat provided, prolonging the time before the energy storage unit is 

depleted.  Temperatures below 105°C represent an impractical cycle and should be avoided. 



Chapter 5: Simulation Results      87 

The evaluation of a solar-driven aqua-ammonia diffusion absorption heating and cooling cycle 

 

 

  

Figure 5.1: DAR performance graph with varying generator temperature. 

 

5.2.2  Optimal system pressure 

The performance graph in Figure 5.2 represents another parametric study on the influence of 

system pressure on cycle performance.  For the configuration thus far a pressure below 1.4MPa is 

unfeasible as can be seen from the results.  Although simulated as constant, the cycle pressure will 

vary with ambient temperature as components cannot be perfectly insulated.  High pressures will 

require thicker casings and piping resulting in a more expensive and heavy unit. 
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For this reason a pressure of 1.5MPa is selected which will maintain the system above minimum 

pressure with external influence and results in minimum material requirement.  The sudden drop in 

performance can be explained by improper condensation of refrigerant in the condenser as evident 

in the trend of QC below 1.4 MPa.  Partially or fully evaporated refrigerant now enters the 

evaporator and less energy can be removed from its surroundings, resulting in a poor COP. 

 

Figure 5.2: DAR performance graph with varying system pressure. 

 

5.2.3  Concentration effects 

The concentration of ammonia in the strong solution fluid loop and its effect on performance is 

discussed at the hand of a final parametric study.  Referring to the chart in Figure 5.3 it is evident 

that an increase in concentration of ammonia in the refrigerant mixture is advantageous to 

performance under these conditions.  In a practical setup, however this is not the case. 
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Figure 5.3: DAR performance graph with varying concentration of ammonia. 

The almost linear increase in performance with higher concentrations can be ascribed simply to 

more refrigerant being released per unit mass flow of the mixture.  At concentrations below 0.35 the 

heat added to the bulk of the mixture in the generator only to be removed again in the absorber 

contributes little to cooling performance due to less refrigerant mass.  This will affect COP 

negatively and a minimum concentration of 35% is specified. 

At higher concentrations it becomes more difficult for ammonia vapour to be reabsorbed in the 

absorber for the specified pressure.  From the literature study conducted it was found that a 

concentration up to 40% can be used without detrimental effects, thus increasing COP and cooling 

performance.  A final concentration of 40% is chosen.  Results from these parametric investigations 

were used in the selection of cycle parameters in the calculation of the results shown at the 

beginning of this section. 
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5.2.4  Sizing of solar collector 

The heat input required by the generator per unit mass flow of refrigerant mixture with EES data 

was calculated as 526.2 kW.  Average horizontal irradiation for Potchefstroom was also found to be 

2150 kWh/m
2
 from meteorological data.  A study by Kim & Machielsen (2002) treated in the 

literature review showed an efficiency of  η = 0.537 for CPC type solar collectors.  The yearly 

average useable sunshine for Potchefstroom was calculated from meteorological data as 9.25 hours.  

Based on these figures a theoretical maximum rate of 124.8 kW/ m
2
 can be converted from solar 

energy in the collectors.  This equals a collection area of 4.216 m
2
 for each 1 kW of heat input 

required by the generator or 2218.4 m
2
 for a unit mass flow of aqua-ammonia. 

An A-frame house with a roof area facing the sun of 120 m
2
 is able to provide a generator with 

maximum 28.5 kW of thermal energy.  Using the same configuration up to now it is possible to 

achieve an average theoretical cooling capacity of 12.5 kW in the evaporator at refrigerating 

temperatures.  These values are also quite feasible in terms of domestic air-conditioning 

requirements. 

5.3  Yearly analysis of DAR 

A yearly analysis was performed on the DAR with EES and built-in property methods as previously 

discussed.  This investigation included the effect of ambient temperature on COPAR.  The variation 

in COP over time with past ambient conditions is shown in Figure 5.4 for the period of available 

meteorological data. 

It should be noted that the average COP varies between 0.53 and 0.43 over this period, never 

exceeding 0.60 during performance-favourable colder months.  In two instances a drastic decline in 

COP can be seen for a short duration.  These are days where the maximum temperature exceeds 

38°C and has a detrimental effect on the condenser’s ability to reject heat, even with the lowered 

radiative heat sink temperature.  Under these conditions, insufficient refrigerant is condensed and 

results in a lower cooling capacity. 

The simulation model did not account for capacitive effects in the radiative cooling system which 

would compensate for spikes in ambient temperature, provided they occur over relative short 

periods during the day.  The increased generator temperature in these cases would increase cooling 

capacity and it would be possible to maintain the required capacity. 
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Figure 5.4: Yearly performance of the simulated DAR cycle. 

 

5.4  Dual-pressure cycle simulation 

Results from the EES simulation of the previously specified dual-pressure refrigerator, again per 

unit mass flow, are presented in Table 5.3.  The cycle does not have a rectifier and instead of QR the 

required pump work WP is shown.  Because of this configuration the generator temperature must 

also be reduced to prevent excess water vapour from forming.  As specified in Section 4.7  the 

requirement that the pump should not be a compressor had to be met.  This requires a significantly 

higher pressure in the evaporator compared to a DAR in order to ensure only liquid enters the 

pump.  With similar inputs as the DAR the best possible evaporator temperature was found to be 

only 25°C which is unsuitable for even air-conditioning purposes. 

Table 5.3: Results from a comparative dual-pressure cycle using EES. 

40% Aqua-ammonia 

QG 292.7 kW COPAR 0.623 

QC – 269.4 kW COPAHP 1.623 

QE 181.5 kW Tcond 35°C . 

QA –205.8 kW Tevap 25°C . 

WP 972.4 W . Tabs 45°C . 
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5.5  Summary 

These results summarised in this chapter were discussed at the hand of accuracy and effect on 

system performance based on varying inputs.  Discrepancies were found when comparing results 

obtained from different property methods for helium and hydrogen.  Helium is the favoured 

auxiliary gas based on the correlations by Lemmon & Tillner-Roth (1999) although too little is 

known from the non-dimensionalised model to make an economically sound choice. 

Several choices in terms of optimised input parameters were discussed at the hand of DAR system 

performance.  Results from a yearly analysis were shown and are elaborated on in the following 

chapter.  A comparative dual-pressure model showed the DAR to be viable as part of the latter’s 

evaluation.   

The next chapter treats these results in greater detail and conclusions are drawn on sever key aspects 

in the evaluation of the solar driven DAR cycle in this study, with reference to meeting domestic 

energy demands. 
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CHAPTER 6: DISCUSSION AND VERIFICATION 

6.1  Introduction 

The results were presented in the previous chapter with notable points discussed.  Key findings are 

elaborated on in this chapter.  The following sections will cover the accuracy of property methods 

used, evaluation of heating and cooling capabilities, yearly performance and verification with 

empirical results.  Finally a design recommendation for an absorber is provided from the DAR 

simulation results and findings of previous research. 

6.2  Accuracy of results 

As stated the DAR simulation was performed using property methods from both an EES procedure 

and manually from REFPROP.  Hydrogen and helium were evaluated as auxiliary gas in either 

case.  The results for main performance parameters are provided with the specific % deviation 

between property methods.  In the case of REFPROP values were calculated consecutively, in other 

words variables which are dependent on previous nodes were also calculated using the same 

property method.  Table 6.1 shows the comparison of results for hydrogen and Table 6.2 for helium. 

Table 6.1: Comparison between results for hydrogen. 

Hydrogen EES REFPROP Deviation 

QG 526.2 kW 554.1 kW 5.3 % 

QR – 100.6 kW – 100.2 kW –0.4 % 

QC – 280.2 kW – 291.8 kW 4.1 % 

QE 230.7 kW 153.4 kW –33.5 % 

QA – 376.1 kW – 315.6 kW –16.1 % 

COPAR 0.438 0.277 –36.8 % 

COPAHP 1.438 1.277 –11.2 % 

 

In Table 6.1 the greatest difference in calculated values can be seen in the evaporator cooling 

capacity with REFPROP property methods predicting a 34% smaller value.  This also has a great 

influence on COP which is 0.161 lower in this case.  According to Lemmon & Tillner-Roth (1999) 

these said methods are more accurate than previous correlations at their date of publication. 
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A similar finding should be noted in Table 6.2 with a 23% smaller cooling capacity and decrease in 

COP of 0.118 using REFPROP property methods based on correlations by Lemmon & Tillner-Roth 

(1999). 

Table 6.2: Comparison between results for helium. 

Helium EES REFPROP Deviation 

QG 526.2 kW 551.1 kW 4.7 % 

QR – 100.6 kW – 100.2 kW –0.4 % 

QC – 280.2 kW – 291.8 kW 4.1 % 

QE 230.6 kW 177.4 kW –23.1 % 

QA – 376.1 kW – 339.5 kW –9.7 % 

COPAR 0.438 0.320 –26.9 % 

COPAHP 1.438 1.320 –8.2 % 

 

All parametric evaluations and the yearly analysis of the DAR model were performed with built in 

EES correlations due to greatly decreased calculation times compared to manual lookups from 

REFPROP.  f-chart Software has developed an interface between EES and REFPROP which would 

allow similar ease of calculation using the methods claimed to be more accurate.  Due to limited 

funding for this project the pricey interface could not be procured.  f-chart could also not offer an 

academic version. 

Although this choice was made regarding the property methods used in the end, it is shown in the 

verification section of this chapter that the EES results do compare well with empirical findings. 

 

6.3  Choice of auxiliary gas 

As shown in the previous chapter, the performance gain calculated with EES when using hydrogen 

over helium shows negligible increase.  In Table 6.3 the comparison between results for these 

auxiliary gasses calculated with REFPROP is shown.  Property methods from this database were 

used to calculate fluid properties for mixtures, refrigerants and both auxiliary gasses.  It can be 

noted from the results that helium offers a noticeable increase in performance compared to 

hydrogen.  This together with better safety with the use of helium makes it the superior choice. 



Chapter 6: Discussion and Verification    95 

The evaluation of a solar-driven aqua-ammonia diffusion absorption heating and cooling cycle 

 

 

Table 6.3: Comparison between auxiliary gasses with REFPROP. 

REFPROP Hydrogen Helium Deviation 

QG 554.1 kW 551.1 kW –0.54 % 

QR – 100.2 kW – 100.2 kW 0.0 % 

QC – 291.8 kW – 291.8 kW 0.0 % 

QE 153.4 kW 177.4 kW 13.5 % 

QA – 315.6 kW – 339.5 kW 7.0 % 

COPAR 0.277 0.320 13.4 % 

COPAHP 1.277 1.320 3.3 % 

 

Although the performance increase is significant an economic evaluation must be performed to 

determine whether this increase justifies the cost of using helium, which is much more expensive 

than hydrogen.  Safety and the inert qualities of helium are also contributing factors.  When air 

poisons hydrogen sections of the system water will form which is detrimental to its function as 

discussed previously.  Based on the findings from EES, however, the cost of helium is not justified. 

 

6.4  Feasibility for domestic use with solar input 

For the specified temperatures the DAR cycle is indeed suited for use with domestic refrigeration 

and freezing in mind, with an average evaporator temperature of –23°C on a warm day.  Other 

temperatures will also provide good performance, given that cooling of the condenser is provided 

from a radiative heat sink.  The absorber may be air-cooled for all months.  The temperature of 

130°C required in the generator is high, but can be achieved with a well-designed solar thermal 

supply circuit as discussed in Chapter 3. 

A dual pressure cycle is not at all feasible for the specified input parameters similar to the DAR 

model including a system pressure of 1.5 MPa.  It was found that this type of cycle cannot be made 

to function realistically when refrigeration is a requirement.  This can be explained in the following 

manner.  For sub-zero temperatures to be achieved in the evaporator, the refrigerant must be at a 

very low pressure.  This refrigerant is re-absorbed into a mixture at this same pressure with losses 

disregarded. 
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The boiling temperature of 40% aqua-ammonia mixtures is below room temperature for the 

required pressures.  For the 60 kPa needed to achieve the same temperatures as seen in the DAR 

evaporator, REFPROP shows a temperature of –1.3°C in the absorber.  Heat rejected by the 

absorber is always greater than that extracted by an evaporator for ammonia absorption cycles, 

ruling this out as a cooling option.  Another more severe problem is the quality of mixture received 

by the pump. With low pressures the solution pump no longer receives liquid and cavitation will 

likely occur.  Using a compressor will require a much greater mechanical input, not justifying an 

absorption cycle over a vapour compression cycle.  Hence the boiling temperature of mixture is the 

minimum allowable temperature in the absorber.  

For a minimum air-cooled absorber temperature specified as 40°C, the corresponding low pressure 

is 311 kPa (from REFPROP).  For the 97.6% pure refrigerant this equals an average temperature of 

22°C in the evaporator, similar to the 25°C obtained with EES.  With a water-cooled absorber kept 

at 25°C the allowable pressure is 183 kPa amounting to an average evaporator temperature of 10°C.  

This may prove suitable for air-conditioning applications but is reliant on electric power.  A solar 

powered DAR configured for air condition temperatures will still outperform a dual pressure system 

(Srikhirin et al., 2001). 

 

Figure 6.1: Yearly analysis of DAR generator and evaporator temperatures with past data. 
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In the yearly analysis of generator and evaporator temperatures as seen in Figure 6.1 a stable 

average evaporator temperature is found for the projected variation in generator temperature.  Only 

minute variations are visible.  On days where atmospheric temperatures above 38°C were recorded 

a maximum increase of 5°C was predicted in the evaporator, never exceeding –45°C.  Thus freezing 

was not compromised during this timeframe. 

Results from the base simulation were coupled with a discretised evaporator in order to calculate 

temperature distribution.  This is shown in Figure 6.2 along with the required temperatures for a 

refrigeration and freezing section, respectively.  It can be seen that the evaporator evaluated during 

summer conditions will be suitable for these requirements. 

 

Figure 6.2: Temperature distribution for different segments of a discretised DAR evaporator. 

Thus far it has been proposed that the condenser should be cooled indirectly by a radiative cooling 

system using a water-glycol mixture.  In order for this component to be air-cooled a greater system 

pressure is required to raise the condensing temperature of the refrigerant.  Another possibility is to 

use water to directly cool the condenser. 

For summer conditions the base simulation condenser was discretised and simulated in EES for 

counter-flow cooling with water.  The results for temperature distribution of both refrigerant and 

water are represented in Figure 6.3. The water inlet temperature was assumed to be 25°C and the 

condenser effectiveness taken as 75%. 
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Figure 6.3: Temperature distribution of refrigerant and water streams in the DAR condenser. 

It should be noted that the water outlet temperature was found to be 70°C with a realistic 

effectiveness assumed.  This identifies the potential to use this absorption system as both a 

refrigerator and water heater.  It can be configured to either relieve the workload of an electric 

geyser or as primary heater when combined with the solar collection and thermal storage system.  If 

there is a decreased demand for hot water, the flow may be diverted to a storage pond and optional 

cooling tower, or switched to the radiative heat sink. 

6.5  Verification 

For both simulations an energy balance yields zero error and the + 1 rule for COPAR to COPAHP is 

valid.  This is simply to confirm the cycle was modelled correctly to account for all energy inputs 

and outputs.  With the given input parameters, constraints and boundary the resulting high COP 

obtained is typical for such a conceptual cycle when compared with that predicted by Srikhirin et al. 

(2001).  

In order to accurately verify the model, it was compared to results from an empirical study by Jakob 

et al. (2003).  Measured and simulated results from this study are shown in Figure 6.4.  As first step 

in this verification of the simulated DAR, it is configured with the same inputs, boundary values 

and component characteristics as the prototype absorption unit in this study.  These values are as 

follows:  TE = 22.5°C;  TA = 29°C and TC = 32°C with an effectiveness of 76%. 
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Figure 6.4: Measured and simulated values of the solar-driven DAR developed by 

Jakob et al. (2003). 

Secondly, the mass flow of the model was adjusted to obtain the specified 1.3 kW cooling capacity 

at the design point of TG = 140°C.  A parametric evaluation was done for the range of generator 

inlet temperatures used from Figure 6.4.  The resulting COPAR and QE values for this range were 

plotted over the original and presented in Figure 6.5. 

 

Figure 6.5: Overlay of corresponding simulated values from the DAR model in this study. 
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Whilst the predicted cooling capacity for different temperatures correlates well with empirical 

findings, the simulated COP is seen to be offset to some percentage.  The simulated DAR of this 

study does not take into account varying mass flows, hence the difference in slope of the overlaid 

graphs.  Another shortcoming is the lack of pipe and other component heat losses.  If these are 

specified as an expected 20% of the generator input the results in Figure 6.6 are obtained. 

 

Figure 6.6: Overlay of corresponding simulated values with secondary losses. 

The results including additional losses to more closely resemble a physical system showed much 

better correlation with empirical data, with a slight offset of more optimistically predicted COP 

values.  Thus the model is adequate for the purpose of evaluating preliminary and seasonal 

performance.  It could be improved by taking variable mixture mass flow into account. 

6.6  DAR Performance 

The graph in Figure 6.7 typifies the cycle performance under varying conditions based on 

meteorological data for Potchefstroom.  It can be seen that, as configured, temperatures in excess of 

38°C were detrimental to cooling capacity but as previously shown the evaporator temperature was 

not compromised.  During colder months the heat input required is greatly reduced and can easily 

be satisfied by a solar heating system even with a decrease in winter insolation. 
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Figure 6.7: Results from DAR yearly analysis showing heat transfers for each component. 

Discussion 

It can be seen from the first optimisation plot of the previous chapter (Figure 5.1) that a low 

generator temperature is desirable in terms of COP, although this will result in less of the refrigerant 

being separated from its solution and thus a decrease in cooling capacity.  The current temperature 

is a trade-off between bubble pump performance and cooling capacity rather than going for best 

efficiency.  During colder months a lower Tgen and also lower Tcond are acceptable and should 

maintain the same capacity at a higher COP. 

A lower system pressure is not advised for the current configuration due to the unfavourable 

performance which would result from this choice, as explained in Section 5.2.2 .  Higher enthalpies 

at unnecessarily high temperatures denote unnecessary energy that is put into the system, only to be 

rejected to the atmosphere in the condenser.  Any pressure between the sudden increase in 

performance found at 1.4 and 1.5 MPa as seen in Figure 5.2 was shown to be acceptable.  This 

jump in COP occurs due to fully condensed refrigerant at a suitably high enough pressure and its 

advantageous latent heat of vaporisation at constant temperature at this point which is beneficial to 

efficiency.  Only completely condensed refrigerant can be completely evaporated, hence an increase 

in cooling capacity is also seen beyond this optimal point with increased pressure. 
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Finally, increasing ammonia mass fraction or concentration shows a linear increase in both 

efficiency and cooling capacity.  The model does not compensate for the greater difficulty of 

absorbing ammonia into a stronger weak solution nor incomplete separation and practical 

considerations must take priority here.  The bigger picture is that the increased mass flow of 

refrigerant equal an even greater mass flow of weak solution meaning the circulation ratio is in fact 

lower.  Referring to unit mass flow of strong solution, this would result in a much larger unit for a 

relatively smaller increase in capacity compared to say a second unit. 

After investigation, evaluation and an accompanying verification of the simulated DAR it can be 

concluded that the system performs as expected although some limitations have been identified – 

both in results and the simulation model itself. 

6.7  Design recommendations 

Using the understanding gained from the conceptual design simulation, it is prudent to make 

reasonable recommendations for detailed component designs.  One such proposal is presented here 

for the absorber in a concept drawing shown in Figure 6.8.  This section is relevant in defence of 

the statement made in Section 3.5.7  regarding absorber efficiency and to serve as recommendation 

for a detail design were an experimental model based on this study to be developed.  It incorporates 

the findings by Jakob et al. (2003) from previous prototypes. 

 

Figure 6.8: Conceptual design for a falling-film absorber. 
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The proposed absorber is similar to a tube-in-shell heat exchanger.  The tubes are filled with 

circulating cooling water forming a large, cool surface to condensate ammonia vapour entering at 

an interim level either as cross flow, or from an end parallel to cooling water pipes.  The large 

surface combined with better heat removal with water allows better absorption as heat produced 

during this process is readily removed.  Weak solution is sprayed in from the top of the absorber in 

a perforated tube along its roof.  Falling droplets gather up increasing amounts of ammonia, coming 

into contact with even colder tubes to maintain this reaction.  Finally, droplets of strong solution 

will accumulate in a pool before being removed to the RHX. 

 

6.8  Summary 

By characterising the DAR system its performance can easily be predicted for various locations 

such as Potchefstroom, South Africa as shown in the yearly analysis.  Verification of the DAR 

model with experimental results from a similar cycle prototype developed by Jacob et al. (2008) 

allows trust in predicted values with new input parameters.  The performance increase of helium as 

auxiliary gas over hydrogen does not justify the increased cost.  Lastly after thorough evaluation of 

the simulated DAR is was shown as feasible for domestic heating and cooling requirements. 
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS 

7.1  Summary 

After investigating numerous cycles and configurations for single-effect absorption systems a DAR 

of a modified Von Platen-Munters cycle was selected and modelled as a network following a 

SCFD-approach.  Shortcomings in literature were also identified and considered when building the 

thermodynamic model. 

The four aspects of a thermal-fluid system and specifically for a DAR were related and 

simplifications only made where it would not be disadvantageous to accuracy of results.  The 

importance of using sound property correlations was identified from most sources. 

Meteorological data of the Potchefstroom area was analysed and temperatures for adequate 

refrigeration performance determined.  A yearly analysis of the model for this location was also 

shown.  By also implementing losses and accounting for more irreversibilities than previous studies 

a simulation closer to the zero-order model could be constructed. 

Results proved that a dual-pressure cycle for similar constraints would be unfeasible due to 

evaporator temperatures above 25°C as discussed in Section 6.4  with evaluation of the DAR. 

7.2  Contribution of this study 

By modelling two absorption cycles two simulations were run and compared to each other for 

feasibility as refrigerating system driven by solar thermal energy.  The simulations included 

constraining parameters such as required minimum temperatures for acceptable heat transfer and 

irreversibilities such as pressure losses.  With the required temperatures it was found that a dual-

pressure aqua-ammonia cycle is not feasible if a pump is used to a limited lower pressure in order to 

ensure the pump receives liquid.  Along with meteorological givens and system parameters the 

diffusion absorption cycle was shown theoretically to function well in Southern Africa. 

It was also determined that the use of helium instead of hydrogen in the DAR simulation had a 

noticeable effect on the COP and improvement in cooling capacity.  The DAR showed promise in 

providing domestic freezing, refrigeration and heating.  A few recommendations for improvements 

in detail simulation, design and further research is also presented. 
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By showing a solar-driven DAR as feasible alternative to provide domestic heating and cooling 

without reliance on electric energy this study contributes to the field of alternative and “green” 

technology.  Given the availability of solar input and thermal storage such a system can operate 24 

hours per day. 

 

7.3  Recommendations for further research 

Several recommendations for further study are listed below: 

 The use of organic working fluids or fluids better suited for solar temperatures achieved by 

collectors. 

 Mixtures or newly proposed refrigerants should be simulated once reliable property methods 

and correlations are better researched. 

 Advanced configurations with auxiliary gas recuperators and other heat-exchangers can 

further increase performance. 

 Small photo-voltaic powered pumps could be implemented to improve mass flows where 

needed and eliminate “dead-zones” as proposed by Wang (2012). 

 The existing model of a DAR presented here can be further expanded with discretised 

components, similar to what has already been done for this study with the bubble pump. 

 An experimental setup of a simple small scale DAR could be set up in Potchefstroom with 

solar heating circuit in order to validate results obtained from this study. 

 A cost evaluation based on experimental values would show whether a solar DAR is 

economically viable for domestic applications. 
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APPENDIX A: EES-CODE 

DAR cycle 

"Aqua-ammonia diffusion absorption refrigeration cycle" 

"M.C. Potgieter" 

 

"Component characteristics" 

epsilon_RHX = 0.7 [dim] {recuperator effectiveness} 

epsilon_HX = 0.75 [dim] {effectiveness for heat exchangers} 

DELTAp_gen = 5 [kPa] {generator dynamic pressure loss} 

DELTAp_bp = 10 [kPa] {bubble pump dynamic pressure loss} 

DELTAp_hx = 10 [kPa] {heat exchanger dynamic pressure loss} 

DELTAp_pipes = 0.012 [dim] {pipe loss fraction} 

DELTAp_fb = 11 [kPa] {flash box dynamic pressure loss} 

Aux$ = 'Helium' {or 'Hydrogen'} 

 

"Boundary values" 

g = 9.78672 [m/s^2] {acceleration due to gravity - 

Potchefstroom} 

 

m_dot_strongsolution = 1 [kg/s] {unit massflow of strong solution} 

ammonia_massfrac = 0.4 [dim] {aqua-ammonia mixture} 

p_system = 1500 [kPa] {system pressure} 

p_partial = 25  {partial pressure ratio of auxiliary gas 

to refrigerant} 

 

p_sys_low = p_system / p_partial {system pressure low side} 

T_gen = (132.4 + 273.15) [K] {max generator temperature to achive x = 

0.25} 

 

T_cond = (35 + 273.15) [K] {max condenser temperature - results in 

3deg subcooling} 

 

T_abs = (40 + 273.15) [K] {min absorber temperature} 

T_evap = (3 + 273.15) [K] {mim evaporator temperature - results in 

3deg superheat} 

 

T_gen_C = CONVERTTEMP(K,C,T_gen) 

T_evap_avg = (CONVERTTEMP(K,C,T_evap) + CONVERTTEMP(K,C,T_0[9]))/2 

 

"Assumptions" 

{a 40% aqua-ammonia mixture is used} 

{point 1 is saturated, liquid and droplets are removed such that refrigerant is 

99.5% ammonia after rectification} 

 

"!Generator" 

 

"Node 1 - Strong solution inlet" 

m_dot[1] = m_dot_strongsolution 

x_mixture[1] = 0 {assume saturated} 

xi[1] = ammonia_massfrac 

T_0[1] = T_f[1] {function} 

p_0[1] = p_system - rho[1]*g*z[1]*CONVERT(Pa,kPa) 

h_0[1] = h_f[1] {function} 

z[1] = 0.0 [m] 

rho[1] = 1/v_f[1] {function} 
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"Node 2 - Slug flow outlet" 

m_dot[2] = m_dot[1] 

x_mixture[2] = x_f[2] {function} 

xi[2] = xi[1] 

T_0[2] = T_gen {from bubble pump model in order to achieve x_mixture[2] = 0.25} 

p_0[2] = p_system - rho[1]*g*(z[2]-z[1])*CONVERT(Pa,kPa) - DELTAp_gen 

h_0[2] = h_f[2] {function} 

z[2] = 2.7 [m] 

rho[2] = 1/v_f[2] {function} 

 

"Conservation laws" 

Q_gen + h_0[1]*m_dot[1] = h_0[2]*m_dot[2] {mixture energy 

balance for generator} 

 

"Calculated fluid properties" 

CALL NH3H2O(238, p_0[1]*CONVERT(kPa,bar), xi[1], x_mixture[1]: T_f[1], P_f[1], 

c_f[1], h_f[1], s_f[1], u_f[1], v_f[1], x_f[1]) 

CALL NH3H2O(123, T_0[2], p_0[2]*CONVERT(kPa,bar), xi[2]: T_f[2], P_f[2], c_f[2], 

h_f[2], s_f[2], u_f[2], v_f[2], x_f[2]) 

 

 

"!Bubble pump" 

 

"Node 3 - Bubble pump vapour outlet" 

m_dot[3] = x_mixture[2]*m_dot[2] {only vapour phase leaves top of bubble pump} 

x_mixture[3] = 1 {assume only vapour leaves bubble pump} 

xi[3] = c_f[3] {function} 

T_0[3] = T_0[2] {assumption} 

p_0[3] = p_system - rho[2]*g*(z[3]-z[2])*CONVERT(Pa,kPa) - DELTAp_bp 

h_0[3] = h_f[3] {function} 

z[3] = 5.5 [m] 

rho[3] = 1/v_f[3] {function} 

 

 

"Node 4 - Weak solution return" 

{m_dot[4] = balance} 

x_mixture[4] = x_f[4] {function} 

{xi[4] = balance} 

T_0[4] = T_f[4] {function} 

p_0[4] = p_system - rho[2]*g*(z[4]-z[2])*CONVERT(Pa,kPa) - DELTAp_bp*2 

{h_0[4] = balance} 

z[4] = 2.8 [m] 

rho[4] = 1/v_f[4] {function} 

 

 

"Conservation laws" 

m_dot[2] = m_dot[3] + m_dot[4]  {mixture mass 

balance for bubble pump} 

f_bp = m_dot[3] / m_dot[1]  {bubble pump 

solution mass flow ratio of refrigerant to strong solution} 

xi[2]*m_dot[2] = xi[3]*m_dot[3] + xi[4]*m_dot[4] {ammonia mass 

balance for bubble pump} 

h_0[2]*m_dot[2] = h_0[3]*m_dot[3] + h_0[4]*m_dot[4] {mixture energy 

balance for bubble pump - adiabatic} 

 

 

"Calculated fluid properties" 

CALL NH3H2O(128, T_0[3], p_0[3]*CONVERT(kPa,bar), x_mixture[3]: T_f[3], P_f[3], 

c_f[3], h_f[3], s_f[3], u_f[3], v_f[3], x_f[3]) 

CALL NH3H2O(234, p_0[4]*CONVERT(kPa,bar), xi[4], h_0[4]: T_f[4], P_f[4], c_f[4], 

h_f[4], s_f[4], u_f[4], v_f[4], x_f[4]) 
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"!Rectifier" 

 

"Node 5 - Refrigerant vapour outlet" 

{m_dot[5] = balance} 

x_mixture[5] = x_f[5] {function} 

xi[5] = 0.995 

T_0[5] = T_gen {assumption} 

p_0[5] = p_0[3] - rho[3]*g*(z[5] - z[3])*CONVERT(Pa,kPa) - p_0[3]*DELTAp_pipes 

h_0[5] = h_f[5] {function} 

z[5] = 6.0 [m] 

rho[5] = 1/v_f[5] {function} 

 

"Node 6 - Rectificant return" 

{m_dot[6] = balance} 

x_mixture[6] = x_f[6] {function} 

xi[6] = xi[4] {assumption} 

T_0[6] = T_0[4] {assumption} 

p_0[6] = p_0[3] - rho[3]*g*(z[6] - z[3])*CONVERT(Pa,kPa) - p_0[3]*DELTAp_pipes 

h_0[6] = h_f[6] {function} 

z[6] = 5.6 [m] 

rho[6] = 1/v_f[6] {function} 

 

"Conservation laws" 

m_dot[3] = m_dot[5] + m_dot[6]  {mixture mass 

balance for rectifier} 

f_ref = m_dot[5] / m_dot[1]  {overall solution 

mass flow ratio of refrigerant to strong solution} 

{xi[3]*m_dot[3] = xi[5]*m_dot[5] + xi[6]*m_dot[6]} {ammonia mass 

balance for rectifier} 

(1-xi[3])*m_dot[3] = (1-xi[5])*m_dot[5] + (1-xi[6])*m_dot[6] 

Q_rec + h_0[3]*m_dot[3] = h_0[5]*m_dot[5] + h_0[6]*m_dot[6] {mixture energy 

balance for rectifier} 

 

"Calculated fluid properties" 

CALL NH3H2O(123, T_0[5], p_0[5]*CONVERT(kPa,bar), xi[5]: T_f[5], P_f[5], c_f[5], 

h_f[5], s_f[5], u_f[5], v_f[5], x_f[5]) 

CALL NH3H2O(123, T_0[6], p_0[6]*CONVERT(kPa,bar), xi[6]: T_f[6], P_f[6], c_f[6], 

h_f[6], s_f[6], u_f[6], v_f[6], x_f[6]) 

 

 

 

"!Condenser" 

 

"Node 7 - Refrigerant condensate outlet" 

m_dot[7] = m_dot[5] 

x_mixture[7] = x_f[7] {function} 

xi[7] = xi[5] 

T_0[7] = T_cond {assumption} 

p_0[7] = p_0[5] - rho[5]*g*(z[7] - z[5])*CONVERT(Pa,kPa) - DELTAp_hx 

h_0[7] = h_f[7] {function} 

z[7] = 5.5 [m] 

rho[7] = 1/v_f[7] {function} 

 

"Conservation laws" 

Q_cond + h_0[5]*m_dot[5] = h_0[7]*m_dot[7] 

 

"Heat transfer" 

{cp[5] = 2.62115 [kJ/kg*K] {from REFPROP for 

conditions at point 5} 

Q_cond_max = m_dot[5]*cp[5]*(T_cc_i - T_0[5]) 

Q_cond = epsilon_cond*Q_cond_max 

Q_cond = m_dot[5]*cp[5]*(T_0[7] - T_0[5])} 
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"Calculated fluid properties" 

CALL NH3H2O(123, T_0[7], p_0[7]*CONVERT(kPa,bar), xi[7]: T_f[7], P_f[7], c_f[7], 

h_f[7], s_f[7], u_f[7], v_f[7], x_f[7]) 

 

 

"!Flashbox" 

 

 "Node 8 - Auxiliary gas return inlet" 

{!Below are for auxiliary gas only} 

{m_dot_aux[8] = m_dot_aux[14]} 

p_0_aux[8] = p_0[7] - p_0[9] {Dalton partial pressures} 

T_0_aux[8] = Temperature(Aux$, h = h_0_aux[8], P = p_0_aux[8]) 

h_0_aux[8] = h_0_aux[14] {adiabatic pipe} 

rho_aux[8] = Density(Aux$, h = h_0_aux[8], P = p_0_aux[8]) 

z[8] = 5.4 [m] 

 

"Node 9 - Mixed partialised components inlet" 

{!Below are for refrigerant only} 

m_dot[9] = m_dot[7] 

x_mixture[9] = x_f[9] {function} 

xi[9] = xi[7] 

T_0[9] = T_f[9] {function} 

p_0[9] = (p_system / p_partial) - DELTAp_fb {partial pressure of refrigerant} 

h_0[9] = h_0[7] {adiabatic flash box} 

z[9] = 5.5 [m] 

rho[9] = 1/v_f[7] {function} 

{!Auxiliary gas} 

m_dot_aux[9] = m_dot_aux[8] 

x_aux[9] = Quality(Aux$ ,h = h_0_aux[9],P = p_0_aux[9]) 

T_0_aux[9] = Temperature(Aux$ ,h = h_0_aux[9],P = p_0_aux[9]) 

p_0_aux[9] = p_0_aux[8] {partial pressure of auxiliary gas} 

h_0_aux[9] = h_0_aux[8] {adiabatic flash box} 

rho_aux[9] = Density(Aux$ ,h = h_0_aux[9],P = p_0_aux[9]) 

 

"Dalton partial pressure equilibrium" 

R_7 = (4.8722 - 2.7792) [kJ/kg*K] 

R_8 = Cp(Aux$ ,T = T_0_aux[8],P = p_0_aux[8]) - Cv(Aux$,T = T_0_aux[8],P = 

p_0_aux[8]) 

R_7*T_0[7]*p_0_aux[8] = V_aux_ratio*R_8*T_0_aux[8]*p_0[7] {ideal gas 

assumption for Dalton's model to calculate m_dot_aux[8]} 

V_aux_ratio = (m_dot_aux[8] / rho_aux[9]) / (m_dot[9] / rho[9]){volume flow 

ratio} 

m_dot_aux = m_dot_aux[8] 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[9]*CONVERT(kPa,bar), xi[9], h_0[9]: T_f[9], P_f[9], c_f[9], 

h_f[9], s_f[9], u_f[9], v_f[9], x_f[9]) 

 

 

"!Evaporator" 

"Node 10 - Evaporated refrigerant outlet" 

{!Refrigerant} 

m_dot[10] = m_dot[9] 

x_mixture[10] = x_f[10] {function} 

xi[10] = xi[9] 

T_0[10] = T_evap {slight superheat} 

p_0[10] = p_0[9] - rho[9]*g*(z[10] - z[9])*CONVERT(Pa,kPa) - 

(p_0[9]/p_system)*DELTAp_hx 

h_0[10] = h_f[10] {function} 

z[10] = 6.0 [m] 

rho[10] = 1/v_f[10] {function} 
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{!Auxiliary gas} 

m_dot_aux[10] = m_dot_aux[9] 

{m_dot_aux[10] = m_dot_aux[9]} 

x_aux[10] = Quality(Aux$, T = T_0_aux[10], P = p_0_aux[10]) 

T_0_aux[10] = T_0[10] {cannot be hotter than refrigerant} "Temperature(Aux$ ,h = 

h_0_aux[10],P = p_0_aux[10])" 

p_0_aux[10] = p_0_aux[9] - rho_aux[9]*g*(z[10] - z[9])*CONVERT(Pa,kPa) - 

(p_0_aux[9]/p_system)*DELTAp_hx 

h_0_aux[10] = Enthalpy(Aux$, T = T_0_aux[10], P = p_0_aux[10]) 

rho_aux[10] = Density(Aux$, T = T_0_aux[10], P = p_0_aux[10]) 

 

"Conservation laws" 

Q_evap = Q_evap_ref + Q_evap_aux 

Q_evap_ref + h_0[9]*m_dot[9] = h_0[10]*m_dot[10] 

Q_evap_aux + h_0_aux[9]*m_dot_aux[9] = h_0_aux[10]*m_dot_aux[10] 

"Q_evap_ref*m_dot_aux[9]*Cp(Aux$ ,T = T_0_aux[8],P = p_0_aux[8]) = 

Q_evap_aux*m_dot[9]*(3.72187 [kJ/kg*K])" {ratio of heat accepted} 

 

"Calculated fluid properties" 

CALL NH3H2O(123, T_0[10], p_0[10]*CONVERT(kPa,bar), xi[10]: T_f[10], P_f[10], 

c_f[10], h_f[10], s_f[10], u_f[10], v_f[10], x_f[10]) 

 

 

"!Absorber" 

 

"Node 11 - Refrigerant and auxiliary gas inlet" 

{!Refrigerant} 

m_dot[11] = m_dot[10] 

x_mixture[11] = x_f[11] {function} 

xi[11] = xi[10] 

T_0[11] = T_f[11] {function} 

p_0[11] = p_0[10] - rho[10]*g*(z[11] - z[10])*CONVERT(Pa,kPa) - 

p_0[10]*DELTAp_pipes 

h_0[11] = h_0[10] {adiabatic pipe} 

z[11] = 3.0 [m] 

rho[11] = 1/v_f[11] {function} 

{!Auxiliary gas} 

m_dot_aux[11] = m_dot_aux[10] 

x_aux[11] = Quality(Aux$ ,h = h_0_aux[10],P = p_0_aux[10]) 

T_0_aux[11] = Temperature(Aux$ ,h = h_0_aux[10],P = p_0_aux[10]) 

p_0_aux[11] = p_0_aux[10] - rho_aux[10]*g*(z[11] - z[10])*CONVERT(Pa,kPa) - 

p_0_aux[10]*DELTAp_pipes 

h_0_aux[11] = h_0_aux[10] {Adiabatic pipe} 

rho_aux[11] = Density(Aux$ ,h = h_0_aux[10],P = p_0_aux[10]) 

 

"Node 12 - Weak solution inlet" 

m_dot[12] = m_dot[16] 

x_mixture[12] = x_f[12] {function} 

xi[12] = xi[16] 

T_0[12] = T_f[12] {function} 

p_0[12] = p_0[16] - rho[16]*g*(z[12] - z[16])*CONVERT(Pa,kPa) - 

p_0[16]*DELTAp_pipes 

h_0[12] = h_0[16] {adiabatic pipe} 

z[12] = 3.0 [m] 

rho[12] = 1/v_f[12] {function} 

 

"Node 13 - Strong solution outlet" 

{m_dot[13] = mass balance} 

x_mixture[13] = x_f[13] {function} 

xi[13] = xi[17] 

T_0[13] = T_f[13] {function} 
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p_0[13] = p_0[17] + rho[17]*g*(z[17] - z[13])*CONVERT(Pa,kPa) + 

p_0[13]*DELTAp_pipes 

{h_0[13] = heat transfer} 

z[13] = 2.2 [m] 

rho[13] = 1/v_f[13] {function} 

 

 

"Node 14 - Auxiliary gas return outlet" 

m_dot_aux[14] = m_dot_aux[11] {auxiliary gas mass balance - only auxiliary gas 

leaves node due to higher buoyancy} 

x_aux[14] = Quality(Aux$, T = T_0_aux[14], P = p_0_aux[14]) 

T_0_aux[14] = T_0[13] {cannot be colder than strong solution} 

p_0_aux[14] = p_0_aux[8] + rho_aux[8]*g*(z[8] - z[14])*CONVERT(Pa,kPa) + 

p_0_aux[14]*DELTAp_pipes 

h_0_aux[14] = Enthalpy(Aux$, T = T_0_aux[14], P = p_0_aux[14]) 

rho_aux[14] = Density(Aux$, T = T_0_aux[14], P = p_0_aux[14]) 

z[14] = 3.0 [m] 

 

"Conservation laws" 

m_dot[11] + m_dot[12] = m_dot[13]  {mixture mass 

balance} 

Q_abs = Q_abs_sol + Q_abs_aux 

Q_abs_sol + h_0[11]*m_dot[11] + h_0[12]*m_dot[12] = h_0[13]*m_dot[13] 

Q_abs_aux + h_0_aux[11]*m_dot_aux[11] = h_0_aux[14]*m_dot_aux[14] 

"Q_abs_sol*m_dot_aux[11]*Cp(Aux$ ,T = T_0_aux[11],P = p_0_aux[11]) = 

Q_abs_aux*m_dot[11]*(2.11239 [kJ/kg*K])" {ratio of heat accepted} 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[11]*CONVERT(kPa,bar), xi[11], h_0[11]: T_f[11], P_f[11], 

c_f[11], h_f[11], s_f[11], u_f[11], v_f[11], x_f[11]) 

CALL NH3H2O(234, p_0[12]*CONVERT(kPa,bar), xi[12], h_0[12]: T_f[12], P_f[12], 

c_f[12], h_f[12], s_f[12], u_f[12], v_f[12], x_f[12]) 

CALL NH3H2O(234, p_0[13]*CONVERT(kPa,bar), xi[13], h_0[13]: T_f[13], P_f[13], 

c_f[13], h_f[13], s_f[13], u_f[13], v_f[13], x_f[13]) 

 

 

{!Adiabatic mixing of weak solution streams} 

 

"Node 15 - RHX weak solution inlet" 

{m_dot[11] = balance} 

x_mixture[15] = x_f[15] {function} 

{xi[15] = balance} 

T_0[15] = T_f[15] {function} 

p_0[15] = (p_0[4] + p_0[6])/2 - (rho[4]*g*z[15] - (rho[4]*g*z[4] + 

rho[6]*g*z[6])/2)*CONVERT(Pa,kPa) - DELTAp_fb 

{h_0[15] = balance} 

z[15] = 2.4 [m] 

rho[15] = 1/v_f[15] {function} 

m_dot[15] = m_dot[4] + m_dot[6]  {mixture mass 

balance} 

xi[15]*m_dot[15] = xi[4]*m_dot[4] + xi[6]*m_dot[6] {ammonia mass 

balance} 

h_0[15]*m_dot[15] = h_0[4]*m_dot[4] + h_0[6]*m_dot[6] {energy balance - 

adiabatic mixing} 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[15]*CONVERT(kPa,bar), xi[15], h_0[15]: T_f[15], P_f[15], 

c_f[15], h_f[15], s_f[15], u_f[15], v_f[15], x_f[15]) 
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"!Recuperative heat exchanger (RHX)" 

 

"Node 16 - Weak solution outlet" 

m_dot[16] = m_dot[15] 

x_mixture[16] = x_f[16] {function} 

xi[16] = xi[15] 

T_0[16] = T_f[16] {function} 

p_0[16] = p_0[15] - rho[15]*g*(z[16] - z[15])*CONVERT(Pa,kPa) - DELTAp_HX 

{h_0[16] = heat transfer} 

z[16] = 2.4 [m] 

rho[16] = 1/v_f[16] {function} 

 

"Node 17 - Strong solution inlet" 

m_dot[17] = m_dot[13] 

x_mixture[17] = x_f[17] {function} 

xi[17] = xi[1] 

T_0[17] = T_f[17] {function} 

p_0[17] = p_0[1] + rho[1]*g*(z[1] - z[17])*CONVERT(Pa,kPa) + DELTAp_HX 

h_0[17] = h_0[13] {adiabatic pipe} 

z[17] = 0.0 [m] 

rho[17] = 1/v_f[17] {function} 

 

"Heat transfer" 

Q_RHX_max = m_dot[15]*(h_0[15] - h_0[17]) 

Q_RHX = epsilon_RHX*Q_RHX_max 

Q_RHX = m_dot[17]*(h_0[1] - h_0[17]) 

Q_RHX = m_dot[15]*(h_0[15] - h_0[16]) 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[16]*CONVERT(kPa,bar), xi[16], h_0[16]: T_f[16], P_f[16], 

c_f[16], h_f[16], s_f[16], u_f[16], v_f[16], x_f[16]) 

CALL NH3H2O(234, p_0[17]*CONVERT(kPa,bar), xi[17], h_0[17]: T_f[17], P_f[17], 

c_f[17], h_f[17], s_f[17], u_f[17], v_f[17], x_f[17]) 

 

 

"!Performance" 

 

COP_AHP = Abs(Q_rec + Q_cond + Q_abs) / Q_gen 

COP_AR = Q_evap / Q_gen 

E_error = Q_gen + Q_evap + Q_rec + Q_cond + Q_abs 

 

DUPLICATE i = 1,7 {function to calculate celcius values} 

 T_0C[i] = CONVERTTEMP(K,C,T_0[i]) 

END 

 

DUPLICATE i = 9,13 {function to calculate celcius values} 

 T_0C[i] = CONVERTTEMP(K,C,T_0[i]) 

END 

 

DUPLICATE i = 15,17 {function to calculate celcius values} 

 T_0C[i] = CONVERTTEMP(K,C,T_0[i]) 

END 

 

DUPLICATE i = 8,11 {function to calculate celcius values} 

 T_0_auxC[i] = CONVERTTEMP(K,C,T_0_aux[i]) 

END 

T_0_auxC[14] = CONVERTTEMP(K,C,T_0_aux[14]) 

 

 

"END" 
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Dual-pressure cycle 

"Simple dual-pressure aqua-ammonia absorption cycle" 

"M.C. Potgieter" 

 

"Component characteristics" 

epsilon_cond = 0.8 [dim] {condenser effectiveness} 

epsilon_evap = 0.75 [dim] {evaporator effectiveness} 

epsilon_RHX = 0.7 [dim] {recuperator effectiveness} 

eta_pump = 0.8 [dim] {pump isentropic efficiency} 

DELTAp_gen = 5 [kPa] {generator dynamic pressure loss} 

DELTAp_abs = 5 [kPa] {absorber dynamic pressure loss} 

DELTAp_hx = 10 [kPa] {heat exchanger dynamic pressure 

loss} 

DELTAp_pipes = 0.012 [dim] {pipe loss fraction} 

f = 0.80 [dim] {solution mass flow ratio of 

refrigerant to strong solution} 

 

"Boundary values" 

g = 9.78672 [m/s^2] {acceleration due to gravity - 

Potchefstroom} 

m_dot_strongsolution = 1 [kg/s] {unit massflow of strong solution} 

p_system = 1500 [kPa] {system pressure} 

x_f[9] = 0 

T_gen = (100 + 273.15) [K] {max generator temperature} 

T_cond = (35 + 273.15) [K] {max condenser temperature - results 

in 8deg subcooling} 

{T_abs = (40 + 273.15) [K]} {min absorber temperature} 

T_evap = (25 + 273.15) [K] {min evaporator temperature - results 

in 3deg superheat} 

T_abs_C = CONVERTTEMP(K,C,T_abs) 

T_evap_avg = (CONVERTTEMP(K,C,T_evap) + CONVERTTEMP(K,C,T_0[6]))/2 

 

"Assumptions" 

{a 40% aqua-ammonia mixture is used} 

{point 1 is saturated} 

{liquid and droplets are removed such that refrigerant is 97.6% ammonia} 

 

"!Generator" 

 

"Node 1 - Strong solution inlet" 

m_dot[1] = m_dot_strongsolution 

x_mixture[1] = 0 [dim] 

xi[1] = 0.4 

{T_0[1] = function} 

p_0[1] = p_system - rho[1]*g*z[1]*CONVERT(Pa,kPa) 

{h_0[1] = function} 

z[1] = 0.5 [m] 

 

"Node 2 - Desorbant outlet" 

{m_dot[2] = balance} 

{x_mixture[2] = function} 

xi[2] = 0.976 [dim] 

T_0[2] = T_gen 

p_0[2] = p_system - rho[2]*g*z[2]*CONVERT(Pa,kPa) - DELTAp_gen 

{h_0[2] = function} 

z[2] = 1.0 [m] 

 

"Node 3 - Weak solution outlet" 

{m_dot[3] = balance} 

{x_mixture[3] = function} 

{xi[3] = balance} 
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T_0[3] = T_gen 

p_0[3] = p_system - rho[3]*g*z[3]*CONVERT(Pa,kPa) - DELTAp_gen 

{h_0[3] = balance} 

z[3] = 0.0 [m] 

 

"Conservation laws" 

m_dot[1] = m_dot[2] + m_dot[3]  {mixture mass 

balance for generator} 

xi[1]*m_dot[1] = xi[2]*m_dot[2] + xi[3]*m_dot[3] {ammonia mass 

balance for generator} 

f = m_dot[3] / m_dot[1]  {solution mass flow 

ratio} 

Q_gen + h_0[1]*m_dot[1] = h_0[2]*m_dot[2] + h_0[3]*m_dot[3] {mixture energy 

balance for generator} 

 

"Calculated fluid properties" 

CALL NH3H2O(238, p_0[1]*CONVERT(kPa,bar), xi[1], x_mixture[1]: T_f[1], P_f[1], 

c_f[1], h_f[1], s_f[1], u_f[1], v_f[1], x_f[1]) 

CALL NH3H2O(123, T_0[2], p_0[2]*CONVERT(kPa,bar), xi[2]: T_f[2], P_f[2], c_f[2], 

h_f[2], s_f[2], u_f[2], v_f[2], x_f[2]) 

CALL NH3H2O(123, T_0[3], p_0[3]*CONVERT(kPa,bar), xi[3]: T_f[3], P_f[3], c_f[3], 

h_f[3], s_f[3], u_f[3], v_f[3], x_f[3]) 

 

DUPLICATE i = 1,3  {function to 

transcribe calculated values} 

 h_0[i] = h_f[i] 

 rho[i] = 1/v_f[i] 

END 

 

T_0[1] = T_f[1] 

x_mixture[2] = x_f[2] 

x_mixture[3] = x_f[3] 

 

"!Condenser" 

 

"Node 4 - Refrigerant vapour inlet" 

m_dot[4] = m_dot[2] 

x_mixture[4] = x_f[4] {function} 

xi[4] = xi[2] 

T_0[4] = T_f[4] {function} 

p_0[4] = p_0[2] - rho[2]*g*(z[4] - z[2])*CONVERT(Pa,kPa) - p_0[2]*DELTAp_pipes 

h_0[4] = h_0[2] 

z[4] = 5 [m] 

 

"Node 5 - Refrigerant condensate outlet" 

m_dot[5] = m_dot[4] 

{x_mixture[5] = function} 

xi[5] = xi[4] 

T_0[5] = T_cond 

p_0[5] = p_0[4] - rho[4]*g*(z[5] - z[4])*CONVERT(Pa,kPa) - DELTAp_hx 

{h_0[5] = function} 

z[5] = 4.5 [m] 

 

"Conservation laws" 

Q_cond + m_dot[4]*h_0[4] = m_dot[5]*h_0[5] 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[4]*CONVERT(kPa,bar), xi[4], h_0[4]: T_f[4], P_f[4], c_f[4], 

h_f[4], s_f[4], u_f[4], v_f[4], x_f[4]) 

CALL NH3H2O(123, T_0[5], p_0[5]*CONVERT(kPa,bar), xi[5]: T_f[5], P_f[5], c_f[5], 

h_f[5], s_f[5], u_f[5], v_f[5], x_f[5]) 
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rho[4] = 1/v_f[4]  {transcribe 

calculated values} 

x_mixture[5] = x_f[5] 

h_0[5] = h_f[5] 

rho[5] = 1/v_f[5] 

 

"!Expansion valve refrigerant" 

 

"Node 6 - Expanded refrigerant outlet" 

m_dot[6] = m_dot[5] 

{x_mixture[6] = function} 

xi[6] = xi[5] 

{T_0[6] = function} 

p_0[6] = p_sys_low 

h_0[6] = h_0[5]  {constant enthalpy 

process} 

z[6] = 4.5 [m] 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[6]*CONVERT(kPa,bar), xi[6], h_0[6]: T_f[6], P_f[6], c_f[6], 

h_f[6], s_f[6], u_f[6], v_f[6], x_f[6]) 

 

T_0[6] = T_f[6]  {transcribe 

calculated values} 

rho[6] = 1/v_f[6] 

x_mixture[6] = x_f[6] 

 

"!Evaporator" 

 

"Node 7 - Evaporated refrigerant outlet" 

m_dot[7] = m_dot[6] 

{x_mixture[7] = function} 

xi[7] = xi[6] 

T_0[7] = T_evap 

p_0[7] = p_0[6] - rho[6]*g*(z[7] - z[6])*CONVERT(Pa,kPa) - DELTAp_hx 

{h_0[7] = function} 

z[7] = 5 [m] 

 

"Conservation laws" 

Q_evap + m_dot[6]*h_0[6] = m_dot[7]*h_0[7] 

 

{"Heat transfer" 

cp[6] = 4.54388 [kJ/kg*K] 

Q_evap_max = m_dot[6]*cp[6]*(T_eh_i - T_0[6]) 

Q_evap = epsilon_evap*Q_evap_max 

Q_evap = m_dot[6]*cp[6]*(T_0[7] - T_0[6])} 

 

"Calculated fluid properties" 

CALL NH3H2O(123, T_0[7], p_0[7]*CONVERT(kPa,bar), xi[7]: T_f[7], P_f[7], c_f[7], 

h_f[7], s_f[7], u_f[7], v_f[7], x_f[7]) 

 

h_0[7] = h_f[7]  {transcribe 

calculated values} 

rho[7] = 1/v_f[7] 

x_mixture[7] = x_f[7] 

 

"!Absorber" 

 

 "Node 8 - Refrigerant inlet" 

m_dot[8] = m_dot[7] 

x_mixture[8] = x_f[8] {function} 

xi[8] = xi[7] 
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T_0[8] = T_f[8] {function} 

p_0[8] = p_0[7] - rho[7]*g*(z[8] - z[7])*CONVERT(Pa,kPa) - p_0[7]*DELTAp_pipes 

h_0[8] = h_0[7] 

z[8] = 1 [m] 

 

"Node 9 - Strong solution delivery outlet" 

{m_dot[9] = balance} 

{x_mixture[9] = function} 

xi[9] = xi[10] 

T_0[9] = T_abs 

p_0[9] = p_0[12] - rho[9]*g*(z[8] - z[9])*CONVERT(Pa,kPa) - DELTAp_abs 

{h_0[9] = pump work} 

z[9] = 0.5 [m] 

 

"Conservation laws" 

m_dot[9] = m_dot[8] + m_dot[12] + m_dot_Error {mixture mass 

balance for absorber} 

xi[9]*m_dot[9] = xi[8]*m_dot[8] + xi[12]*m_dot[12] {ammonia mass 

balance for absorber} 

Q_abs + h_0[8]*m_dot[8] + h_0[12]*m_dot[12] = h_0[9]*m_dot[9] 

{mixture energy balance for absorber} 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[8]*CONVERT(kPa,bar), xi[8], h_0[8]: T_f[8], P_f[8], c_f[8], 

h_f[8], s_f[8], u_f[8], v_f[8], x_f[8]) 

CALL NH3H2O(234, p_0[9]*CONVERT(kPa,bar), xi[9], h_0[9]: T_f[9], P_f[9], c_f[9], 

h_f[9], s_f[9], u_f[9], v_f[9], x_f[9]) 

 

rho[9] = 1/v_f[9]  {transcribe 

calculated values} 

T_0[9] = T_f[9] 

x_mixture[9] = x_f[9] 

 

 

"!Pump" 

"Node 10 - Pump outlet" 

m_dot[10] = m_dot[9] 

{x_mixture[10] = function} 

xi[10] = xi[1] 

{T_0[10] = function} 

p_0[10] = p_0[1] + rho[10]*g*(z[1] - z[10])*CONVERT(Pa,kPa) + DELTAp_HX 

{h_0[10] = heat transfer} 

z[10] = 0.5 [m] 

{s[10] = s[9] ideal pump} 

 

"Work done by pump" 

eta_pump = W_pump_ideal / W_pump 

W_pump_ideal = m_dot[9]*v_f[9]*(p_0[10] - p_0[9]) 

W_pump = m_dot[9]*(h_0[10] - h_0[9]) 

 

"Calculated fluid properties" 

CALL NH3H2O(235, p_0[10]*CONVERT(kPa,bar), xi[10], s_f[9]: T_p, P_p, c_p, h_p, 

s_p, u_p, v_p, x_p) 

CALL NH3H2O(234, p_0[10]*CONVERT(kPa,bar), xi[10], h_0[10]: T_f[10], P_f[10], 

c_f[10], h_f[10], s_f[10], u_f[10], v_f[10], x_f[10]) 

 

T_0[10] = T_f[10]  {transcribe 

calculated values}  

x_mixture[10] = x_f[10] 

rho[10] = 1/v_f[10] 
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"!Recuperator" 

 

"Node 11 - Weak solution outlet" 

m_dot[11] = m_dot[3] 

{x_mixture[11] = function} 

xi[11] = xi[3] 

{T_0[11] = function} 

p_0[11] = p_0[3] - rho[3]*g*(z[11] - z[3])*CONVERT(Pa,kPa) - DELTAp_HX 

{h_0[11] = heat transfer} 

z[11] = 0 [m] 

 

"Heat transfer" 

Q_RHX_max = m_dot[10]*(h_0[3] - h_0[10]) 

Q_RHX = epsilon_RHX*Q_RHX_max 

Q_RHX = m_dot[1]*(h_0[1] - h_0[10]) 

Q_RHX = m_dot[3]*(h_0[3] - h_0[11]) 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[11]*CONVERT(kPa,bar), xi[11], h_0[11]: T_f[11], P_f[11], 

c_f[11], h_f[11], s_f[11], u_f[11], v_f[11], x_f[11]) 

 

rho[11] = 1/v_f[11]  {transcribe 

calculated values}  

T_0[11] = T_f[11] 

x_mixture[11] = x_f[11] 

 

"!Expansion valve solution" 

 

"Node 12 - Weak solution return inlet" 

m_dot[12] = m_dot[11] 

{x_mixture[12] = function} 

xi[12] = xi[11] 

{T_0[12] = function} 

p_0[12] = p_0[8] 

h_0[12] = h_0[11] 

z[12] = 0 [m] 

 

"Calculated fluid properties" 

CALL NH3H2O(234, p_0[12]*CONVERT(kPa,bar), xi[12], h_0[12]: T_f[12], P_f[12], 

c_f[12], h_f[12], s_f[12], u_f[12], v_f[12], x_f[12]) 

 

x_mixture[12] = x_f[12]  {transcribe 

calculated values}  

T_0[12] = T_f[12] 

 

DUPLICATE i = 1,12  {function to 

calculate celcius values} 

 T_0C[i] = CONVERTTEMP(K,C,T_0[i]) 

END 

 

"System energy balance check" 

Q_losses = m_dot[4]*(h_0[2] - h_0[4]) + m_dot[6]*(h_0[5] - h_0[6]) + 

m_dot[8]*(h_0[7] - h_0[8]) + m_dot[11]*(h_0[12] - h_0[11]) 

E_error = Q_gen + Q_evap + Q_abs + Q_cond + W_pump + Q_losses 

 

"COP" 

COP_AHP = Abs(Q_abs + Q_cond) / Q_gen 

COP_AR = Q_evap / Q_gen 

 

"END" 
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APPENDIX B: CHART OF RESEARCH PV-CELL EFFICIENCIES 

 

Figure C-1:  Best achieved efficiencies of PV research cells since 1975.
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APPENDIX C: MAP OF ESKOM POWER STATIONS 

 


