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Background and objective

The heat pump market has so far mainly focused on residential heat pumps for space heating and
domestic hot water production. Less focus has been on heat pumps for higher temperature
applications and industrial use due to high initial investment costs, competition with alternative
investments, and non-mature or non-existing technologies for the applications to be served. New
developments in compact high pressure components, e.g. compressors, ejectors and heat
exchangers for CO,, ammonia and hydrocarbon heat pump systems, are important drivers for
change of this situation.

This master work will concentrate on the design of a high temperature hybrid heat pump for
production of hot water from surplus heat. The cases for calculation will be taken from the food
industry.

The following tasks are to be considered:

1. Literature review of high temperature heat pumps with special focus on hybrid heat
pumps

2. Develop a simulation tools for calculation of the hybrid heat pump systems, eventually
use commercial software

3. Optimize different heat exchanger design for the hybrid process utilizing the temperature
glide (plate, plate and shell or other heat exchanger design)

4. Evaluate different system designs to utilize the absorption heat to achieve higher

temperature than the discharge gas temperature from the compressor

Make a scientific paper from the main results of the work

6. Make suggestion for further work

=4

Within 14 days of receiving the written text on the master thesis, the candidate shall submit a
research plan for his project to the department.

When the thesis is evaluated, emphasis is put on processing of the results, and that they are
presented in tabular and/or graphic form in a clear manner, and that they are analyzed carefully.

Page 1 of 2



The thesis should be formulated as a research report with summary both in English and
Norwegian, conclusion, literature references, table of contents etc. During the preparation of the
text, the candidate should make an effort to produce a well-structured and easily readable report.
In order to ease the evaluation of the thesis, it is important that the cross-references are correct.
In the making of the report, strong emphasis should be placed on both a thorough discussion of
the results and an orderly presentation.

The candidate is requested to initiate and keep close contact with his/her academic supervisor(s)
throughout the working period. The candidate must follow the rules and regulations of NTNU as
well as passive directions given by the Department of Energy and Process Engineering.

Risk assessment of the candidate's work shall be carried out according to the department's
procedures. The risk assessment must be documented and included as part of the final report.
Events related to the candidate's work adversely affecting the health, safety or security, must be
documented and included as part of the final report. If the documentation on risk assessment
represents a large number of pages, the full version is to be submitted electronically to the
supervisor and an excerpt is included in the report.

Pursuant to “Regulations concerning the supplementary provisions to the technology study
program/Master of Science” at NTNU §20, the Department reserves the permission to utilize all
the results and data for teaching and research purposes as well as in future publications.

The final report is to be submitted digitally in DAIM. An executive summary of the thesis
including title, student’s name, supervisor's name, year, department name, and NTNU's logo and
name, shall be submitted to the department as a separate pdf file. Based on an agreement with the
supervisor, the final report and other material and documents must be given to the supervisor in
digital format. All relevant data collected and produced during the project shall be delivered to
the supervisor on a CD at the end of the project.

[ Work to be done in lab (Water power lab, Fluids engineering lab, Thermal engineering lab)
[] Field work
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CORRECTION OF TASKS TO BE CONSIDERED

In agreement with the project supervisor, the optimization of heat exchanger design was only
conducted for a plate-fin heat exchanger. Development of simulation tools required more time
than expected, and the simulations conducted was focused on thermodynamic aspect of the
hybrid heat pump for high temperature application. Therefore the new tasks to be considered
are:

1. Literature review of high temperature heat pumps with special focus on hybrid heat
pumps

Develop a simulation tools for calculation of the hybrid heat pump systems, eventually
use commercial software

Evaluate the hybrid compression/absorption heat pump for heating water to 150 °C
Optimize a plate-fin heat exchanger design for an absorption process heating air

Make a scientific paper from the main results of the work

Make suggestion for further work
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These task are specified in agreement with the project advisor
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Abstract

Recovering waste heat from industrial processes is beneficial in order to reduce primary
energy demands. Waste heat temperatures; however, are often too low to directly uti-
lize in processes with high temperature demands, thus high temperature heat pumps
might be useful. Hybrid heat pumps with ammonia/water mixtures as working fluid are
identified as one of the most promising heat temperature heat pump technologies. The
hybrid heat pump process combines the conventional vapour-compression heat pump
cycle and the absorption heat pump cycle, and is especially suited for process with large
temperature lifts due to the fact that binary mixtures evaporates and condenses with
varying tempeatures. Moreover, saturation pressures of ammonia/water mixtures is sig-
nificantly lower than saturation pressure of pure ammonia, which enables of ammonia at
higher temperatures than in conventional vapour-compression heat pumps. Hybrid heat
pump systems are also distinguished by high performances and are flexible considering
capacity control and external changes.

A two-stage compression/absorption heat pump simulation model was developed in or-
der to evaluate the thermodynamic process for high temperature operation. In the
simulation scenarios, waste heat was available at 50 °C and the goal was to heat process
water from 100 °C to 150 °C. Heat pump performance, temperature levels and pressure
levels were some of the key results of the simulation scenarios. Secondary, it was devel-
oped a simulation model of a finned, annular tube cross-flow absorber in order to assess
the dimensions of an absorber for heating air with an ammonia/water mixture. Both
models were used in a simulation case where the compression/absorption heat pump
was integrated in a spray drying process using waste heat air at 35°C as heat source.

Simulations with the two-stage model showed that the scenarios with high water content
in the vapour before the compressor, achieved the highest performances. Circulation ra-
tios were higher, which resulted in a larger fraction of the mixture mass flow went through
the compressor circuit, hence smaller compressor work. Although pressure ratios were
higher, resulting absorber pressures were significantly lower. Some of the disadvantages
with high water content were higher discharge temperatures, although discharge temper-
atures were high in all scenarios, and considerably lower vapour densities. In simulations
were the discharge temperature was limited to 180 °C, the highest achieved COP was
1.81, while in simulations with no limitations to the discharge temperature, the high-
est COP was 2.53. Moreover, simulation scenarios without limitations to the discharge
temperature resulted in lower absorber pressures, hence lower pressure ratios and higher
performances. However, it resulted in discharge temperatures as high as 310 °C. Simula-
tions with a desuperheater showed, provided that the minimum temperature difference
between solution and heat sink does not occur at the absorber inlet, that a desuper-
heater provides no gain. Even when the minimum temperature difference occurs at the
absorber inlet, there is only a small gain and it gets smaller with increasing circulation
ratios.

Dimensioning the absorber gave some unrealistic results in terms of an extreme ratio
between absorber height and width/length. Even with the smallest obtained ratio, the
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height was 10 times the width, and the required surface area was significantly higher than
for larger ratios. It is difficult to determine whether the results are due to errors in the
simulation model or if it is difficult to obtain a noteworthy result with the simulation
inputs. However, it is worth mentioning that the air mass flow rate was 15 times as
high as the mixture mass flow rate. In the spray drying simulation case, the heat
pump performance was 1.40 including the fan work. This performance was calculated
with no limitation to the discharge temperature and with more realistic limitations, the
performance would have been lower. The required temperature lift in the case may have
been somewhat high for the heat pump process.



Sammendrag

Gjenvinning av overskuddsvarme i industrielle prosesser er gunstig for & kunne redusere
den primaere energibruken, men ofte er temperaturen pa varmen for lav til & direkte
kunne nyttes i prosesser med hgye temperaturkrav, dermed vil hgytemperaturvarmepum-
per veere ngdvendig. Hybride varmepumper med ammoniakk/vannblandinger som ar-
beidsmedium er identifisert som en av de mest lovende teknologiene for hgytemperatur-
varmepumper. Hybride varmepumper kombinerer konvensjonelle kompresjonsvarmepum-
per og absorbsjonsvarmepumper, og er seerdeles egnet for prosesser med store tempera-
turelgft idet binsere blandinger fordamper og kondenserer med varierende temperaturer.
Videre er metningstrykkene til ammoniakk/vannblandinger betydelig lavere en for ren
ammoniakk, noe som fgrer til at ammoniakk kan brukes som arbeidsmedie for hgyere
temperaturer en i konvensjonelle kompresjonsvarmepumper. Hybride varmepumper
kjennetegnes ogsd av hgy ytelse og stor fleksibilitet med tanke pa kapasitetsregulering
og ytre forandringer.

Det ble utviklet en simuleringsmodell av en to-trinns kompresjons/absorbsjonsvarm-
pumpe for & kunne vurdere prosessen termodynamisk, ved hgytemperaturdrift. I simu-
leringsscenarioene ble blant annet varmepumpens ytelse, trykknivaer og temperatur-
nivaer vurdert nar overskuddsvarme ved 50°C ble gjenvunnet og prosessvann varmet
opp fra 100°C til 150°C. Det sekundeere malet var & utvikle en simuleringsmodell for
dimensjonering av en rgr-finnevarmeveksler for oppvarming av luft. Videre ble begge
modellene brukt i en case der varmepumpen ble integrert i en sprayterkeprosess hvor
overskuddsvarmen fra luft ved 35 °C ble brukt som varmekilde i desorberen.

Simuleringer med to-trinns modellen viste at varmepumpen hadde hgyest ytelse nar am-
moniakk konsentrasjonen i gassen i kompresjonskretsen var den laveste av de vurderte
scenarioene. Det forte til at sirkulasjonsraten ble hgy og en stgrre andel av massestrgm-
men til blandingen gikk i lgsningskretsen, dermed ble kompressorarbeidet mindre. Selv
om trykkforholdet var noe stgrre, ble absorbertrykkene betydelig lavere. Ulempene med
en hgy andel vann var at trykkgasstemperaturene ble hgyere, selv om trykkgasstemper-
aturene ble veldig hgye for alle simuleringene, og at gasstettheten er betraktelig mindre.
Med trykkgasstemperaturen begrenset til 180°C, var den hgyeste ytelsen 1.81, mens
uten begrensinger ble en ytelse pa 2.53 oppnadd. Videre viste simuleringsresultatene at
ved & gke grensen til trykkgasstemperaturen kunne absorbertrykkene reduseres, dermed
lavere trykkforhold og hgyere ytelse. Men det fgrte samtidig til trykkgasstemperaturer
opp mot 310 °C. Simuleringer med overhetningsvarmeveksler viste at, safremt den minste
temperaturdifferansen mellom blandingen og varmesluket ikke forekommer ved innlgpet
til absorberen, vil ikke overhetningsvarmeveksleren gi noen gevinst. Selv nar den min-
ste temperaturdifferansen forekommer ved innlgpet, vil gevinsten veere liten og den blir
mindre nar sirkulasjonsraten gker.

Dimensjoneringen av absorberen ga noe urealistiske resultater i form av det ekstreme
forholdet mellom hgyden og bredden/lengden pa absorberen. Selv med det minste
forhol- det, var hgyden 10 ganger sa stor som bredden, i tillegg krevde det et betraktelig
storre varmevekslerareal en ved stgrre forskjeller mellom hgyde og bredde/lengde. Det
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er vanskelig & avgjgre om det er et resultat av feil i simuleringsmodellen, eller om det
er vanskelig & oppna gode resultater med inngangsparameterene brukt i simuleringene.
Det er verdt & nevne at massestrommen til luft vil kunne veere 15 ganger sé stor som
massestrgmmen til blandingen under disse forholdene, samtidig er hastigheten til luften
begrenset. Simuleringscasen med spraytgrke ga en varmepumpeytelse pa 1.40, inkludert
viftearbeidet. Denne ytelsen ble beregnet uten begrensing til trykkgasstemperaturen,
og med mer realistiske begrensinger til trykkgasstemperaturen ville ytelsen vaert betrak-
telig lavere. Det er mulig at temperaturlgftet i simuleringscasen var i overkant stor for
varmepumpeprosessen.
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Nomenclature

Latin letters

A Area

C capacitance rate

Cp specific heat capacity

D diameter

h enthalpy

H height

L length

m mass flow rate

N, col number of tube columns
Nt row number of tube rows

P pressure

Pux LMTD effectiveness

DPfin fin pitch

Pr Rrandtl number

q vapour mass fraction

Q heat transfer rate

T radius

Rux LMTD capacitance ratio
Re Reynolds number

S entropy

Sh horizontal tube spacing
Sy vertical tube spacing

u internal energy

T temperature

thgn fin thickness

U mean velocity

Uy overall heat transfer coefficient (air-side surface area)
v specific volume

\% volumetric flow rate

W width / work

X ammonia concentration
77 overall ammonia concentration
Greek letters

Q heat transfer coefficient

€ thermal efficiency

xiii

m / kW

W/m?2-K



Nomenclature Xiv
n fin efficiency -
0 reduced temperature -
A thermal conductivity W/m-K
I dynamic viscosity Pa-s
P density kg/m3
Subscripts
abs absorber -
avg average -
C cold -
cf correction factor -
comp compressor -
cond conduction -
crit critical -
des desorber -
dsh desuperheater -
eff effective -
H hot -
ihx internal heat exchanger -
in inner -
lig liquid -
m mean -
max maximum -
min minimum -
mix mixture -
S surface ;
out outer -
thr throttling -
tot total -
vap vapour -
Superscripts
Abbreviations
CFC Chlorofluorocarbon -
CcOP Coeflicient Of Performance -
CR Circulation Ratio -
EES Engineering Equation Solver -
GWP Global Warming Potential -
HCFC Hydrochlorofluorocarbon -
HFC Hydrofluorocarbon -
HP High-Pressure -
THX Internal Heat Exchanger -
LMTD Log Mean Temperature Difference K
LP Low-Pressure -
ODP Ozone Depletion Potential -
SHX Solution Heat Exchanger -









Introduction

1.1 Background

Global energy demands are increasing and concerns of global warming brings major chal-
lenges considering the future of energy production and consumption. Industry requires
energy at high temperatures and produces vast amounts of waste heat, often disposed
without further use. Recovering waste heat is environmentally benign as it reduces pri-
mary energy use. However, waste heat temperatures are often too low to directly utilize
and in order to make use of low grade waste heat for processes with high temperature
requirements, heat pumps are necessary (Stene, 1993). Heat pumps are the only heat
recovering system able to deliver heat at a higher temperature than the temperature
of the waste heat (Dinger and Kanoglu, 2010). In the last two decades, heat pump
technology has become a mature technology (Chua et al., 2010). Heat pumps with
output temperatures below 50°C are widely used for residential purposed. However,
heat pumps for industrial use and high temperature applications are rarely used. High
initial costs as well as low energy costs has been some of the main factors for the slow
development. Nevertheless, there is a large potential and it is estimated that 40% of the
primary industrial energy demand in industrialised countries can be reduced by the use
of heat pumps. If the use of heat pumps in industry should prevail, initial cost must
be decreased. (Dinger and Kanoglu, 2010). Heat pumps have to be financially com-
petitive with technologies such as boilers, heat pipes and regenerators. Moreover, heat
pumps must be able to deliver heat at 150 °C to 300 °C and process technologies must be
adapted to heat pump applications. While the residential market may be satisfied with
standardized solutions and installations, most industrial heat pump applications need to
be adapted to unique conditions (Jakobs et al., 2010). Heat pumps can be used for space
heating, process water heating and cooling, steam production, drying and humidification
processes, evaporation, distillation and concentration processes in a wide range of indus-
trial sectors, and different processes requires energy in wide ranges of temperature levels
and temperature lifts, which sets requirements to heat pump technology. The phase-out
of CFCs and HFCs challenges the development of high temperature heat pumps as it re-
sults in fewer applicable refrigerants. Brunin et al. (1997) vindicated that conventional
vapour-compression heat pumps with hydrocarbons and compression/absorption heat
pumps with ammonia/water mixtures offers the two most promising heat pump tech-
nologies for high temperature applications. Compression/absorption heat pumps with
ammonia/water mixtures presents an interesting alternative, not only because of the
use of two natural working fluids, but it combines the vapour-compression heat pump
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1. Introduction 2

cycle and absorption heat pump cycle. Vapour-compression heat pumps have limited
temperature lifts, inflexible operating ranges, limited capacity control and mismatches
between temperature curves, while absorption heat pumps have limited temperature
ranges (Kim et al., 2013). By combining the two systems in a hybrid compression/ab-
sorption heat pump, the individual limitations are reduced. Compression/absorption
heat pumps are characterized as heat pump systems especially suited for processes with
large temperature lifts, due to evaporation and condensation with temperature glides,
and distinguished by high performance and flexibility considering capacity control and
external changes.

1.2 Main goal of the thesis

The main goal of the thesis is to develop a calculation tool in order to evaluate the com-
pression/absorption heat pump process with an ammonia/water mixture as working
fluid, for high temperature application. Simulation scenarios will address thermody-
namic performances, pressure levels, temperature levels and other important properties
when utilizing surplus heat at 50°C in order to heat process water from 100°C and
150°C. The approach of the simulations will address what is necessary for the process
to be realised rather than what is possible with current components and limitations.

The secondary focus is developing a simulation tool for the absorber process in order
to evaluate dimensions of an finned-tube absorber for heating air. Finally, both models
will be used to assess the compression/absorption heat pump as measure to reduce the
energy demand in a spray drying process.

A scientific paper is also written presenting the most important results and conclusion
of the thesis.

1.3 Structure of the thesis

Chapter 2 provides an short overview of current heat pump technology for high temper-
ature application.

Chapter 3 provides a literature review compression/absorption heat pump cycle, and
characteristic features of the compression/absorption process and the ammonia/water
mixture. The chapter also gives a brief overview of the development of compression/ab-
sorption process for high temperature application and the absorption process with am-
monia/water mixtures.

Chapter 4 gives a description of the two simulation models. A two-stage compression/ab-
sorption model for heating water and an absorber model for heating air.

Chapter 5 presents the results from the simulations and discussions.

Chapter 6 gives the conclusion and suggestions for future work.



High Temperature Heat Pumps

2.1 Introduction

Heat pumps for industrial purposes and high temperature application have a great varia-
tion in type of drive energy, heat pump size, operating conditions, heat sources and type
of application, and as previously noted, this causes heat pumps to be customized for
the specific application (IEA-HPC, 2014). Figure 2.1 displays heat pump installations
in industry (LeonardoEnergy, 2007).

2%02%

Mechanical vapour recompression heat pumps
Closed vapour-compression heat pumps
Absorption heat pumps

Heat transformers

Thermal vapour recompression heat pumps

1%

FIGURE 2.1: Industrial heat pump installations divided according to heat pump type

2.2 Closed vapour-compression heat pumps

A simple closed-cycle mechanical compression heat pump consists of four components; a
condenser, an evaporator, a compressor and a expansion device. The term closed-cycle
refers to the circulation of the cycle refrigerant/working fluid. Closed-cycle compres-
sion heat pumps utilizes the latent heat of evaporation and condensation to conduct
isothermal heat exchanges. Heat is absorbed by the refrigerant from the heat source
isothermally by evaporation in the evaporator, before entering the compressor and com-
pressed to a higher pressure stage, hence the temperature increases. Refrigerant exiting
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2. High Temperature Heat Pumps 4

the compressor enters the condenser with a higher temperature than the heat sink,
thus heat is rejected to the heat sink by condensation, before it is expanded to the
low-pressure stage of the cycle.

A great majority of heat pumps in operation are simple vapour-compression heat pumps,
but as figure 2.1 shows, vapour-compression systems is not as dominant in the industrial
sector as in the residential sector. One of the main challenges for high temperature
vapour-compression cycles are suitable working fluids with favourable thermodynamic
and environmental properties. R114 was exclusively used for industrial applications with
temperature requirements up to 120 °C, while R11 was used for even higher temperature
demands (Zhou et al., 2012). Both refrigerants are pure substances of CFCs and are
refrigerants included in the Montreal Protocol, and it has been extensive research to
reveal suitable replacements for the refrigerants. Among R124, R141a and R123, the
latter was the most promising interim alternative to R11, while R245ca and R143 were
considered as long term substitutes. R134 and R143 were potential replacements for
R114. In later years systems with R245fa as refrigerant has been introduced in high-
temperature heat pump applications and steam generation (Watanabe, 2012). Even
with zero ODP and significantly lower GWP than R114, R245fa still has a substantial
contribution on global warming and can be viewed as an interim alternative.

Natural working fluids has gained a great amount of attention, due to the environmental
impact of many other refrigerants. The most significant natural working fluids are am-
monia, water, CO, and hydrocarbons. Ammonia is an excellent working fluid, preferable
to most CFCs, HCFCs and HFCs (Bolaji and Huan, 2013; Lorentzen, 1995). However,
pressure limitations of system components prevents the use of NH; at high temperatures.
A saturation pressure of 40 bar results in condensation at 78.5°C. Ammonia will also
have considerably higher discharge temperatures than conventional refrigerants, due to
relatively low densities and specific heat in the vapour phase. Water is also an excellent
working fluid for high temperature heat pump applications. Besides not being toxic or
flammable, water has favourable thermodynamic properties and a critical temperature
of 374.1°C. The heat of vaporization is about fifteen times higher than that of R134a
at 50 °C (Pearson, 2012). Other advantages is that water is thermally stable and chemi-
cally inert at high temperatures, which may cause problems for other refrigerants (Bolaji
and Huan, 2013). The major disadvantage with water in vapour-compression cycles, is
low volumetric heat capacity due to low vapor density and low operating pressures,
resulting in large required swept volume to the compressor. However, there has been
progression in developing compressors with good efficiencies for this purpose (Yuan and
Blaise, 1988). Many hydrocarbons are suitable refrigerants due to good thermodynamic
and transport properties. Butane and isobutane with critical temperatures of 152.0°C
and 134.7 °C respectively, are particularly interesting when considering high tempera-
ture heat pump applications. The only objection against the usage of hydrocarbons is
their lammability.
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2.2.1 Multistage vapour-compression heat pumps

Large temperature lifts in heat pump systems results in high pressure ratios, which
entails lower compression efficiencies, higher discharge temperatures and lower system
performances. In multistage heat pump systems, compression and expansion are divided
into several steps to reduce disadvantages of high temperature lifts (Stene, 1997). Mul-
tistage vapour-compression heat pumps are expanded closed vapour-compression heat
pumps, and can be classified as either compound or cascade systems (Chua et al., 2010).
Compound systems are essentially extended single-stage systems. The condenser and
the evaporator operates as in a single-stage system, but compression and expansion is
carried out in two or several system. The most usual configuration is a two-stage sys-
tem. In this configuration a low-pressure compressor compresses the refrigerant from
the condenser-pressure to an intermediate pressure before the high-pressure compressor
compresses the refrigerant to the condenser pressure. Cascade systems applies two (or
several) different working fluid in separate single-stage compression cycles allowing the
individual cycles to operate within systems boundaries were it can provide good system
efficiency with reasonable pressures (Fornasieri et al., 2009). A cascade condenser/evap-
orator connects the cycles, which adds an extra temperature loss.

2.2.2 Transcritical cycles

Conventional vapour-compression cycles operates subcritically in order to utilize the la-
tent heat of evaporation and condensation. In a transcritical cycle, heat rejection occurs
in supercritical phase, where the fluid is neither gas nor liquid. Contrary to subcritical
heat rejection where temperature is constant at constant pressure, the temperature is
independent of the pressure. The result is a heat rejection with a temperature glide.
CO, has re-emerged as a refrigerant in the development of transcritical heat pump cy-
cles. Both subcritical and transcritical CO, cycles have a relative low theoretical COP,
but high compressor efficiency and excellent transport properties, results in a compet-
itive efficiency in reality. CO, systems have operating pressures typically 5-10 times
higher that conventional refrigerants. Development in components has allowed higher
system pressure and more compact design of systems due to high vapour density and
there are no extra safety risk concerning the high pressure in CO, systems. CO, sys-
tems have been introduced to the commercial market in heat pump water heaters and in
different system solutions in commercial refrigeration and are becoming an competitive
alternative. One pre-condition for an effective CO, system is a heat sink with low inlet
temperature to ensure a low CO, temperature before expansion. CO, evaporating tem-
peratures is limited to approximately 25°C due to the critical temperature and waste
heat recovering in industrial processes will often have heat source temperatures above
the critical temperature of CO,, thus resulting in an infeasible solution (Kim et al.,
2004; Stene, 1997).
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2.3 Vapour-recompression systems

There are two types of vapour-recompression heat pump systems; Mechanical vapour-
recompression (MVR) and thermal vapour-recompression (TVR). MVR systems are
the most common of industrial heat pumps (Laue, 2006) and is used to mechanically
compress waste gases in order to reclaim surplus heat. MVR systems can be classified as
open or semi-open systems. In an open MVR-system, the compressed waste gas delivers
heat by condensation to the heat sink. Semi-open systems are less usual configuration
were the compressed gas delivers heat to a heat sink, which in turn delivers heat to
another process stream. MVR systems does not apply a separate working fluid, like
vapour compression systems, but uses process streams directly. Water vapour is the most
common working fluid, although other process fluids are used, notably in the chemical
industry (LeonardoEnergy, 2007). The configuration of MVR systems require fewer
components than conventional vapour compression systems, thus a lower investment
and maintenance cost, and easier implementation. MVR systems are able to work with
heat source temperatures at 70 - 80 °C and deliver useful heat at 110 - 150 °C, in some
cases as high as 200°C. Compared to vapour-compression heat pumps, MVR systems
have a much higher COP, typically between 10 - 30. TVR systems are not as widely
applied as MVR systems. System efficiency is general low and rapidly decreasing with
increasing temperature lift. Investment and maintenance cost for these applications are
low, however, they are best suited for small scale systems. As a thermally driven heat
pump system, TVR can be a beneficial system when there is a large difference between
fuel and electricity prices (LeonardoEnergy, 2007; Stene, 1993).

2.4 Absorption heat pumps

There are two main configurations of absorption heat pumps. Type I absorption heat
pumps are referred to as heat amplifiers, meaning the heat pumping process is a heat
increasing process. Type II absorption heat pumps are referred to as heat transformers,
meaning the heat pumping process is a temperature increasing process (Stene, 1993).
Heat amplifiers and heat transformers consists of the same main components and have
the same operating principle. The difference between the systems are the temperature
levels of different components and temperature levels of the heat inputs and outputs.
The main components of absorption heat pumps are evaporator, condenser, genera-
tor/desorber and absorber. The system consists of to circuits; a heat pump circuit and
a absorption circuit, where the heat pump circuit with the condenser, evaporator and ex-
pansion device, is similar to a vapour-compression. But in a absorption heat pumps, the
absorption circuit with absorber, generator and solution pump, replaces the compres-
sor in a vapour-compression heat pump (McMullan, 2003). H,O/LiBr and NH;/H,0
are the two most common working pairs in absorption heat pumps. Systems applying
H,O/LiBr in heat amplifiers are able to deliver heat at 100°C with a COP of 1.6 -
1.7. Heat transformers applying H,O/LiBr are able to deliver heat at 100°C with a
COP of 0.45 - 0.5. Large capital cost, especially for small scale applications, is the main
prevalence for thermally driven heat pumps (Nordtvedt, 2013). Ratio between cost of
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electricity and fuel is another important factor. Countries producing electricity at ther-
mal power plants have relatively high electricity prices, thus making thermally driven
heat pumps more suitable than in countries where electricity is produced by hydro-power

(Stene, 1993)






Compression/Absorption Heat Pumps

3.1 Introduction

Compression/absorption heat pumps are essentially conventional vapour-compression
heat pumps employing non-azeotropic (zeotropic) working fluids (Stene, 1993). Non-
azeotropic working fluids consists of multiple components with different volatility which
causes the composition in liquid and vapour phases to change during evaporation and
condensation processes, hence heat exchanging processes with temperature glides (Dinger
and Kanoglu, 2010). The simplest version of a compression/absorption heat pump cycle
is based on the the Osenbriick cycle (figure 3.3). Although the principle of the cycle
has been know for over a century, little effort has been done to studying the subject
until recent decades (Nordtvedt, 2005). Compression/absorption heat pumps are char-
acterized by flexibility in capacity and temperature range, and is especially suited for
processes with heat sink and heat source temperature glides. Combined with the use of
environmentally benign working fluids, the system is likely to have an important role in
future heat pump application. Absorption heat pump processes utilize the ability of lig-
uids and salts to absorb vapour, thus the working media is often a binary mixture. The
two most common working pairs used is water/lithium bromide and ammonia/water. In
compression/absorption heat pump processes with ammonia/water mixtures, ammonia
is the more volatile component, hence classified as the working fluid, while water is clas-
sified as the absorbent. An understanding of the thermodynamic of binary mixtures is
important to understand the advantages and particularities of a compression/absorption
heat pump system, and to understand the working principle of a compression/absorption
heat pump cycle.

3.2 Properties of the ammonia/water mixture

Single component fluids evaporates and condenses isothermally, and the saturation tem-
perature is determined by the pressure. Saturation temperatures for a binary mixtures,
however, are not only determined by pressure, but by both pressure and mixture com-
position. Moreover, the different volatility of the component causes one component to
evaporate/condense more quickly causing the concentration to change during evapora-
tion and condensation, thus the saturation temperature changes. In chemical terms
this phenomenon is described as a boiling point elevation. Boiling point elevation is
a collagative property of mixtures which means that the property is dependant on the

9
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presence of dissolved particles and their number, but not their identity. The presence
of solvent in a solute causes the boiling point of the solution to increase (Atkins and
Paula, 2010). In an absorption process with an ammonia/water mixture, ammonia, be-
ing more volatile than water, is referred to as the refrigerant /working fluid, while water
is referred to as the absorbent. When ammonia is dissolved in water, the boiling point
of the mixture is higher than for pure ammonia at the same pressure and temperature,
while it is lower than for pure water under the same conditions. The phenomenon of
boiling point elevation is the foundation of two of the most prominent characteristics
of compression/absorption heat pumps with ammonia/water mixtures; evaporation and
condensation processes with temperature glides, and it enables the use of ammonia at
higher temperatures than in conventional vapour-compression heat pump cycles.

Temperature-concentration diagrams are useful tools for visualising evaporation and con-
densation processes in binary mixtures. Figure 3.1 shows the temperature-concentration
for an ammonia/water mixture at 5 bar, where the bubble point curve indicates at which
temperature, for a given concentration, the first bubbles starts to form in the liquid. The
concentration in the bubbles is found by drawing a horizontal line from the bubble point
curve to the dew point curve. Similarly the dew point curve indicates, for a given con-
centration, at which temperature the first droplets starts to form, and by drawing a
horizontal line from the dew point curve to the bubble point curve, the concentration of
the liquid droplet is found. The diagram shows that the concentration of bubbles and
droplets is not equal to the liquid and vapour concentrations, thus the concentration
changes as bubbles and droplets are formed. When liquid evaporates, more ammonia
evaporates than water, thus the liquid properties moves to the left along the bubble
point curve. The boiling point of the mixture increases, while evaporating bubbles will
have an increasing water concentration. Figure 3.1 illustrates an evaporation process for
an ammonia/water mixture at 5 bar (Alefeld and Radermacher, 1993):

+ An ammonia/water mixture with a 50 weight-% concentration of ammonia and a
temperature of 10.0°C is subcooled liquid, denoted by point 1 in figure 3.1.

« When adding heat to the mixture, the temperature increases until it reaches the
bubble point temperature for the given concentration. In this case the temperature
is 39.8°C, denoted by point 2y,. The first bubble starts to form and the ammonia
concentration of the bubble, which is in thermal equilibrium with the surroundings,
is 99.6 weight-%, denoted by point 24.

« More heat is added to the mixture, and more of the mixture evaporates, until
it reaches a temperature of 102.3°C, denoted by point 3. If all the evaporated
mixture remains in contact with the liquid, the mixture is two-phase. The ammonia
concentration of the vapour is 81.3 weight-%, denoted by point 34, while the
concentration of the liquid is 18.3 weight-%, denoted by point 3y,.

« More heat is added until the mixture of the temperature reaches 128.8 °C denoted
by point 44. The evaporation process is completed and the concentration of the
last droplet to evaporate is 8.2 weight-%, denoted by point 4y,. In other words, if
saturated vapour with a 50 weight-% concentration of ammonia condensates, the
first droplet would have a 8.2 weight-% concentration of ammonia.
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« Further heating would result in a superheated vapour. In figure 3.1 superheated
vapour at 158.6 °C is denoted by point 5.
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FIGURE 3.1: Temperature-concentration diagram of an ammonia/water mixture at 5
bar

When a working fluid and an absorbent at the same temperature is adiabatically mixed
into a solution, the temperature of the solution will either decrease or increase depending
on the pressure and concentration of each component. If the mixing is isothermal, heat is
either rejected to or absorbed from the surroundings. The energy production or energy
required in the process is called the solution enthalpy, and the total enthalpy of the
solution is given by (Stene, 1993):

h=(1—2) he+z-h+ (Ah); (3.1)

where h, is the absorbent enthalpy, h, is the refrigerant enthalpy, x is the mass fraction
of the refrigerant and (Ah); is the solution enthalpy. The total heat production during
condensation and evaporation of binary mixtures is determined by the latent heat and
the solution enthalpy:

(Ah>t0t - (Ah)z + (Ah)latent (32)

Figure 3.2 shows the significance of the solution enthalpy for an ammonia/water mixture.
However, it is a less useful representation for evaluating an absorber or desorber process
since the temperature and concentration vary during the process.
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FIGURE 3.2: The red curve shows the enthalpy for each component as if there where
separated, while the blue curve shows the total enthalpy of the solution. The difference
between the curve is the solution enthalpy.

3.3 Characteristic features of the compression/absorption
heat pump

The Osenbriick cycle, shown in figure 3.3, is the most basic compression/absorption heat
pump cycle. Compared to conventional vapour-compression heat pump cycles, the main
difference is the solution circuit. Solution exiting the desorber is not fully evaporated,
thus a two-phase mixture. Saturated vapour and saturated liquid is separated before
the vapour is compressed to the high-pressure side of the cycle (1 - 2). Liquid solution,
characterized as a "weak' solution due low ammonia concentration, increases its pressure
through the solution pump (3 - 4). Liquid solution runs through the solution heat
exchanger to increase cycle performance and increase solution temperature (4 - 5). In
the absorber, vapour is absorbed into the liquid rejecting heat to the heat sink. Ammonia
concentration in the liquid gradually increases and saturated liquid out of the absorber
is characterized as a "strong" solution (2/5 - 6). Heat is rejected to the "weak" solution
in the solution heat exchanger (6 - 7) before the solution is expanded to the low-pressure
side of the cycle (7 - 8). During evaporation, the ammonia concentration in the liquid
decreases, and at the desorber outlet the liquid solution is characterized as a "weak"
solution (8 - 1/3).

The Osenbriick cycle shows the basic elements and working principle of compression/ab-
sorption cycles, and Morawetz (1989) gives further overview on different sorption com-
pression heat pumps. Stokar and Trepp (1987) design a compression heat pump with
a solution circuit and their results stated that heat pump offers two major advantages
over a single fluid Rankine cycle. The first advantages is that the heating capacity of
the heat pump can be easily adjusted by varying the composition. The other is that
due to the temperature glide, the COP of the heat pump can be substantially higher for
application with heat sources and heat sinks with temperature glides.
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FI1GURE 3.3: The Osenbriick cycle

Several studies have shown that the compression/absorption heat pump exhibits some
interesting advantages to conventional vapour-compression heat pumps. Hultén and
Berntsson (1999; 2002) studied the compression/absorption heat pump cycle theoreti-
cally and summarized the advantages and disadvantages of the cycle compared to vapour-

compression cycles:

- Small swept volume to the compressor.
- High heat transfer coefficients.

- Environmentally benign working fluids.
- High COP

+ The possibility of varying the working fluid composition increases the flexibility
an making it easier adaptable to variations in temperature levels and capacities.

- High working temperatures that can be obtained, at least 150 °C.

« Working fluid temperature glides can be matched to the gliding temperatures of
heat sinks and heat sources, lowering the system irreversibility and leading to a
higher COP.
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- No gain from an economizer coupling.
- Leakage will change the composition.

« Ammonia is flammable and toxic.

Generally, ammonia is considered a favourable working fluid despite toxicity and flamma-
bility. However, ammonia as working fluid in high temperature heat pump application
is limited due to relatively high saturation pressure. One of the most beneficial aspects
of the compression/absorption cycle with ammonia/water mixture is that it enables the
possibility to use ammonia at higher temperatures. Saturation pressure for pure am-
monia at 100°C is 62.6 bar, while the saturation pressure of a liquid mixture with 90
weight-% of ammonia at 100 °C is 54.4 bar, and the saturation pressure with 50 weight
-% of ammonia is 23.6 bar. Only a small concentration of water causes the saturation
pressure to decrease significantly. Figure 3.9 shows an arbitrary compression/absorption
process in a Clapeyron diagram. Evaporation at 2.2 bar and a mixture desorber outlet
temperature at 45°C with an overall ammonia concentration of 50 weight-% results in
a 97.5 weight-% ammonia concentration in the vapour and 33 weight-% ammonia in the
liquid. With an absorber pressure at 25 bar, it results in temperature glide from 130°C

to 100 °C. Compared with pure ammonia, condensation at 130 °C results in a pressure
of 109 bar.
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FIGURE 3.4: Clapeyron diagram of a compression/absorption cycle with components

As previously noted, compression/absorption systems are especially suitable for pro-
cesses with heat sources and heat sink with temperature glides. As the composition
in liquid and vapour phases changes during evaporation and condensation, saturation
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temperatures changes resulting in mixture temperature glides. The Lorenz cycle repre-
sents the ideal theoretical reference process, and as figure 3.5 displays, heat exchanging
processes with heat sinks and heat sources with temperature glide has smaller temper-
ature losses when evaporation and condensation processes are non-isothermal (Granryd
et al., 2009). Moreover, the temperature profiles can be matched to further reduce the
temperature loss.
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FiGURE 3.5: Comparison of ideal cycles with high temperature gradient heat source
and heat sink (Granryd et al., 2009)

Early studies on compression/absorption heat pump used the LMTD method as an
approach to model the heat exchangers. Itard and Machielsen (1994) argued that the use
of temperature-entropy diagrams of mixtures shows that mixture temperature profiles
in the desorber and absorber is strongly dependant on the overall concentration and
that it is not linear. Hence, the LMTD method can not be applied for modelling heat
exchangers nor calculating the performance of the system. This is especially important
in processes with large temperature glides and or small temperature differences between
hot and cold streams. Figure 3.6 shows how the temperature profiles can appear under
certain conditions, and it shows that the mixture temperature profile in the desorber
results in a minimum temperature difference either at the desorber inlet outlet. However,
in the absorber process, the minimum temperature difference occur somewhere in the
heat exchange, thus modelling the process with the minimum temperature difference
either at the inlet or outlet will result in infeasible temperature profiles.
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FIGURE 3.6: Temperature versus the cumulative heat load in desorber and absorber
with an overall ammonia mass fraction of 0.75

The normalised temperature-enthalpy diagram in figure 3.7 shows the non-linearity in
saturation temperatures versus enthalpy. Fluids with constant specific heat capacities
will form a straight curve, while the ammonia/water mixture forms a non-linear curve
in a temperature-enthalpy diagram (Nordtvedt, 2005). Figure 3.7 shows that the non-
linearity is more significant at low pressures and high ammonia concentrations, and that
the curve have a certain S-shaped which crosses the constant curve, while lower concen-
tration does not. Figure 3.8 shows the cumulative heat load from saturated vapour to
saturated liquid assuming a linear enthalpy decrease from inlet to outlet. The mixture at
the absorber inlet will not be saturated vapour in a compression/absorption heat pump
process, however, contrary to the normalised temperature-enthalpy diagram where the
temperature curves shows saturation properties for a constant ammonia concentration,
figure 3.8 shows the temperature profile shows how the mixture temperature can appear
during a condensation process. Lower overall ammonia concentrations have higher sat-
uration temperature and temperature curves are more linear. Temperature curves also
become more linear when increasing the pressure. It is mentionable that low vapour frac-
tions at the start of the absorption process will reduce to temperature difference more
for high overall ammonia concentration than lower concentration. A vapour fraction of
0.5 means that the mixture temperature curve for an overall ammonia concentration of
0.5 at 5 bar starts at Q = 0.49 and a temperature difference from 103 °C to 38°C. For
an overall ammonia concentration of 0.8 a vapour fraction of 0.5 at 5 bar means that
the temperature curve starts at Q = 0.38, however, the resulting temperature difference
is only from 27°C to 11°C.
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FIGURE 3.8: Temperature profile versus the cumulative heat load for the working fluid
at different concentrations and pressures. At Q = 0 the working fluid is saturated
vapour and at Q = 1 the working fluid is saturated liquid

The ratio between liquid circulating in the solution circuit and vapour to the compressor

can be altered, thus changing the overall ammonia concentration in the desorber and

absorber. If the pressures remain constant, the saturation temperatures of the mixture

will decrease or increase dependant on an increase or decrease in the overall ammonia

concentration, thereby adjusting the process to external changes. If the temperature of

the heat source and heat sink remain constant, variation in composition will alter the

saturation temperatures. However, since the external parameters remains unchanged,

the properties of the liquid and vapour after the desorber changes. The compressor is
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supplied by vapour of lower or higher density, resulting in a capacity change (Nordtvedt,
2005). Figure 3.9 shows how the variation in composition alter the pressures when both
heat source and heat sink temperatures remain constant.
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FIGURE 3.9: Capacity control by varying the mixture composition

3.4 Absorption processes with ammonia/water mixtures

The absorber is one of the important components in compression/absorption heat pump
systems, and the design of the absorber has a vital impact on system performance
and cost (Killion and Garimella, 2001). As previously noted, the complex mass and
heat transfer process during evaporation and condensation of ammonia/water mixtures
results in non-linear temperature profiles, and it has led to difficulties in developing valid
mathematical models for the absorption processes. To understand the complex process
in taking place in the absorber requires an understanding the thermodynamics of fluid
mixtures, phase equilibria, heat transfer and mass transfer (Vuddagiri and Eubank,
1998). The combined effect of heat and mass transfer determines the absorption rate in
the process, which ultimately decides the size of the absorber. Generally, two absorption
modes are recommended to enhance heat and mass transfer; the falling film absorption
mode and bubble absorption mode. Falling film absorption provides relatively high heat
transfer coefficients and is stable during operation. However, falling film absorption have
wettability problems and require good liquid distributors at the liquid inlet (Kang et al.,
2000). Bubble absorption provides high heat transfer coefficients, good mixing between
vapour and liquid, and good wettability. Generally, vapour distribution required in
bubble absorption is easier to accomplish than liquid distribution. However, bubble
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absorption require a pressure difference on the vapour side to drive the vapour through
the pool of liquid, which rules out bubble absorption in low-pressure systems. This
problem is less severe in ammonia/water systems, but must be taken into account (Lee
et al., 2002a).

Kang et al. (2000) performed an analytical investigation focusing on variables affecting
the absorption rate of the two absorption modes, in a plate heat exchanger. They
reported that the bubble absorption mode had better overall characteristics. The local
absorption rate of the bubble mode is always higher due to better mixing and higher
heat transfer coefficients. Consequently the heat transfer area with bubble absorption
is smaller, almost 50 %. Moreover, the heat transfer coefficient have a more significant
effect on the absorption rate in falling film absorption than bubble absorption, while mass
transfer coefficients have a more significant effect in bubble absorption than falling film
absorption. Lee et al. (2002a,b) performed an experimental analysis comparing falling
film absorption and bubble absorption in a plate heat exchanger focusing on how solution
flow rates and vapour flow rates affected the absorber performance. The found that more
heat is generated in bubble absorption and that the bubble absorption mode is superior
to the falling film absorption mode in terms of mass transfer performance. Moreover,
they reported that an increasing solution flow rate will result in a significant increase in
heat transfer performance, and a slightly increase in mass transfer performance. When
vapour flow rate increases, the mass transfer performance increases. While the heat
transfer performance increases in the bubble absorption mode, it would remain or get
worse in falling film absorption. The experiments showed that bubble absorption mode
showed good performance in plate-type absorbers, especially when the solution flow rate
is low and vapour flow rate is high.

Fernandez-Seara et al. (2005) analysed the heat and mass transfer processes during ab-
sorption of ammonia into water in a co-current vertical absorber. The absorber config-
uration was a shell and tube type with water as coolant medium. Later they continued
their work with an analysis of a air-cooled tubular absorber (Fernandez-Seara et al.,
2007). The vapour/liquid co-current absorption process of an ammonia/water mixture
is distinguished by a changing two-phase flow pattern. At the start of the absorber there
is a churn flow followed by a slug flow and finally a bubbly flow until all the vapour is ab-
sorber into the liquid. The results showed that the absorption process progress rapidly
in the churn and slug flow regions, but slows down in the in the bubbly flow region.
Tube diameters and lengths are key parameters for the absorber design, and their re-
sults reviled that there exist an optimum inner diameter of the tubes which minimizes
the absorber length, and diameters smaller than the optimum diameter will have a sig-
nificant effect on the absorption length. The number of tubes will effect the absorption
length, and an increase of tubes will reduce the required tube length. However, the effect
on the absorption length will diminish as the number of tubes increases. The analysis
of the air-cooled absorber reviled that the absorption process evolved more rapidly at
the first tube row where the air hits first, thus the tube length require to accomplish
complete absorption is different for each row and that the length of the tubes should be
dimensioned for the last tube row. To avoid the detrimental effect of air heating at the
first tube row, absorbers should be arranged with as few tube rows as possible. Further,
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results showed that the fin pitch had a significant effect on the absorption length, and
that a large fin pitch increased the absorption length.

Cerezo et al. (2009) studied how ammonia-water absorption takes place in a channel of a
plate heat exchanger operating under typical conditions of absorption chillers, driven by
low temperature heat sources. The increase of the cooling water flow rate increased the
mass absorption flux, while the effect in the solution heat transfer coefficient was less
pronounced. On the other hand, the solution heat transfer coefficient improved as the
solution flow rate increased. The mass absorption flux and solution heat transfer were
improved when the absorber pressure was increased, while the increase of the solution
concentration and the cooling and solution temperature had the opposite effect.

Lee et al. (2012) performed an experimental investigation to measure heat and mass
transfer rates in a complete refrigeration/heat pumping unit operating under various
conditions. The experiments showed that the absorber duty, overall heat transfer coef-
ficient and solution heat transfer coefficient will increase with increasing solution flow
rate. Further, the solution heat transfer coefficient were found to decrease with increas-
ing pressure and solution concentration. Experiments on complete absorption system
introduce three major confounding influences. The absorption process is a result of sub-
cooled inlet conditions and the corresponding equilibrium conditions. The definition of
driving temperature differences becomes a significant issue. Overall component mass,
species and energy balances are affected the whole system, whereas in a single-pressure
facility these balances can be established for the component, i.e absorber.

3.5 Compression/absorption heat pumps for high temper-
ature applications

Brunin et al. (1997) discussed the working domain of compression heat pumps and
compression /absorption heat pumps. With the limits set by design, fluids considered
in the paper, the disappearance of CFCs and HCFCs, the only alternatives for high
temperature heat pumps is compression heat pumps with hydrocarbons and compres-
sion/absorption heat pumps with ammonia/water mixtures. They highlighted that at
the current time, the knowledge of compression/absorption heat pumps made it difficult
to evaluate and compare the cost against compression heat pumps. In their calculations
they used a concentration difference of 0.1 g/g between strong and weak solution, and
predicted that with an overall ammonia concentration of 0.45 heat sink temperatures
above 100 °C could be reached.

Rane et al. (1993) researched a two-stage vapour compression heat pump with solution
circuits. The system design was to certain degree similar two that system schematic
in figure 3.10. The systems operates on the same principle as a conventional cascade
system where a low temperature cycle provides heat for a high temperature cycle. In
this configuration, external heat is delivered to the evaporator, while the condenser
provides heat to the generator. They modified the cycle and investigated how a rectifier,
desuperheater and a bleed line affected the performance. The conclusion was that the
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cycle with a bleed line and desuperheater had the best performance. Moreover, the
analysis showed that such a system can operate at temperatures above 100°C and
conduct temperature lifts beyond 100 K. Compared to a single-stage vapour compression
cycle with ammonia, the cooling COPs was twice as high and the pressure ratios only
one third. Their experimental work (Rane and Radermacher, 1993) confirmed that the
cycle could operate with temperature lifts over 100 K d with a pressure ratio of 6.9 and
a cooling COP of 1.04.

Zhou and Radermacher (1997) compared the experimental results of a vapour-compression
heat pump with a solution circuit and desorber/absorber heat exchange, single-stage
vapour-compression heat pump with a solution circuit and two-stage vapour-compression
heat pump a with solution circuit. The first-mentioned heat pump was fairly similar
to the cycle given in figure 3.10, however, without the solution heat exchanger. Their
results indicated that single-stage system had the highest COP and lowest tempera-
ture lift, while the two-stage system had the highest temperature lift and lowest COP.
The temperature lift of the heat pump with a desorber/absorber heat exchange was
not as high as for the two-stage system. Since the absorber pressure decreases with
decreasing concentration it makes it difficult to increase pressure and decrease solution
concentration at the same time in order to achieve a high temperature lift.
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FIGURE 3.10: Schematic diagram of a compression/absorption heat pump with a cas-
cade heat exchanger

Figure 3.10 shows a compression/absorption heat pump system for high temperature
lifts. Only a part of the vapour is absorbed in the absorber, while the remaining absorp-
tion process occur in the condenser which operates as the heat source for the generator.
This system can deliver heat 120 °C with a heat source temperature at -10°C. The
resulting temperature lift is above 100 °C with only one compressor (Stene, 1993).

Sveine et al. (1998) design a two-stage compression/absorption heat pump with ammo-
nia/water as working fluid. The system schematic is shown in figure 3.11. In order to
not exceed the maximum discharge temperatures, the maximum pressure was set to 19
bar. In the theoretical calculation they found that with an heat source temperature of
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53 °C the heat sink temperature was 117 °C with a COP of 3.8. Moreover, the solution
heat exchanger between the compressors had a significant impact on the system perfor-
mance. While the vapour was cooled down between the compressors, thus reducing the
discharge temperatures, the liquid solution was heated to the saturation temperature.
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FIGURE 3.11: Schematic diagram of the two-stage compression/absorption heat pump
developed by Sveine et al. (1998)



Simulation Models

4.1 Introduction

To assess the compression/absorption heat pump for high temperature application, two
separate computer simulation models were developed. The purpose of the first model
is to evaluate the thermodynamic performance of a two-stage compression absorption
heat pump, while the purpose with the second model is to evaluate the dimensions of
a finned, annular tube cross-flow absorber for heating air. Both models are developed
in Engineering Equation Solver (EES), and uses an external procedure for calculating
the thermodynamic properties of the ammonia/water mixture. The NH3H20 procedure
uses correlations of Ibrahim and Klein (1993) for the ammonia/water mixture. EES
codes for both models are given in appendix D.

4.2 Two-stage compression/absorption heat pump model

4.2.1 General

a In order to evaluate the compression/absorption heat pump cycle for high temperature
application, a two-stage heat pump model is chosen. The heat pump consists of an ab-
sorber, desorber, two solution heat exchangers, desuperheater, two compressors, solution
pump, expansion valve and a liquid/vapour separator. A schematic diagram is shown
in figure 4.1, and the principle of the system is based on the models described by Sveine
et al. (1998) and Nordtvedt (2005). In order to simplify the model and calculations,
assumptions made by Nordtvedt (2005), are applied in this model:

+ Pressure drops in the system are negligible.
- Heat losses to the ambient are negligible.
+ Strong solution leaving the absorber is saturated.

+ Solution, heat sink and heat source fluid flow counter-currently in absorber and
desorber.

« Vapour and liquid are assumed to be in equilibrium in the solution, in absorber
and desorber.

23
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- Mixing of the weak solution and vapour at the absorber inlet is adiabatic.

« Vapour at the compressor inlet is assumed to be in thermodynamic equilibrium
with the liquid in the liquid /vapour separator.

+ Solution pump efficiency is 100 %.
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FIGURE 4.1: Schematic diagram of the two-stage compression/absorption heat pump
model
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TABLE 4.1: Two-stage model inputs and outputs

Inputs Outputs

Ammonia concentration in vapour Ammonia concentration in liquid
Overall ammonia concentration Circulation ratio

Absorber pressure Desorber pressure

Heat source inlet temperature Heat sink and source mass flow rates
Heat sink inlet temperature Heat sink outlet temperature
Minimum temperature difference in heat exchangers | System performance

Isentropic efficiencies of compressors Thermodynamic state points
Thermal efficiencies of internal heat exchangers

Absorber capacity

The computer model uses an external procedure for the ammonia/water mixture, were
the thermodynamic properties are calculated using the correlation given by Ibrahim and
Klein (1993). The call statement is CALL(CODE;In1;In2;In3:T;P;x;h;s;u;v;q), where the
CODE statement consists of a 3 digit integer indicating which 3 of the 8 possible input
parameters to be used. In order to calculated any thermodynamic state, 3 properties
need to be known, thus assumptions for each state in the heat pump cycle must be

made.
T K]
P = [bar]
X = [ammonia mass fraction]
h = [kJ/ke]
s = [kJ/kg-K]
u = [kJ/ke]
vo= [m’/kg]
q [vapour mass fraction]

The calculation procedure for each thermodynamic state point is shown in appendix
A, and model inputs and outputs are listen in table 4.1. Total mixture mass flow
rate is found by the required heat output in the absorber and the calculated enthalpy
difference between the absorber inlet and outlet calculated when running the simulation.
Equation (4.1) gives the relation between the overall ammonia concentration, ammonia
concentration in the liquid and vapour and the mass flows. Equation (4.2) shows the
calculation of the circulation ratio. Energy balance for heat exchangers is given by
equation (4.3), while energy balance for compressors and solution pump is given by
equation (4.4). Ammonia mass balance in desorber and desorber is given by equation
(4.5) (Nordtvedt, 2005).

mvap * Tyap + mliq * Llig

77 = (4.1)

Mot

CR = 4 (4.2)

Myap
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Z(m : h)m - Z(m : h)out =0 (43)

Z(m : h)m + W - Z(m : h)out =0 (4'4)

Z(m : li)m - Z(m : :E)out =0 (45)

4.2.2 Desorber

Mixture temperature curves in the desorber is calculated assuming a linear enthalpy
increase from desorber inlet to outlet. When overall ammonia concentration and the
desorber pressure is known, the enthalpy difference is divided into 50 points with equal
difference between each point. Mixture temperature curves is found by calculating the
mixture temperature for each point. Heat source temperature curves is calculated assum-
ing a linear temperature decrease from inlet to outlet, where the minimum temperature
difference between heat source and mixture is set at the desorber inlet and outlet.

4.2.3 Absorber

Mixture temperature curves in the absorber is calculated similar to the mixture temper-
ature curves in the desorber. The complex process of heat and mass transfer in ammo-
nia/water mixtures causes minimum temperature differences between mixture and heat
sink to occur in the heat exchange, not at the inlet or outlet as for the desorber. This
model calculates two different heat sink temperature curves with different approaches
to maintain the minimum temperature differences. The first approach sets absorber
inlet and outlet temperature differences to the minimum temperature differences and
calculates a heat sink mass flow rate. The minimum temperature difference for all 50
points is calculated, and if one of the points return a smaller temperature difference
than the minimum temperature differences, heat sink inlet and outlet temperature and
heat sink mass flow is adjusted until the minimum temperature difference is maintained.
The second approach sets temperature differences at absorber inlet and outlet to the
minimum temperature difference, but maintains the heat sink outlet temperature. Heat
sink inlet temperature and mass flow rate is adjusted until the minimum temperature
differences is not violated.

4.2.4 Single-phase heat exchangers

Heat transfer in desuperheater and solution heat exchanger # 1 and # 2 is calculated
according to equation (4.6), (4.7) and (4.8) (Incropera et al., 2006). EES does not
provide heat capacity for the ammonia/water mixture, and the specific heat capacity
for the mixture is calculated as ¢, = Ah/AT.
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Qmax = szn . (TH,m - TC,in) (46)

Q =E€- szn : (TH,m - TH,m) (47)
Q

€= 4.8

Qmax ( )

4.2.5 Other components

Compressors This thesis does not have the focus on compressor performance in the
compression /absorption heat pump, thus there are no implemented calculations for com-
pressor efficiencies. Neither are there are any function for compressor cooling. If the
discharge temperature is higher than the limitation set in calculations, the temperature
is reduced neglecting the heat which is reduced.

Solution pump The solution pump is assumed to be isentropic.

Expansion valve The expansion process is assumed to be isenthalpic. Further it is
assumed that the vapour created by flashing is in thermodynamic equilibrium with the
liquid.

4.2.6 System heating performance

The system heating performance is calculated using equation (4.9), (4.10), (4.11), (4.12),
(4.13) and (4.14).

cor= WLPcomp %;S/;pi:;l + Wopump (49)
Qabs = Mot - (he — h7) (4.10)

Qdsh = Myap - (ha — hs) (4.11)
WrPcomp = Muyap - (ha — h1) (4.12)

WHPcomp = mvap ' (h4 - h3) (413)
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Wpump = mliq : (h12 - hll)

4.3 Absorber model

4.3.1 General

The absorber model is adapted from an EES model for a finned, annular tube cross-flow
heat exchanger given by Nellis and Klein (2009), and consists of 10 segments, where
each segments have equal dimensions. Figure 4.2 shows a schematic diagram of each
segment, while figure 4.3 shows how the segments are related to one another, and how
the air flows through the absorber. The output properties in one segment are the input
properties in the next segment for both mixture and air, and model inputs and outputs

are listed in table 4.2.
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FIGURE 4.2: Schematic diagram of a segment in the finned, annular tube cross-flow
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FIGURE 4.3: Air flow through the finned, annular tube cross-flow absorber
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TABLE 4.2: Absorber model inputs and outputs

Inputs Outputs

Dimensions of the absorber | Overall heat transfer coefficient
Mixture inlet properties Mixture outlet temperature
Air inlet properties Air outlet temperature
Absorber duty Actual heat transferred

The simulation process for the model is:

+ Mixture inlet temperature and air inlet temperature is set.
- Mixture outlet temperature and air outlet temperature is guessed.

« In the initial calculation, the temperature decrease for the mixture and tempera-
ture increase for the air, is equal for all 10 segments.

- Heat transfer coefficients, actual heat transfer and temperature difference in all 10
segment is calculated using the initial temperatures.

+ A new mixture and air temperature is calculated in all 10 segment with the cal-
culated properties.

- Heat transfer coefficients, actual heat transfer and temperature difference in all 10
segment is calculated using the mean temperature of the initial temperature and
calculated temperature in the previous iteration.

+ The simulation model performs 10 iterations where the input temperature in each
segment is the mean value of the input temperature and calculated temperature

in the previous segment.

4.3.2 Corrections for cross-flow heat exchanger

The conductance and total thermal resistance between mixture and air in each segment
is calculated using equation (4.15) and (4.16). The calculation of the total thermal
resistance is shown in section 4.3.3, and as equation (4.16) shows, the model neglects
fouling resistance.

1
UA = 4.15
Rtot ( )
Rtot = Rzn + Rcond + Rout (416)

The absorber model is cross-flow, thus need to be corrected with the LMTD F factor.
The LMTD effectiveness, Pgx, and LMTD capacitance ratio Ry x is calculated:
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- TC,out - Tc,m

= 4.17
TH,in - TC,in ( )

Pyx

CC’ o TH,in - TH,out

= = 4.18
CH TC,out - TC,in ( )

Rux

The correction factor is found using a EES function for cross-flow heat exchangers with
both fluids unmixed.

AT’lm = AT‘lm,cf -Fgx (419)

Q=UA-AT},, (4.20)

The calculated @ is used to correct outlet temperatures for mixture and air in each
segment.

4.3.3 Thermal resistance

Thermal resistance between mixture and inner surface of the tubes The heat
transfer coefficient of the mixture is simplified and calculated with the thermophysical
properties of the mixture liquid. The velocity of the liquid is corrected throughout the
heat exchange with respect to the ratio between liquid and vapour, and the average
density in a segment is calculated according to equation (4.21). pjq is the density of
saturated liquid at the given temperature and pressure, while p,q, is the density of
saturated vapour at the given temperature and pressure.

Pavg = Pliq " (1 = @) + pvap " 4 (4.21)

Assuming a constant mass flow through the heat exchanger, the velocity of the liquid
mixture in each segment is calculated according to equation (4.22).

41
Uy = —— 4.22
" Pavg - D}, 422

The Reynolds number and Prandtl number and heat transfer coefficient is calculated

equation (4.23) and (4.24) respectively.

(4.23)

pr— 2 Hig (4.24)
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The heat transfer coefficient of the mixture is calculated by the Dittus-Boelter equation
(equation (4.25)), assuming it is constant through the segment. Thermal resistance
between mixture and tube wall is calculated using equation (4.26).

)‘liq

Omizture = 0.023 - R@%S . pr04,
Dip,

(4.25)

1
Rip = (4.26)

Qmizture * T Dip - L

Thermal resistances between air and air-side surface Air heat transfer coeffi-
cients is calculated using an EES function for external flow over a staggered bank. The
model calculates the heat transfer coeflicient and pressure drop using the air inlet and
outlet temperature for the segment and the tube surface temperature. The tube surface
temperature is approximated as the average temperature between air inlet temperature
and mixture inlet temperature for the segment. Thermal resistance on the air-side is
calculated using equation (4.27). The approach for the overall fin efficiency is shown in
section 4.3.4

1

Toverall * Qair * Aot

Rout =

(4.27)

Conduction resistance in the tube wall Tube wall conduction resistance is found
by using equation (4.28). A is found from an EES function for thermophysical properties.

In(Bes)
Ryppg = ————DPin 4.98
4 N T Lupe (4.28)

4.3.4 Fin efficiency

The fin efficiency is calculated with an approach that the actual fins acts like annular fins
connected to the tube, and is found using the EES function for annular fins (figure 4.4).
The effective radius of each fin is found so that the total surface area of the annular fins
is equal to the actual fin surface area (equation (4.29)). The overall surface efficiency is
found using equation (4.30), (4.31), (4.32) and (4.33).

A fin,tot * Pfin Dgut
) — T 4.29
Tfineff \/ > Lo 4 (4.29)
As,fin,tot

overa =1-——-(1— in 4.
Ul ) Aoy ( ny ) (4.30)
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w 7-D?
As,fin,tot =2 (H L — Nt,row : Nt,col : out) (431)
Pfin 4
thys
As,unfin =T Dout ' Ltube <1 - fm) (4'32)
Pfin
Atot = As,fin,tot + As,unfin (433)
th

T2

FIGURE 4.4: Annular rectangular fins

4.3.5 Thermophysical properties

The EES procedure for the ammonia/water mixture does not provide thermophysical
properties. Thermophysical properties is found using equations given by Thorin (2001)
and Conde-Petit (2004) for calculating liquid mixture conductivity and viscosity. The
calculation procedure is shown in appendix B.



Simulation Results

5.1 Two-stage compression/absorption cycle

The main aim for the two-stage compression/absorption heat pump cycle simulations
are to assess the thermodynamic performance, necessary pressure levels and other pa-
rameters for a theoretical heat pump cycle utilising surplus heat at 50°C and heating
process water from 100 °C to 150 °C. Nordtvedt (2005) used a maximum limit of water
in the vapour to the compressor to be 2.5 weight-% based on compressor limitations.
Forthcoming simulations evaluates the theoretical performance of compression/absorp-
tion heat pump cycle and with higher water concentrations than 2.5 weight-%. In order
to avoid a sub-atmospheric pressure when the mixture temperature is 45 °C at the desor-
ber outlet, the minimum ammonia concentration in the vapour was found to be slightly
below 93 weight-%, and it sets an natural lower boundary for the simulation. In order to
evaluate the system performance for different conditions, four simulation scenarios were
chosen. The ammonia concentration in the vapour at the compressor inlet was set to 93,
95, 97 and 99 weight-% and the heat sink temperature was constant at 50°C. Overall
ammonia concentration and absorber pressure was found to accommodate the required
heat sink temperature lift. Forthcoming figures shows the temperature versus the cumu-
lative heat load for the scenarios and displays two different heat sink temperature curves.
Blue heat sink temperature curves shows simulations where the temperature difference
between mixture and heat sink is equal at the inlet and outlet, while green heat sink
temperature curves shows simulation results when the heat sink outlet temperature is
fixed at 5°C below the mixture temperature and the heat sink inlet temperature and
mass flow rate was adjusted to maintain the minimum temperature difference. Com-
pressor efficiencies is set to 0.8 and thermal efficiencies in solution heat exchangers is set
to 0.8. The minimum temperature difference in all heat exchangers is set to 5°C in all
simulations.

33
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5.1.1 Simulation scenarios
5.1.1.1 93 weight-% ammonia in the vapour

With a mixture temperature of 45 °C out of the desorber and an ammonia concentration
of 93 weight-% in the vapour, the resulting desorber pressure is 1.03 bar. The ammo-
nia concentration in the saturated liquid exiting the desorber is 22 weight-%. If the
discharge temperature is limited to 180°C, in order to achieve the required heat sink
temperature lift in the absorber, the absorber pressure needs to be 33 bar and the overall
ammonia concentration 56.5 weight-%. Desorber and absorber temperature profiles is
shown in figure 5.1. Mixture is cooled from 157.2°C to 107.5°C, while water is heated
from 100.6 °C to 150.2°C (heat sink #1), and 99.1°C to 152.2°C (heat sink #2). The
simulation gave a COP of 1.81.
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FIGURE 5.1: Temperature versus cumulative heat load for a two-stage compression/ab-

sorption cycle with Pges = 1.03 bar and P,,s = 33 bar. Heat sink # 1 shows the tem-

perature curve for water when the temperature difference between mixture and water

is equal at the absorber inlet and outlet. Heat sink # 2 shows the temperature curve

for water when the temperature difference between mixture and water is 5°C at the
absorber inlet.
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5.1.1.2 95 weight-% ammonia in the vapour

With a mixture temperature of 45°C out of the desorber and an ammonia concentra-
tion of 95 weight-% in the vapour, the resulting desorber pressure is 1.34 bar. The
ammonia concentration in the saturated liquid exiting the desorber is 26 weight-%. If
the discharge temperature is limited to 180°C, in order to achieve the required heat
sink temperature lift in the absorber, the absorber pressure needs to be 38.5 bar and
the overall ammonia concentration 61.5 weight-%. Desorber and absorber temperature
profiles is shown in figure 5.2. Mixture is cooled from 158.0°C to 108.1°C, while water
is heated from 100.2°C to 150.1°C (heat sink #1), and 97.1°C to 153.0°C (heat sink
#2). The simulation gave a COP of 1.79.
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FIGURE 5.2: Temperature versus cumulative heat load for a two-stage compression/ab-

sorption cycle with Pges = 1.34 bar and P,,s = 38.5 bar. Heat sink # 1 shows the tem-

perature curve for water when the temperature difference between mixture and water

is equal at the absorber inlet and outlet. Heat sink # 2 shows the temperature curve

for water when the temperature difference between mixture and water is 5°C at the
absorber inlet.
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5.1.1.3 97 weight-% ammonia in the vapour

With a mixture temperature of 45°C out of the desorber and an ammonia concentra-
tion of 97 weight-% in the vapour, the resulting desorber pressure is 1.94 bar. The
ammonia concentration in the saturated liquid exiting the desorber is 31 weight-%. If
the discharge temperature is limited to 180°C, in order to achieve the required heat
sink temperature lift in the absorber, the absorber pressure needs to be 47.5 bar and
the overall ammonia concentration 69 weight-%. Desorber and absorber temperature
profiles is shown in figure 5.3. Mixture is cooled from 159.6 °C to 109.9 °C, while water
is heated from 100.2°C to 150.0°C (heat sink #1), and 94.6°C to 154.6 °C (heat sink
#2). The simulation gave a COP of 1.75.
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FIGURE 5.3: Temperature versus cumulative heat load for a two-stage compression/ab-
sorption cycle with Pyes = 1.94 bar and P,,s = 47.5 bar. Heat sink # 1 shows the tem-
perature curve for water when the temperature difference between mixture and water
is equal at the absorber inlet and outlet. Heat sink # 2 shows the temperature curve
for water when the temperature difference between mixture and water is 5°C at the

absorber inlet.
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5.1.1.4 99 weight-% ammonia in the vapour

With a mixture temperature of 45 °C out of the desorber and an ammonia concentration
of 99 weight-% in the vapour, the resulting desorber pressure is 4.0 bar. The ammo-
nia concentration in the saturated liquid exiting the desorber is 33 weight-%. If the
discharge temperature is limited to 180°C, in order to achieve the required heat sink
temperature lift in the absorber, the absorber pressure needs to be 70 bar and the over-
all ammonia concentration 85 weight-%. Desorber and absorber temperature profiles is
shown in figure 5.4. Mixture is cooled from 161.8°C to 116.6 °C, while water is heated
from 102.6°C to 147.9°C (heat sink #1), and 87.3°C to 156.6 °C (heat sink #2). The
simulation gave a COP of 1.56.
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FIGURE 5.4: Temperature versus cumulative heat load for a two-stage compression/ab-

sorption cycle with Pges = 4.0 bar and P,,s = 70 bar. Heat sink # 1 shows the tem-

perature curve for water when the temperature difference between mixture and water

is equal at the absorber inlet and outlet. Heat sink # 2 shows the temperature curve

for water when the temperature difference between mixture and water is 5°C at the
absorber inlet.
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5.1.1.5 Higher discharge temperatures

In all the previous presented simulation results, the discharge temperature has been
limited to 180°C for both compressors. There is no integrated function for compressor
cooling in the model, thus the available heat above 180 °C has been "ignored". If there
is no upper limit for the discharge temperature, the available heat is larger and the
temperature of the vapour before mixing is higher, thus the temperature of the mixture
entering the absorber is higher. Consequently the absorber pressure can be reduced
and the overall ammonia concentration is reduced to accommodate to required water
temperature lift. Figure 5.5, 5.6, 5.7 and 5.8 shows the temperature versus cumulative
heat load in the absorber for all four scenarios when the discharge temperature is limited
to 220°C and when the discharge temperature has no limitation. Table 5.1 compares
some results between simulations with the discharge temperature limited to 180°C and
simulations with no limitation to the discharge temperature. Table 5.2 shows a brief
overview of some results for simulations with no limitations to the discharge tempera-
ture. An overview of all the simulation results are listed in appendix C.

(A) Paps = 29 bar

(B) Paps = 25 bar
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FIGURE 5.5: Temperature versus cumulative heat load with higher discharge temper-
ature and Pges = 1.03 bar

(A) Paps = 33.5 bar

(B) Paps = 29.5 bar
T [OC]Y T T .

T[OC]I T T

——  Mixture

160 L —  Mixture | 160 L
—— Heat sink #1 —— Heat sink #1
—— Heat sink #2 —— Heat sink #2
140 - o 140 - 8
120 - 120 -
100 | | | | | I 100 L | | | | I
0 02 04 06 038 1Q [ 0 02 04 06 038 1Q [

FIGURE 5.6: Temperature versus cumulative heat load with higher discharge temper-
ature and Pges = 1.34 bar
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(A) Paps = 41 bar (B) Paps = 36.5 bar
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FIGURE 5.7: Temperature versus cumulative heat load with higher discharge temper-
ature and Pges = 1.94 bar

(A) Paps = 58 bar (B) Paps = 53.5 bar
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FIGURE 5.8: Temperature versus cumulative heat load with higher discharge temper-
ature and Pges = 4.0 bar

TABLE 5.1: Difference in simulation results for the scenarios with discharge tempera-
tures restricted to 180°C and no limitation

x1 [ 093 095 097 0.99

A PRY 13.0 125 123 126
A COPY 396 39.8 40.6 56.8
AWy 374 373 380 425
A CRY 543 595 784 149.7
A 77 13.3 13.0 13.8 135

@) Percentage increase

b) Percentage decrease
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TABLE 5.2: Summary of simulation results with no limitation to the discharge tem-

perature
x1 [-] 0.93 0.95 0.97 0.99
COP [ 2.53 2.50 2.47 2.44
CR [] 1.64 1.49 1.31 0.82
77 [] 0.49 0.54 0.60 0.74
Pabs [bar] 25.0 29.5 36.5 53.5
PR [-] 4.92 4.70 4.34 3.66
p1 [kg/m?3) 0.68 0.87 1.27 2.67
03 [kg/mg] 2.74 3.40 4.61 8.26
T4 [°C] 302.6 295.0 283.2 258.8
AWy, [kW] 6.0 6.5 7.0 8.0
Qdes kW] 60.5 60.0 59.5 59.0
a6 [] 0.40 0.43 0.46 0.61

5.1.1.6 Desuperheater

In previous simulation scenarios, the assumption is that the mixing of vapour exiting
the compressor and liquid solution is adiabatic, and that the vapour and liquid phases
are in thermodynamic equilibrium. Figure 5.9 shows the temperature curves for a simu-
lation scenario with and without a desuperheater, where figure 5.9 (A) shows the same
temperature profile as figure 5.7 (A). The heat delivered in the desuperheater is set to
the enthalpy differences between a discharge temperature of 220 °C and 160 °C. Vapour
at 160°C is adiabatically mixed with solution liquid before the absorber. Black encir-
clements in figure 5.9 illustrates the minimum temperature difference Additional figures
with temperature profiles for simulations with desuperheater is shown in appendix C.

(A) Without desuperheater (B) With desuperheater
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FIGURE 5.9: Temperature versus cumulative heat load for a two-stage compression/ab-

sorption cycle with and without desuperheater, when Pgesorber = 1.94 bar and Papsorber

= 41 bar. The heat sink # 1 curves shows the water temperature curve when the water

inlet temperature is 100°C. The heat sink # 2 curves shows the water temperature
curve when the water inlet temperature is 90 °C.
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5.1.2 Summary and discussion

Temperature curves Evaluating figure 5.1, 5.2, 5.3 and 5.4 it is evident that the
increasing overall ammonia concentration is a more dominant factor for the linearity of
mixture temperature curves than the pressure, which also is shown by the temperaure
difference between mixture and heat sink at absorber inlet and outlet. To maintain
the minimum temperature difference throughout the process, the temperature at the
absorber inlet and outlet increases in the scenarios and the temperature difference at the
absorber inlet and outlet is 7°C, 8°C, 9.5°C and 14 °C respectively. The non-linearity
of the mixture temperature curve increases with increasing ammonia concentration and
causes the inlet/outlet temperature difference in the first scenario to be 2 °C larger than
the minimum of 5 °C, while for the last scenario the non-linearity causes the temperature
difference to be 9°C above the minimum. In all the figures, the mixture temperature
profile in the absorber is relatively linear for throughout most of the heat exchange before
it bends towards the end. It is more significant for the later scenarios, thus the green heat
sink temperatures has larger difference between inlet and outlet temperature difference.
In the simulation results were the limitation to the discharge temperature is higher, the
temperature curves become more linear. Although the absorber pressure is lower, the
overall ammonia concentration is lowered and the linearity increases. With 93 weight-
% of ammonia in the vapour, removing the limitation to the discharge temperature of
180 °C, the absorber pressure is reduced by 24 % while the overall ammonia concentration
is reduced by 13 % resulting in a reduction of the temperature difference at absorber
inlet and outlet to 5.7 °C. Simulations with higher ammonia concentration in the vapour
also show the same results. For 95, 97 and 99 weight-% of ammonia, the temperature
difference at the absorber inlet and outlet is 6.4 °C, 7.5°C and 10.9 °C respectively, when
there is no limitation to the discharge temperature.

Comparisons of the scenarios By summarizing the results in table C.1 and C.2,
increasing the ammonia concentration from 93 weight-% to 99 weight-% results in:

- Higher absorber and desorber pressures

- Lower pressure ratios

+ Lower COP

+ Smaller circulation ratios

+ Smaller heat transfer in both solution heat exchangers

- Approximately unchanged mixture, heat sink and heat source mass flow rates

- Higher expansion losses

The results of allowing a higher discharge temperature results in:

- Lower absorber pressures, thus lowering the pressure ratios
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- Higher COP
- Larger circulation ratios

- Larger heat transfer in solution heat exchanger # 1, while smaller heat transfer in
solution heat exchanger # 2

- Approximately unchanged mixture, heat sink and heat source mass flow rates

+ Smaller expansion loss

COP In the simulations the requirement to the heat capacity in the absorber was 100
kW, thus the mass flow was adjusted according to the calculated enthalpy difference in
the absorber. However, simulation results showed that the total mass flow of mixture
only had minor changes comparing the scenarios. As the pressure ratio decreases for an
increasing ammonia concentration in the vapour, the specific compressor work becomes
smaller, however, the COP decreases in this case. The varying circulation ratio to achieve
the required overall ammonia concentration in each scenario and the approximately
constant mixture mass flow rates, results in larger vapour mass flow rates through the
compressor circuit. Thus, the compressor work increases as the ammonia concentration
increases, resulting in a lower COP. The difference between the scenarios, however,
are minor. In simulations with higher limitations to the discharge temperature, COP
increased in all scenarios. Also in this case, the increasing COP can be explained a
higher circulation ratio. Evaluating the COP results in table 5.1, the increase is quite
substantial. Besides the increasing circulation ratio, the smaller compressor work is
also explained by a lower pressure ratio. A drawback with the simulation results is
that the isentropic efficiency for the compressors has been 0.8 in all simulations. More
realistic efficiencies would probably have narrow the difference in COP between the
scenarios. One last remark is that with lower heat source temperatures which results in
mixture temperatures out of the desorber lower than 45 °C will require larger ammonia
concentrations than 93 weight-% to avoid sub-atmospheric pressures.

Discharge temperature Simulation results in table 5.2 shows that there is a close
linkage between the pressure ratios and the discharge temperatures in the processes.
There are not large differences between scenarios, however, the heat transfer in the
solution heat exchanger between the compressors decreases with increasing ammonia
concentration in the vapour. One can assume that the larger circulation ratio, hence
larger ratio between solution mass flow rate and vapour mass flow rate, results in a
larger heat transfer in solution heat exchanger #2, thus a larger reduction of the vapour
temperature before the HP-compressor. But again, more realistic compressor efficiencies
might have had a larger negative effect for the discharge temperature with high water
concentration in the vapour due to larger pressure ratios.

Compressor volume Table 5.2 shows that there is a large difference vapour density
at the compressor. With a 99 weight-% ammonia concentration in the vapour, the
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density before the LP-compressor is four times higher, than with a 93 weight-% ammonia
concentration. However, the vapour mass flow rate to the compressor increases for a fixed
absorber capacity due to larger circulation ratio. If one disregards the volumetric losses
in the compressor, the volumetric flow required to the LP compressor for a 99 weight-%
ammonia concentration is 90 m?/h, while for a 93 weight-% ammonia concentration it
is 259 m?/h, reducing the difference to three times as high. For the HP compressor,
the difference in vapour density is three times higher for 99 weight-% than 93 weight-%,
while the volumetric flow rates are 29 m3/h and 64 m3/h. The vapour density to the LP
compressor remains unchanged regardless of the limitation to the discharge temperature,
however, the circulation ratio increases, thus reducing the vapour mass flow rate. The
reduced vapour mass flow rate results in a reduction of the volumetric flow rate between
20 - 25 % in all scenarios comparing the simulations with a 180 °C limitation the the
discharge temperature and simulations with no limitation to the discharge temperature.
Vapour densities before the HP-compressor decreases as the limitation to the discharge
temperature increased due to lower pressures, and it counteracts the effect of a larger
circulation ratio. For the HP compressor, the volumetric flow rate is reduced by 8 - 10
% in all scenarios comparing simulations with discharge temperatures limited to 180°C
and simulations with no limitations to discharge temperatures.

Desorber Table 5.2 shows that there are only small variations in the desorber capac-
ity and total mixture mass flow rates only have small variations between simulations
scenarios. However, the increasing non-linearity of temperature curves as the overall
ammonia concentration increases, forces the mixture temperature at the absorber outlet
to be higher when the heat sink inlet temperature is 100 °C. Combined with a smaller
circulation ratio, the temperature of the mixture after solution heat exchanger #1 in-
creases. It results in a higher expansion loss and a higher vapour mass fraction after
expansion. It is worth mentioning that heat source temperatures out of the desorber
was below 0°C for some simulation scenarios, when this can be a limitation for pure
water as heat source fluid.

Vapour fraction at absorber inlet For the thermodynamic approach with adiabatic
mixing before the absorber, it is beneficial with a high vapour fraction at the absorber
inlet since it provides a larger mixture temperature difference between absorber inlet and
outlet and more vapour must condense, hence more heat (section 3.3). Comparing the
scenarios, the vapour fraction at the absorber inlet increases. It can mainly be explained
by smaller circulations ratios. It is worth noticing that the heat transfer in solution heat
exchanger #2 is larger for the first simulation scenarios while the circulation ratio is
larger which contributes to bring the liquid solution closer to the saturation temper-
ature. With higher limitations to discharge temperatures, circulation ratios increase,
thus the vapour fraction at the absorber inlet decreases. However, the reductions is only
minor, but referring to figure 3.8, it could have a larger impact for high overall ammonia
concentrations.
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Desuperheater Figure 5.9 shows that the minimum temperature difference between
the mixture temperature curve and the blue heat sink temperature curve occur at the
exact same place in the heat exchange, regardless if the process is with or without a
desuperheater. Because the total heat available is the same with and without the desu-
perheater, and the mixture is in thermodynamic equilibrium before the absorber, the
temperature curve for the mixture will be unchanged except were the heat is delivered
through the desuperheater. Since the total heat available and the heat sink inlet tem-
perature is unchanged, the minimum heat sink mass flow rate to maintain the minimum
temperature differences, will be exactly the same, hence the water outlet temperature
will be the unchanged. The minimum temperature difference between the mixture tem-
perature curve and the green heat sink temperature curve, occur at the absorber inlet.
It means that the minimum heat sink flow rate to maintain the minimum temperature
difference can be lower. With the same inlet temperature, the outlet temperature is
higher. However, the temperature increase is only 1.2°C in the simulation scenario in
figure 5.9, due to the steepness of the vapour temperature curve. Even with a temper-
ature drop from 220°C to 160 °C, the heat available in the desuperheater is only 11 %
of the total heat delivery. In the absorber the heat delivery is 2.02 kW/K, while it is
only 0.18 kW/K in the desuperheater. One of the reasons is that the mixture mass flow
through the absorber is larger than the vapour mass flow rate, thus when the water
mass flow rate is dimensioned for the absorber process, the effect of the desuperheater is
small and the effect will decrease when circulation ratios increase. Temperature curves
for simulations with desuperheater when the discharge temperature is limited to 220°C

and without limitations is shown in figure C.1.

5.2 Absorber

Spray drying is one of the most important methods of drying liquid foods. It is a
technique that utilizes liquid atomization to create droplets that are dried when in
contact with a hot gas, typically air (Mujumdar, 2007). Drying processes often need
air at high temperatures, and as air is drawn from the ambient, it requires a large
temperature lift. Compression/absorption heat pumps can be a suitable measure in order
to reduce primary energy demands in such processes. Figure 5.10 shows a schematic
diagram where the hybrid compression/absorption process is integrated in a spray drying
process. Air is heated in three steps. First, heat is recovered from the hot air exiting the
dryer, before it is heated by the absorber. The remaining temperature lift is conducted
by an additional heating device. The heat source for the desorber is the hot air exiting
the air-to-air heat exchanger.
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FIGURE 5.10: Schematic diagram of a spray drying process with desorber and absorber

The aim for the simulations is to assess the dimensioning of a finned, annular tube
cross-flow absorber for the process of heating air. The mixture inlet temperature is
set to 150°C, and the overall ammonia is found so that complete absorption at the
given pressure and overall ammonia concentration occur at 100 °C. Table 5.3 shows the
simulation inputs. One of the great difficulties when simulating an absorption process
with air as the cooling medium, is the large difference in mass flow of mixture and air.
When the heat capacity of the absorber is set to 100 kW and the temperatures on the
mixture side is 150°C to 100°C, it results in a mixture mass flow of 0.13 kg/s. In
comparison, the air mass flow when heated from 90°C to 140°C, is 1.98 kg/s, 15 times
larger than the mixture mass flow rate. Moreover, the frontal velocity of air is limited
to 3.5 m/s in the simulations, which limits the possible air mass flow. An increasing
number of tubes will allow more tube rows, hence larger frontal area of each segment
and a larger air mass flow while maintaining the maximum air velocity. At the same
time will to many tubes limit the mixture mass flow rate in each tube, reducing the
mixture heat transfer coefficient. The EES procedure for external flow over a staggered
bank used in the simulations is limited. The ratio between tube spacing perpendicular
on the air flow and the outer tube diameter must be between 1.25 and 2.5. With a outer
tube diameter of 25 mm, the minimum spacing is 31.25 mm and the maximum spacing
is 62.5 mm.



5. Simulation Results 46

TABLE 5.3: Parameters for the simulations of the finned, annular tube cross-flow ab-

sorber
Absorber duty 100 kW
Absorber pressure 25 bar
Mixture inlet temperature 150°C
Air inlet temperature 90°C
Maximum frontal air velocity 3.5 m/s
Tube inner diameter 22 mm
Tube outer diameter 25 mm
Fin thickness 0.25 mm
Mixture mass flow 0.13 kg/s
Overall ammonia concentration 0.5238
Material Stainless steel

5.2.1 Simulation results

In order to maintain an relatively large mixture heat transfer coefficient, the number of
tubes were limited to 24. Table 5.4 shows the simulation results for different number
of tube rows and columns, with a staggered arrangement and vertical/horizontal tube
spacing of 60 mm. The number of tube rows determines the width of each segment,
while the number of columns determine the length of each segment. Temperature of the
mixture and air versus the relative height of all four scenarios are shown in figure 5.11.
Table 5.5 shows simulations results when the altering segment width and fin pitch for
scenario #3. Table 5.6 shows the simulation results when the tube spacing is 40 mm.

TABLE 5.4: Heat exchanger geometries and simulation results with 60 mm tube spacing

Scenario #1 #2 #3 #4
Number of tube rows [-] 4 6 8 12
Number of tube columns -] 6 4 3 2
Width of segment [m] 030 042 054 0.78
Height of segment [m)] 200 145 130 1.05
Length of segment [m] 042 030 024 0.18
Total height of absorber [m] 20.0 145 13.0 105
Fin pitch [mm] 7.5 4.0 3.0 2.0
Total heat transfer surface [m?] 646 854 1044 1368
Volumetric flow rate of air [m?/s] 210 213 246  2.87
Average mixture heat transfer coefficient [W/m2-K] 1208 1205 1173 1145
Average air heat transfer coefficient [W/m?-K] 69 66 62 56
Uy [W/m%K] 8.9 6.7 5.7 4.2
Pressure drop [Pa] 371 248 187 125
Fan work [kW] 3.1 2.1 1.8 1.4
Mixture outlet temperature [°C] 101.2 100.7 100.2 101.0

Air outlet temperature [°C| 139.7 139.6 1334 126.3
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TABLE 5.5: Heat exchanger geometries and simulation results with 8 tube rows and 3

Temperature [°C|

Temperature [°C]

tube columns and 60 mm tube spacing.

Scenario # 2 #5 #6
Width of segment [m] 0.54 0.54 054
Height of segment [m)] 1.30  0.80 0.80
Length of segment [m] 024 024 024
Total height of absorber [m] 13.0 8.0 8.0
Fin pitch [mm] 3.0 3.0 2.0
Total heat transfer surface [m?] 1044 642 956
Volumetric flow rate of air [m?/s] 246 151 1.51
Average mixture heat transfer coefficient [W/m2-K] 1188 1260 1258
Average air heat transfer coefficient [W/m?-K] 62 62 62
U, [W/m2K] 57 61 52
Pressure drop [Pa] 187 184 183
Fan work [kW] 1.8 1.1 1.1
Mixture outlet temperature [°C] 100.2 115.0 109.2
Air outlet temperature [°C] 133.4 138.4 147.0

(A) Scenario #1

(B) Scenario #2
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FIGURE 5.11: Temperature versus relative absorber height

Relative absorber height [-]



5. Simulation Results 48

TABLE 5.6: Heat exchanger geometries and simulation results with 12 tube rows and
2 tube columns and 40 mm tube spacing.

Scenario #7 # 8 #9
Width of segment [m] 0.52 0.52 0.52
Height of segment [m)] 1.19  0.60 0.60
Length of segment [m] 0.12 0.12 0.12
Total height of absorber [m] 11.9 6.0 6.0
Fin pitch [mm)] 3.0 3.0 2.0
Total heat transfer surface [m?] 419 213 314
Volumetric flow rate of air [m?/s] 215 1.09 1.09
Average mixture heat transfer coefficient [W/m2-K] 1211 1298 1295
Average air heat transfer coefficient [W/m?-K] 73 73 73
U, [W/m2-K] 138 150 12,9
Pressure drop [Pa] 337 331 329
Fan work [kW] 2.9 1.4 1.4
Mixture outlet temperature [°C] 100.4 1225 120.6
Air outlet temperature [°C] 139.6 1429 146.8

Figure 5.7 shows temperature versus cumulative heat load for the absorber. Mixture
temperature curves for scenario #1 and #4 is plotted against the mixture temperature
in figure 5.5 (B). In figure 5.5 (B) the temperature curves displays the simulation results
for 25 bar, an overall ammonia concentration of 0.49 and the mixture inlet and outlet
temperatures are a little higher than in the absorber simulation. However, there are

only minor differences.
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TABLE 5.7: Temperature versus the cumulative heat load in the absorber for scenario

#1 and #4 and the temperature from the two-stage simulation scenario with absorber
pressure at 25 bar and an overall ammonia concentration of 0.49.

5.2.2 Summary and discussion

Simulation results showed that dividing the mixture mass flow into 24 tubes results in
an average heat transfer coefficient between 1100 and 1300 W/m?-K. The construction
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of the model does not consider the length of the tubes when calculating the mixture
heat transfer coefficient, only in how many tubes the total mixture mass flow is divided
into. Hence, increasing the number of tubes will result in a lower mixture heat transfer
coefficient. Summarizing the results in table 5.4, 5.5 and 5.6 shows that by increasing
the number of tube rows:

- pressure drop and fan work decreases
« fin pitch can be smaller
- total air-side surface increases

+ volumetric air flow rate can be increases, however, lowering the air outlet temper-
ature

+ height of the absorber decreases, while the width and length increases

The air outlet temperature of air decreases due to a larger volumetric air flow rate.
The frontal area of each segment increases with the increasing tube rows and when the
frontal air velocity is constant at 3.5 m/s, the volumetric air flow rate must increase. If
the fin pitch presented in table 5.4 is increased in any of the scenarios, the mixture will
not be fully absorber and the air outlet temperature will be lower. If the fin pitch is
smaller, the mixture will be subcooled and the air outlet temperature becomes higher.
The fin pitches in the result tables are the smallest possible fin pitch before mixture
reaches a temperature below 100°C or the air outlet temperature exceeds the mixture
inlet temperature. FEvaluating the results in table 5.5 vindicates that the simulation
model has a strict limitation regarding air flow, fin pitch and absorber height. In order
to maintain the maximum frontal air velocity and a sufficient volumetric air flow for a
specific absorber geometry, limits the possible fin pitch. In scenario #5 and #6 were the
height of each segment is reduced and a smaller fin pitch in scenario #6, volumetric air
flow rates are smaller than in scenario #2. If the width of the segment is increased from
the width in scenario #6, the volumetric air flow rate increases. However, the air flow
rate is still to small and simulations show that the air outlet temperature is higher than
the mixture inlet temperature. When the tube spacing is 40 mm, width of each segment
is smaller. The frontal area of each segment is limited, hence the volumetric air flow
is limited. Although the total air surface area is lower than with 60 mm tube spacing,
the pressure drop and fan work is twice as high than for scenario #3. Figure 5.7 shows
temperature versus cumulative heat load for the mixture in scenario #1 and #4, and
the mixture temperature curve from figure 5.5 (B). Although the temperature curves for
scenario #1 and #4 is plotted for a slightly lower temperature, resulting curves appear
quite similar to curves obtain from the two-stage model where the approach was a linear
enthalpy decrease. However, this is only shown for an overall ammonia concentration of
approximately 0.52, and not for higher concentrations.

The geometries of the absorber listed in table 5.4 are not entirely realistic due to the
extreme ratio between absorber height and width/length. It is difficult to determine
if the somewhat strange simulation results is due to the large difference in mixture
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and air mass flow rates and that is impossible to accomplish a notable result, or if the
problem is with the simulation model. However, it is worth repeating that with the
simulation inputs, the air mass flow rate is 15 times higher than the mixture mass flow
rate. This major mismatch and a maximum limitation of the air velocity, will result in
a large required frontal area and the number of possible tube rows are limited. There
are two factors that could limit the large difference between the absorber height and
width/length. First, the air inlet temperature could be lowered which allows a smaller
air mass flow rate and increases the driving forces, although it ultimately increases
the temperature loss in the absorber. Second, the tube spacing could be increased.
It would increase the frontal area of each segment without increasing the number of
tube rows. However, it would cause a significant increase in air-side heat transfer area
without increasing the total heat transfer. Table 5.4 shows that the total air-side heat
transfer area is considerably higher when tube spacing is 60 mm compared to 40 mm.
Another factor that may contribute to the results, is the absorber material. Since one of
the working fluid components is ammonia, stainless steel was used to conduct a realistic
simulation scenario. When calculating the overall fin efficiency, the EES function requires
geometry of the fins, air-side heat transfer coefficient and the thermal conductivity
of the absorber material. In scenario #1 to #4, the average overall fin efficiency is
approximately 0.12, which could partially be explained by the high thermal resistance
in the absorber material. Early tests of the simulation model with aluminium as absorber
material resulted in higher fin efficiencies and overall heat transfer coefficients.

It would have beneficial to conduct simulations with other tube diameters to assess if
the optimal solution for the process could have either larger or smaller tube diameters.
Section 3.4 presented the work of Fernandez-Seara et al. (2005) which emphasized that
smaller tube diameters will have a significant effect on the absorption length. It is highly
questionable if that is a factor in the simulation scenarios due to the simplicity of the
absorption process model. It could however be a factor. Further, it would have been
beneficial to conduct more simulations with different overall ammonia concentrations,
since the mass ratio between components will affect the volume of the mixture stream in
the tubes. In conclusion, the decision of dividing the absorber into 10 segments may not
have been the best solution. However, with the simplicity of the model it probably would
not have been beneficial to reduce the number of segments and increase the number of
tube columns. The absorption process is approximated as equal in all tubes in the
individual segment and the actual absorption process will evolve more rapidly at the
first tube rows (section 3.4). It means that larger air temperature increases in each
segment would have given a more inaccurate result since the variation in the absorption
process in each tube would have been larger.

5.2.3 Spray drying case

In order to evaluate the compression/absorption heat pump for a spray drying process, it
was conducted a simulation in the two-stage model with air as heat source and heat sink.
Air temperature at the desorber inlet was set to 35°C, and to avoid sub-atmospheric
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desorber pressure, the vapour ammonia concentration had to be minimum 97.5 weight-
%. Tt resulted in desorber pressure of 1.03 bar. Table 5.8 shows the inputs and simulation
results. One advantages is that the required air mass flow in the absorber and desorber
are fairly equal, which is convenient since the air flow through the absorber eventually
runs through the desorber. It could be problematic if the necessary air flow through
the absorber is significantly smaller, for the temperature lift, than the required air
mass flow rate in the desorber. In order to remove the heat from the mixture and
maintaining an equally air flow through absorber and desorber, the air mass flow rate
in the absorber the must be increased. It will lower the outlet temperature, thus a
large temperature lift after the absorber, which ultimately reduces the effect of the heat
pump. Simulation results indicate that the performance of the compression/absorption
heat pump is not convincing for this scenario. The simulation was conducted with no
limitation to the discharge temperature, and if the COP is approximated to be 40 %
lower with the discharge temperature limited to 180 °C (table 5.1), it is reduced to 0.87.
It may have been more beneficial with a smaller temperature lift in the air-to-air heat
exchanger. It would have decreased the air temperature at the absorber inlet, and the
mixture temperature out of the absorber could be lower. System performance would
be higher due to lower pressure ratios and compressor work, and the absorber pressure
could be lowered. Although the heat pump performance would be higher, required air
temperature after the additional heat device would be the same, hence more of the
temperature lift would be conducted after the absorber. It is questionable if it would
improve the total efficiency.

TABLE 5.8: Simulation results from spray drying case

Desorber pressure 1.03 bar
Absorber pressure 45.0 bar
Ammonia concentration in vapour 0.975
Overall ammonia concentration 0.75
Total mixture mass flow 0.11 kg/s
Air mass flow rate in desorber 1.57 kg/s
Air mass flow rate in absorber 1.82 kg /s
Circulation ratio 0.50
Absorber capacity 100.0 kW
WLP—comprcssor 31.2 kW
WHP-Compressor 37.8 kW
Woump 0.2 kW
Wean 2.0 kW
COP 1.45

COP with fan work 1.40







Conclusion and suggestions for future work

6.1 Conclusion

The most important results obtained from the two-stage model simulations are:

+ The overall ammonia concentration has a more significant impact on mixture tem-
perature curves than the pressure.

+ The highest COP obtained from simulations with discharge temperatures limited
to 180°C was 1.81, and the highest COP obtained from simulations with no limi-
tations to discharge temperatures 2.53. Both results was from simulation with an
ammonia concentration of 93 weight-% in the vapour at the compressor inlet.

Simulations with higher ammonia concentration than 93 weight-% in the vapour
at the compressor inlet, resulted lower in pressure ratios although the absorber
pressures was significantly higher. Smaller circulations ratios, hence higher vapour
mass flow rates, resulted in larger compressor work and smaller performances,
however, differences between scenarios are only minor.

Removing the limitation to the discharge temperature of 180°C resulted in a 40
% increase in COP for most scenarios, while absorber pressures was reduced by
23 - 25 % and pressure ratios reduced by 12 - 13 %. Discharge temperatures for
these simulations was in the range from 250 °C to 310°C.

-+ Vapour densities at the compressor inlet was significantly higher when the ammo-
nia concentration in the vapour was high. Although circulation ratios was higher,
hence vapour mass flows higher, volumetric flow rates was significantly lower for
high ammonia concentrations in the vapour.

« With the assumptions made in the model, simulations with a desuperheater showed
that if the minimum temperature difference between mixture and heat sink tem-
perature curves does not occur at the absorber inlet, employing a desuperheater
will not increase the heat sink outlet temperature. If the heat sink inlet temper-
ature is sufficiently low, the minimum temperature difference will occur at the
absorber inlet. However, the effect of a desuperheater is small due to the large
difference between heat rejection from the absorption process and from the vapour.
This difference will increase when the circulation ratio increases.
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Simulations with the absorber model and the spray drying case:

+ The dimensioning of the finned cross-flow absorber gave some unrealistic results
due to the extreme ratio between absorber height and absorber width/length. It
is difficult to determine whether the problem was with the simulation model or if
selection of inputs were unsuitable. It is noteworthy that the air mass flow rate
was approximately 15 times larger than the mixture mass flow rate. Limitations
to the air velocity and the width of the absorber made it difficult to acquire a good
result

. Simulations resulted in total air-side surface areas between 600 and 1400 m? for
an absorber duty of 100 kW.

« For a constant number of tubes, increasing the number of tube rows resulted in
larger air mass flow rates, lower air outlet temperatures, larger air-side surface
areas, smaller absorber heights and smaller air pressure drops.

« The simulation case were a compression/absorption heat pump was used in a spray
drying process, indicated that it may not have been a suitable measure, at least
for the case scenario. Due to the large temperature lift, the system performance
was low, although the there was no limitation to the discharge temperature. With
the discharge temperature limited to 180 °C, the performance is approximated to
0.87.

6.2 Suggestions for future work

Based on the tasks in the original thesis description that were not considered, suggestions
for further work are:

+ Evaluate different system designs to utilize the absorption heat to achieve higher
temperature than the discharge gas temperature from the compressor
- Evaluate other heat exchanger types for optimizing the process

Based on the work performed in this thesis, the following are suggested as further de-
velopment of the simulation models and case scenarios:

+ Implement functions for the compressor efficiencies, investigation of a more suited
intermediate pressure and calculation of compressor cooling in the two-stage model.

+ A more suited procedure for calculating the desuperheater process in the two-stage
model.

« Investigation of compressor limitations regarding the maximum allowable water
content and maximum discharge temperatures.
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« A more detailed investigation of the absorption process. The calculations of ther-
mophysical properties and heat transfer coefficients can be further developed or
changed in order to acquire a more realistic model. Moreover can newer equations
for the ammonia/water mixture be more appropriate.

« Further optimization of the finned, annular tube cross-flow absorber. Different
tube diameters and a different approach to the absorber design can contribute in
optimizing the process.






Bibliography

Alefeld, G. and R. Radermacher (1993). Heat Conversion Systems. CRC Press.

Atkins, P. and J. de Paula (2010). Physical Chemistry. W.H Freeman and Company.

Bolaji, B. O. and Z. Huan (2013). “Ozone depletion and global warming: Case for the
use of natural refrigerant - A review”. In: Renewable and Sustainable Energy Reviews
18, pp. 49-54.

Brunin, O et al. (1997). “Comparison of the working domains of some compression
heat pumps and a compression-absorption heat pump”. In: International Journal of
Refrigeration 20.5, pp. 308 —318.

Cerezo, J. et al. (2009). “Experimental study of an ammonia-water bubble absorber using
a plate heat exchanger for absorption refrigeration machines”. In: Applied Thermal
Engineering 29, pp. 1005 —1011.

Chua, K. et al. (2010). “Advances in heat pump systems: A review”. In: Applied Energy
87, pp. 3611 —3624.

Conde-Petit, D. M. R. (2004). “Thermophysical Properties of NH; + H,O solution for
the industrial design of absorption refrigeration equipment”. In:

Dinger, Ibrahim and M. Kanoglu (2010). Refrigeration Systems and Applications. John
Wiley & Sons, Ltd.

Fernandez-Seara, J. et al. (2005). “Ammonia—water absorption in vertical tubular ab-
sorbers”. In: International Journal of Thermal Sciences 44.3, pp. 277 —288.

Fernandez-Seara, J. et al. (2007). “Analysis of an air cooled ammonia—water vertical
tubular absorber”. In: International Journal of Thermal Sciences 46, pp. 93 —103.

Fornasieri, E. et al. (2009). “Natural Refrigerant CO,”. In: Leonardo Project "NARECOZ2".

Granryd, E. et al. (2009). Refrigerant Engineering. Royal Institute of Technology, KTH.

Hultén, M. and T. Berntsson (1999). “The compression/absorption cycle - influence of
some major parameters on COP and a comparison with the compression cycle”. In:
International Journal of Refrigeration 22, pp. 91-106.

— (2002). “The compression/absorption heat pump cycle - conceptual design improv-
ments and ccomparison with the compression cycle”. In: International Journal of
Refrigeration 25, pp. 487-497.

Ibrahim, O. M. and S. A. Klein (1993). “Thermodynamic Properties of Ammonia-Water
Mixtures”. In: ASHRAFE Trans.: Symposia 21,2, p. 1495.

IEA-HPC (2014). Heat Pumps in Industry. International Energy Agency - Heat Pump
Centre. URL: http://www.heatpumpcentre.org/en/Sidor/default.aspx.

Incropera, F. P. et al. (2006). Fundamentals of Heat and Mass Transfer. 6th ed. John
Wiley & Sons, Ltd.

o7


http://www.heatpumpcentre.org/en/Sidor/default.aspx

Bibliography 58

Itard, L. and C. Machielsen (1994). “Considerations when modelling compression/re-
sorption heat pumps”. In: International Journal of Refrigeration 17, pp. 453 —460.
Jakobs, R. et al. (2010). “Status And Outlook: Industrial Heat Pumps”. In: International

Refrigeration and Air Conditioning Conference.

Kang, Y. T. et al. (2000). “Analytical investigation of two different absorption modes:
falling film and bubble types”. In: International Journal of Refrigeration 23, pp. 430
—443.

Killion, J. D. and S. Garimella (2001). “A critical review of models of coupled heat and
mass transfer in falling-film absorption”. In: International Journal of Refrigeration
24, pp. 755 —797.

Kim, J. et al. (2013). “Experimental study of operating characteristics of compres-
sion/absorption high-temperature hybrid heat pump using waste heat”. In: Renewable
Energy 54, pp. 13 —19.

Kim, M. H. et al. (2004). “Fundamental process and system design issues in CO, vapor
compression systems”. In: Progress in Energy and Combustion Science 30, pp. 119—
174.

Laue, H. (2006). “Heat Pumps”. In: Energy Technologies. Chap. 9, pp. 605-626.

Lee, K. B. et al. (2002a). “Comparison of heat and mass transfer in falling film and
bubble absorbers of ammonia-water”. In: Ezperimental Heat Transfer 15, pp. 191—
205.

Lee, K. B. et al. (2002b). “Experimental analysis of bubble mode in a plate-type ab-
sorber”. In: Chemical Engineering Science 57, pp. 1923 —1929.

Lee, S. et al. (2012). “Measurement of absorption rates in horizontal-tube falling-film
ammonia-water absorbers”. In: International Journal of Refrigeration 35.3. Refriger-
ation and Heat Pumping with Sorption Processes, pp. 613 —632.

LeonardoEnergy (2007). “Industrial Heat Pumps”. In: Power Quality and Utilization
quide.

Lorentzen, G. (1995). “The use of natural refrigerants: a complete solution to the
CFC/HCFC predicament”. In: International Journal of Refrigeration 18, pp. 190—
197.

McMullan, A. (2003). “Industrial Heat Pumps for Steam and Fuel Savings”. In: U.S.
Department of Energy: Energy Efficiency and Renewable Energy.

Morawetz, E. (1989). “Sorption-compression heat pumps”. In: International Journal of
Energy Research 13, pp. 83-102.

Mujumdar, A. S. (2007). “Handbook of Industrial Drying”. In: ed. by A. S. Mujumdar.
Taylor & Francis Group. Chap. 2, pp. 137-520.

Nellis, G. and S. Klein (2009). Heat Transfer. Cambridge University Press.

Nordtvedt, S. (2013). “Norsk deltagelse i IEA Heat Pump Programme Annex 34 - slut-
trapport”. In: Institutt for energiteknikk.

Nordtvedt, S. R. (2005). “Experimental and theoretical study of a compression/ab-
sorption heat pump with ammonia/water as working fluid”. PhD thesis. Norwegian
University of Science and Technology.

Pearson, A. (2012). “High Temperature Heat Pumps with Natural Refrigerants”. In:
IEA Heat Pump Centre Newsletter 30, pp. 33-35.

Rane, M. V. and R. Radermacher (1993). “Feasibility study of a two-stage vapour
compression heat pump with ammonia-water solution circuits: experimental results”.



Bibliography 59

In: International Journal of Refrigeration 16. Special Issue on Absorption Systems,
pPp- 258 —264.

Rane, M. V. et al. (1993). “Performance enhancement of a two-stage vapour compression
heat pump with solution circuits by eliminating the rectifier”. In: International Journal
of Refrigeration 16.4. Special Issue on Absorption Systems, pp. 247 —257.

Stene, J. (1993). Varmepumper - Industrielle anvendelser. NTH-SINTEF Kuldeteknikk.

— (1997). Varmepumper - Grunnleggende varmepumpeteknikk. SINTEF Energiforsk AS.

Stokar, M and C. Trepp (1987). “Compression heat pump with solution circuit Part 1:
design and experimental results”. In: International Journal of Refrigeration 10, pp. 87
-96.

Sveine, T. et al. (1998). “Design of high temperature absorption/compression heat
pump”. In: Natural Working Fluids, IIR - Gustav Lorentzen conference.

Thorin, E. (2001). “Thermophysical Properties of Ammonia/Water Mixtures for Pre-
diction of Heat Transfer Areas in Power Cycles”. English. In: International Journal
of Thermophysics 22, pp. 201-214.

Vuddagiri, S. R. and P. T. Eubank (1998). “Condensation of mixed vapors and thermo-
dynamics”. In: AIChE Journal 44, pp. 2526-2541.

Watanabe, C. (2012). “Trends in Industrial Heat Pump Technology in Japan”. In: IEA
Heat Pump Centre Newsletter 30, pp. 36-38.

Yuan, Q. and J. Blaise (1988). “Water - A working fluid for CFC replacement”. In:
International Journal of Refrigeration 11, pp. 243-247.

Zhou, G. et al. (2012). “Review Status on High Temperature Heat Pumps”. In: Applied
Mechanics and Materials 170-173, pp. 2550-2553.

Zhou, Q. and R. Radermacher (1997). “Development of a vapor compression cycle with
a solution circuit and desorber/absorber heat exchange”. In: International Journal of
Refrigeration 20, pp. 85 —95.






EES Procedure for the Two-Stage Compression/Ab-
sorption Heat Pump Model

Calculation procedure of each thermodynamic state point in the two-stage compres-
sion/absorption heat pump model is shown in table A.1. When using the EES function
NH3H20, the call function needs a 3 digit code which determines the three thermo-
dynamic properties used as inputs. There are 8 different properties available in the
NH3H20 function:

1) T (K]
2) P = [bar]
3) x = [ammonia mass fraction]
4) h = [kJ/kg]
5) s = [kJ/keK]
6) u = [kJ/kg
7 v = [m®/kg
) a [

0¢)

vapour mass fraction]

TABLE A.1: EES calculation procedure of each thermodynamic state point for the
two-stage compression/absorption heat pump model.

‘ State ‘ Code ‘ Explanation

1 138 T1 and z1 is determined by the model inputs. Requiring saturated
vapour, thus ¢; = 1. After the model has run this call, the desorber
pressure is set to P;.

2 234 After the desorber pressure is determined for state 1, the intermediate
pressure is calculated: Pyp = /Prp - Pyp. P> is set to the interme-
diate pressure. The ammonia concentration in the vapour through the
compressor circuit is constant and xe = x1. First hog is found using Ps,
x9 and s1, then hg = hy + (hos — h1)/mis. If the simulation is conducted
with compressor cooling, 75 is set to the maximum allowable temper-
ature, while the compressor work is still calculated with the original
TQ.

3 234 r3 = x1 and P3 = P,. hg is calculated using the function for solution
heat exchanger #2.
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4 234 x4 = x1 and Py is set to the absorber pressure from the inputs. First hy
is found using Py, z4 and s3, then hy = hg + (h4s — h3)/n;s. If the simu-
lation is conducted with compressor cooling, T} is set to the maximum
allowable temperature, while the compressor work is still calculated with
the original 7}.

5 123 x5 = x1 and Py = Pyp. T needs to be specified in the model. Heat
delivery in the desuperheater is calculated as the enthalpy difference
between state 4 and 5.

6 234 Ps = Pgp and x¢ = ZZ. Assuming adiabatic mixing between vapour
and liquid solution, he = (hs - Mwep + hia - 11iq) /T0t

7 238 P; = Pyp and z7 = ZZ. Requiring saturated liquid solution at the
absorber outlet, g7 = 0.

8 234 Ps = Pgp and x7 = ZZ. hg is calculated using the function for solution
heat exchanger #2.

9 234 x9 = ZZ. Assuming isenthalpic expansion before the desorber, Py =
PL P and hg = hg

10 123 Py = Prp and x19 = ZZ. Mixture temperature at the desorber outlet
is required to be the heat source inlet temperature minus the minimum
temperature difference. Tg = 11 = T11 = Theat source in — D min

11 128 T11 =11 and P;; = P;. Requiring saturated liquid, thus ¢11 = 0. After
the model runs this call, z;;; = 711

12 235 12 = x11. Assuming isentropic pump work to the high-pressure side,
P2 = Pgp and s12 = 511

13 234 P35 = Pgp and x13 = x11. his is calculated using the function for
solution heat exchanger #1.

14 234 Py = Pgp and x14 = wx11. hig is calculated using the function for

solution heat exchanger #2.




Thermophysical Properties for the Ammonia/Wa-
ter Mixture

Thermal conductivity and viscosity of the ammonia/water mixture is calculated using
the thermodynamic properties of the mixture given by Ibrahim and Klein (1993) and
correlations for predicting the thermophysical properties of the mixture given by Thorin
(2001) and Conde-Petit (2004). The mixture critical temperature and pressure is found
by using equation (B.1) and (B.2). The constants of the equation is given in table B.1.

Tcrit,mia: = E;JLZO aixi (Bl)

Pcrit,mix = Ef}:0 ble (B2)

TABLE B.1: Constant for equations calculating critical temperature and pressure for
ammonia/water mixture (Conde-Petit, 2004).

i aji bi
0 647.14 220.64
1 -199.822 371 -37.923 795
2 109.035 522  36.424 739
3 -239.626 271 -41.851 597
4 88.689 691 -63.805 617

Thermal conductivity Saturation pressure of each component is found for the tem-
perature of each component obtained from equation (B.3), (B.4) and (B.5). The thermal
conductivity of the liquid mixture is found using equation (B.6), where the thermal con-
ductivity of each component is found for the given temperature and pressure.

T

Omiz = ————— B.3
e Tcrit,mia; ( )
Tynm, = 0 -405.4 (B.4)
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Tom,o0 =0 674.14 (B.5)

Asol = T - )\NH3 + (1 - LE) ’ >‘H2O (BG)

Viscosity Viscosity for each component is found using the same temperature and
pressure as for thermal conductivity. The viscosity of the liquid mixture is found using
equation (B.7), (B.8) and (B.9).

iz = explx - In(pnm,) + (1 — 2) - In(pn,0) + Apr] (B.7)
Apr s = 0534 — 0.815 . — } F (B.8)
Wl = | O 67414 ‘

F = 6.38(1 — 2)127 (1 — ¢ 05800 0-0 By, (u%il : u%jo) (B.9)



Simulation Results

+ Mixture temperature out of the desorber is 45 °C in all simulations
- In simulation # 1 - 6, Xyap = 0.93

+ In simulation # 7 - 12, xyap = 0.95

- In simulation # 13 - 18, Xy,p = 0.97

+ In simulation # 19 - 24, xyap = 0.99

+ Odd number simulations are without desuperheater

« Even number simulations are with desuperheater
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TABLE C.1: Summary of simulation results for the two-stage model

Simulation # 1 2 3 4 5 6 7 ) 9 10 11 12
Pup [bar] 33.0 330 29.0 29.0 250 250 385 385 335 335 295 295
PR [-] 5.651 5.651 5.297 5.207 4.918 4.918 5.367 5.367 5.007 5.007 4.698 4.698
Xiiq [] 0.222 0.222 0.222 0.222 0.222 0.222 0256 0.256 0.256 0.256 0.256 0.256
77 [ 0.565 0.565 0.530 0.530 0.490 0.490 0.615 0.615 0.570 0.570 0.535 0.535
CR [-] 1.064 1.064 1299 1.299 1.642 1.642 0.934 0.934 1.212 1.212 1.490 1.490
Tivgor [kg/s] 0.120 0.129 0.127 0.127 0.129 0.129 0.128 0.128 0.128 0.128 0.128 0.128
Qabsorber [KW] 100.0 96.28 100.0 90.84 100.0 81.14 100.0 96.05 100.0 90.16 100.0 80.89
Quasn [kW] 0 3.62 0 9.16 0 18.86 0 3.95 0 984 0 19.11
Quesorber [KW] 74.85 7485 67.22 67.22 60.50 60.5 73.89 73.89 66.43 66.43 59.98 59.98
Qinx % 1 [kW] 14.28 1428 1515 15.15 16.87 16.87 13.46 13.46 1518 15.18 16.25 16.25
Qinx # 2 [KW] 17.02 17.02 13.02 13.02 10.71 10.71 16.98 16.98 12.92 12.92 10.77 10.77
COP [-] 1.81 1.81 213 213 253 253 1.79 179 211 211 250 2.50
WLP compressor [KW]  25.20 2529 21.30 21.30 17.89 17.89 25.65 25.65 21.44 21.44 1815 18.15
WEHP compressor kW] 29.68  29.68 25.55 25.55 21.40 21.40 30.07 30.07 25.62 25.62 21.63 21.63
Woump [KW] 0.235 0.235 0.221 0.221 0.212 0212 0.256 0.256 0.252 0.252 0.241 0.241
AWy, kW] 959 959 7.63 7.63 6.00 6.00 10.32 10.32 810 810 6.48  6.48
a6 || 0.443 0.429 0.429 0.394 0.402 0.331 0.482 0.466 0.449 0.410 0.428 0.354
vy [m3/kg] 1.481 1.481 1.481 1.481 1.481 1481 1.143 1.143 1.143 1.143 1.143 1.143
vy [m3/kg] 0.312 0.312 0.340 0.340 0.365 0.365 0.254 0.253 0.277 0.277 0.294 0.294
T, [°C] 3134 3134 3145 3145 302.6 302.6 306.7 306.7 3055 305.5 295.0 295.0
T [°C] 157.2 1554 157.1 1527 155.3 1468 158 156 157.5 152.7 156.6 147.4
Ty [°C] 107.5 107.5 106.6 106.6 106.2 106.2 108.1 108.1 107.5 107.5 106.6 106.6
Ty [°C] 74 74 113 113 158 158 6.1 6.1 112 112 15 15
T4 [°C] 129.6 129.6 1352 135.2 124.3 124.3 1345 1345 1359 1359 1258 125.8
Tpeat sink # 1 [Kg/s]  0.472 0472 0.465 0462 0477 0470 0470 0.471 0469 0.469 0.469 0.467
Theat sink # 1, [°C]  100.6 100.6 100.3 100.2 100.5 100.3 100.2 100.2 100.4 100.4 100.2 100.1
Theat sink # 1, out [°C]  150.2 1485 150.8 146.3 149.6 140.9 150.1 148.1 150.5 145.7 150.2 140.9
Tipeat sink # 2 [Kg/s]  0.440 0.442 0.445 0432 0467 0450 0.420 0.421 0439 0429 0.499 0.437
Theat sink # 2, [°C] 991 992 993 984 101.1 994 971 974 99.0 982 994  98.8
Theat sink # 2, out [°C]  152.2 1504 1521 147.7 150.3 141.8 153 151 1525 147.7 151.6 1424
Tilheat source [K&/S] 0.476 0.476 0.477 0.477 0.496 0.496 0.454 0.454 0470 0.470 0.479 0.479
Theat source, out | °C] 124 124 162 162 208 208 11.1 11.1 162 162 204 20.4




67

Appendiz C: Simulation Results

0Tz 012 $LT  SLT €11 €IT 10z 10Z 8§ST  SST 86 86 [Do] o oomos aead T,
L87°0  L8%'0 TLFO  TLF0  6SP0  6SF0 9LF0  9LF0 9SF0 9SF0 GEF0  GEF0 [s/8x] °2mmes ¥t
LEVT  ©98T §LVI  69GT ST 9°96T  L'GPT  8CST  SLPT  L'€ST &SI 9FCT  [Do] MO T # TS U
€T6 Te6 906 TT6 9G8 €L8  GL6 98 T96 T96 8E€6 96 [Do] ™ & # rms seouy,
G900 €LE0 €580 LS€°0 0880 8€E0 6IF0 €8P0 FOVO 60F°0 G0 T6E0 [s/8x] & # s 3wt
6T F0ST 0CFT  T0ST 6°€FT 6LPT ¥OPT  €0ST LFPT  F0ST  GLPT  0°0ST [Do] 1m0 T # s awouy,
020T  L00T 6T0T 800 ¥€T 92T 6001 900T 9001 F00T €00T Z00T [Do] ™ T#msawony
C0S'0  €LF0 €0S°0 LLFO 0PSO SIS0 6LF0 €70 FLFO 690 GLFO  TlVO [s/Sy] T # s aeotyy
TLET TLET 6°0ST  6°0ST S°G9T  8GIT  LLET LAl T6ET  C6eT  T'SPT  T'GHT [D6] TTL
09T 09T 8¢l 8¢ €9 €9 6T TSI 80T 80T 8% ST [Do] 6L
LTIT  LTIT 8CIT SCIT 9911 9911 80T ¢80T 8801 S80I 6607 6601 [Do] AL
LSPT  TT19T 8TST 6191 0°LGT 87191 LLPT  §LGT 8TST  L'S8ST  0°LST  9°6ST [Do] OL
8'8G% 8'8G¢ 969z 9°¢9¢  LL0€ LL0E TEST TE8C ¥'T6C VT6T €L6T  €L6T [Do] "L
1g1°0 1210 AIT°0 AIT°0 ¥ITO ¥IT0 L10 LIg0 9020 9020 6870 6810 [35/ gu] €a
CLE0 GLE0 GLE0 GLE0 GLE0  GLE0 98L°0 9840 98L°0 98L°0 98L°0 98L°0 [83/ guu] Ta
02S°0 F19°0 G650 €990 TPLO0 FLL0 98¢0 €970 GSFO 1090 LEG0 LSS0 [-] 9b
96'L 96L TF6 Tv6  FSET ¥RET ¥OL  FOL  TLS  TL'8  SEIT SEIT (] PV
ge0  Te0 080 080 €20 €0 680 620 630 650 LTO LTO [t
GR'T¢ G8'T¢ €8FC ©8T¢ LPGE LPGE €816 €81¢ 096 096G 6508 650 [AN] Tessordmod dH A\
CL8T GL'ST LT'T¢ LT 1¢ 97'8¢ 9¥'8¢ €F'8T €781 8%'T¢ 8S'I¢ 919 91°9% [A] Tosserdmoo dT Ay
Ywe ¥rec 91c 9Tt 9ST  9¢'T v ¥ 1T 11T SLT ST [-] dOD
9T°'0T 9T°0T OSTT O08TT S&TIT SSTT 890T 890T 92¢T 9L¢T LL9T LLOT (] & # Xty
Ve el FCET CHIT SVIT L9°L  L9°L  TI9T TI9T  €EWI €EFT 96'IT 96°1T (] T # X
7068 F0'6S SF€9 SP'E9 TeFL TTTL 6768 6V'6S L669 L669 €STL  €STL [ANS[] PSPy
ce0z 0 GZFT 0 L69 0 6T 0 o110 96y 0 (As] TP
8L°6L 00T GL68 00T €0°¢6 00T 9608 00T 86°88 00T ¥7'66 001 [AN] PRty
ger0 gel'0 0TIT'0 0210 0210 021’0 6210 6210 L2310 2210 ¥2I'0 %210 [s/83]
¥280 ¥280 6£9°0 6£9°0 0880 080 TICT TIST 20T LZOT GEL'0 SGELO -] 4D
GEL0  GEL0 0LL0 0LL°0 0680 0S80 G650 G650 S€9°0 SE90 0690 0690 -] 7z
9¢F'0 9gv'0 9gF0 9ZF0 9gF0 9gF0  60€°0 60€0 6080 6080 6080 60£0 [] Prix
9¢9'¢  999'¢ L08°¢ L08°€ TSTF C8TF O0OFE¥y 0FPEF 009F 009F T1S6F TS6F [-] 44
¢es  G¢S 08 08¢  00L 00L S9¢ g9 OTIF OIF OSF 0GF [teq] dHq
e €z & 12 0 61 8T L1 91 eI il €1 # UOIR[NUILS

[opour 98e)s-om) 9} I0J SHNSOI UOIPR[NUWIS Jo ATewwng :g 0 ATdV],



Appendiz C: Simulation Results

68

(
T [°C]

200

150

100

T[°C]
200

150

100
(

T [°C]
200

150

(c

A) Pyes/Paps = 1.03/29 bar

Mixture
—— Heat sink #1
— Heat sink #2

T

B -
<
o
[e]

w
4\ .
x
o
o
w

Mixture
—— Heat sink #1
— Heat sink #2

E)

Mixture
—— Heat sink #1
—— Heat sink #2

T [°C]
200

150

100

T[°C]
200

150

100

T [°C]
200

150

100 100
(G) Pges/Pabs = 4.0/58 bar
T [*Cl| i | ——  Mixture T [°C]
200 -\ —— Heat sink #1
i —— Heat sink #2 200
150 150
100 100
| | | A
0 02 04 06 08 1QI]

FIGURE C.1: Temperature versus cumulative heat load for a two-stage compression/ab-

(B) Pdes/Pabs = 1.03/25 bar

Mixture
—— Heat sink #1
— Heat sink #2

Pdes/Pabs = 134/295 bar
T - ; .

Mixture
—— Heat sink #1
— Heat sink #2

~

0
(F) Pdes/Pabs = 194/365 bar

|
0.2

| | |
04 06 0.8

Mixture
—— Heat sink #1
—— Heat sink #2

\

0.2

(H) Pes/Paps = 4.0/53.5 bar

| | |
04 06 08

Mixture
—— Heat sink #1
—— Heat sink #2

0.2

| |
04 06 08

sorption cycle with Pgesorber = 1.03 bar and Papsorber = 33 bar.

1Q [

1Q [

1Q [



W * ([glu - [T]u) =:yb
([T]bS[T]af[T]Ins[T]s[TIUS[TIX{[T]d[TIL:Z d ST €LT+M€TT)OCHEHN TIVD
T + T =:T
([T1b[T]as[TIns[T]S[TIU[TIXS[T]d[T]IL:Z¢d ST €L+ €CT)OCHEHN TTVD
T =:T
07 0308 uey3a (M>1)7FT
0 =:xytb

(ZOSTOTN‘WIX‘Zi04diNiL) TXUYT oanpedoxd

pus

ST°€LC + 1 =:9212
W 02 D woxy saneisdweyg Surjrsauod, (L)O3 uUOTIOUNT
pus

§r‘elLz - L =413
WO 02 ) woxy eineisdwea Suraisauod, (I)¥2 uwoTlouUNJ
W SNOILONNA

w> 80 9°0 ¥0 1°0 sdoagqels
pel ssew (Y Ieq D IS weaskgatung

[epowr duund jeay uorydiosqe/uoisseaduiod age)s-omT,

S[OPOJAl UOIje[NUWIS JI0J 9PO ) 92InoS SHH

69



70

Models

won

EES Source Code for Simulat

Appendix D

pue
(N / xytb) + [$]9 =:2D
(W / xutb) - [T]u =:1D
0T 0308 uway3z (0 < [T]b)3T

([T]bS[T]Af[TIns[T]s[T]US[TIx{[T]d¢[TIL:A UX‘0¢PET) OCHEHN TTVD

(N / xuytb) + [p]lUu = 7Y
T + T =21
0T ©0208 uweya (I>[T]b)3IT

([T1bf[Tlaf[TIns[T]s[TIU[TIX{[T]Id¢[T]L:® UfZ{d HPET) OCHEHN TIVD

([t1bf[r]at

([t1bf[r]at

([t1bf[r]at

([tlbf[T]at

[t]n

[t]n

[t]n

[t]n

(W / *utb) - [1]u = e’y

T+ T =:T

q x xeuwb = xytb

(obfyb)utw =:xeub

N * ([?]u - [g]luw) =:0°b
SLTIS[TIUf[Tlx{[TI4S[TIL:X 0 (M) 22 €CT)OCHEHN TIVD
T+ T =:T

SLTIsf[T]Uf[T1XI[TIL [TIL:X‘0°(1)23°€TT)0CHEHN TIVD
T+ T =:T

W * ([glu - [T]u) =:1ub

SLTls [T]u-[T]x<[T]d-[T]L:Z°d*(X)23:€TT)OCHEHN TIVD
T + T =:T

fLT]st[T]Us[T1X[TId [TIL:Z*d*(1)23°€TT)OTHEHN TIVD
=T

T
10°0 - 4 = ‘0T

q

X

T0°0 +

A
A
(TOPTDAINIWIX*Zi0 d N L)Txyt @

anpeosoaxd
.T# Io8ueyoxe 3eey TeRUISIUT I0F L3np 3eey oy3z Surzelnoreo,

pus
(N / xytb) + [$]9 =:2D
(W / xutb) - [T]4 =:1D 10T
q x xewb = xytb
(obiyb)utw =:xewb
N * ([¥]14 - [elu) =:0D

([T]bS[T]af[TIns[T]s [TIUS[TIX{[TId[TIL:X‘0¢GT €LT+M€CT)OCHEHN TIVD

T + T =T

([T1b[TIas[TIns[T]s [TIU[TIX{[TId¢[TIL:X‘0‘ST €LC+1¢€CT)OCHEHN TTVD

T+ T =T



71

lation Models

mu

EES Source Code for S

Appendix D

qeadex
Lvl13aad =:[T]a
I=:[1]®
([TIM=1‘0=d¢.T02em ) LAdTeyaus =:1
LYylT3ad - [T]1Z =:[TIM
T00°0 - N =:N
00C = T :0°7
T00°0 + N =:N
LvlTda =:4d
(€020 IO LYLTAA‘N ‘W0 [0GC " "002]V:[0GZ" ' '00g]Z)gIeqiosqe aanpedoxd

,I®qIosqe ®Y3 UT oAaInd oanjzersdwel oY3 So3RTNOTERD,

pue
N =:€D
[0S2]a =:2D
[o02]a =:1D
(0GZ=T) TT3un
A=:[TIM
0T ©2308 uey3 (LVYLTAA>[T]A)IFT
A - [T]1z =:[T]a
([1]o=u‘p=d‘.I97eM )oinjeradmwey =:}
(([Tle - 1) / (W = ([TIV - [0021V))) =:N
(N / [T]1b) - [1-7T]°
W * ([T1V - [T-T]ly) =:[T]b
T+ 1T =1

L[}
—
-
—

o

g = [T]a
I =:[1]°

g - [T]1Z =:[T]INM

‘0T

(€DfZDTD:LVITAC N W 0 [0GC  "002]1V:[0GC "00C]Z)TIeqIiosqe oaimnpedoxd

.C# JIo8ueyoxe 3eey TRUISIUT I0F L3np 3eey »syY3z SuTrzelnoreo,



72

Models

won

EES Source Code for Simulat

Appendix D

,Iossexdwoo J7 Loustoryyeo ortdoxzuest, [-]1 8‘0

s IXossexdwoos ay3 o3 inodea 8Y3 UT UOT3EIFUSOUOD eIUOUWUWE, [-1 €6°0
,UOT3eI3USOUOD BIUOWWR TTRIDAO, -1 ¢
.oinssexd Ieqixosqe, [Teq] g
wKatoedeos 3eey zoqaosqe, {xe3eayzadnsep™f -} [MH¥] 00T = I°
,90U8I9FFIP oanjexrodwel WNWTUTU, [¥] § = urt

,oinjersdwel 38TUT ©2INOS 3eIY, [D] oS

,I93eayxadnsep I0F U

uortsde =:Ysp

xewb / b =:uotrtsde

W o+ ([elu - [T]u) =:xewb

W * ([g]lu - [T]u) =:b
([T1bs[T]af[TIn i [T]s[TIUS[TIX[TId[TIL:Z¢d A°€CT) OCHEHN TTVD
T + T =:T
([T1bS[T]af[TIni[T]s[T]Ui[TIX:[T]d¢[TIL:Zd M €ECT) OCHEHN TTV¥D
T + T =:T
([r1bf[T]af[Tlni[T]s¢[TIU[T]x[T]d [T]L:Z¢d L €CT)OCHEHN TIVD
T =:1T

(WEZEdEAEMeL) usp

,I2qIosqe 8Y3 UT oAInd osanjzexsdwsl oYz so3

N=:€D

[os2lm - [0G2]Z=:2D
[00Z]a=:1D

(0GZ=T) TT3un

A=:[TIM

0T 02308 wey3 (§>[T]1Q)FT

¥ - [Tlz=:[T]a
([T]o=Y‘p=d‘.I93em )oanjeradweg=:}y
(N / [¥1b) - [1-T]® =:[T]®
W * ([F1V - [T-T]ly) =:[T]P
T + T =T

= dT1 eae
= dea"x

50 = 22
2 = dH d
qIosqe™ ()
woLyLTdd
= TpATL
wSLAdNI W

oraoung,

pus

uoT3OoUNF

eTnotreo,

pus



73

lation Models

mu

EES Source Code for S

Appendix D

Ie w / ((ITTW *x [$T]1U) + (IATW x [S]U)) = 97U

([G1bf[g]af[G]n gl s [GIU‘[G]x:[G]df([G]L1)22:dea™x{dH d (S L)23¢€CT)OCHEHN TIVD
W71l = g1 ¢zxe3zeeyaednsep ou 3T, 09T = § 1
([P1B[FI1A[PIni[PIS[PIUS[PIX:[P]d:([PIL)22:p Uidea™x{dH d%E€C) OCHEHN TTVD
(dH"®312/([€]lU - spP U)) + [€]lU = ¥ U
Awwlwmm¢|>mm¢|dmm¢|wmm¢|£mmwlxuw¢|mmAwwlhvupnmmuwmmm>|xmmm|mmmmmvommmmz TIVD
([elbf[elasfeIni[elsi[elus[elxi[e]ldi([€]Ll)22:e usdea™x dN d‘¥€C) OCHEHN TTV¥D

(pr ufe g:gxyt uoTtsdefar wiaa wibri xdea™x{dH ddN d[€T]L¢BUTT000g L) ZXUT TIVD
w[2]1l = 8uttooog” 1 ‘8uryooo 1osssidwod ou JFT, (08T= Surr002Zz I
([elbf[ela‘[glnifg]ls [elus[elx [g]ld!([ell)23:g uidea™x dN d‘H€T) OCHEHN TIVD
(d17®ae / ([1]U - sz u)) + [T]Uu = ¢4

(sg”bisgTaisg ™ nisg sisg yisg xisg di(sg L)oa:[T]s¢dea™x{dN d¢SEC) OCHEHN TIVD
([PIBS[T]af[PIni[Ps [TIUs[F1XS[T]df([T]11)23:1¢dea™x g1 €Lg+T 1¢8€ET) OCHEHN TTIVD

.sSautod sj3e3s orweudpowriayl oYz T[e SO3BINOTED,

w([PT1-[1] £exay) ¥IVA TTOAD.

wC XHI UT JI8jysuexl 3eay, dea”g0p w *x ([€]U - [Z]U) = CTXUYT D

w7 XHI UT JIsjysueli 3jeay, jop w % ([8]U - [L]U) = TXUT™D

{u£a1oedes 1sjqeeyxadnsep, dea”q0p w x Iogeeyradnsep yylTdAQ = Iozesyxadnsep B}
wKitoedeo asqiosep, 20p W x JI9qI0sep UYYILTIAdd = IeqIosep

WwMOTJI sSsew uUOT3NTOS, dea"30p w - j30p w = bIT 30p uw

.MOoTF sseu anodea, (40 + 1) / a2op w = deaTjopuw

WwMOTJ sseuw Te303, IsqIosqe UYylLIdQ / I®qIosqe ) = 30p uw

WOT3BI UWOT3RINOITO, (bt17x - 7Z) / (Zz - dea"x) = ¥

LZUOTINTOS XEBoM ©Y3 UT UOTIFRIFUSOUOD BTIUOWWE, [T7]x = br17x
woT3ex oxnssexd dH, di™d / dHd = dH dd

w0T3ex axnssexd J7, d1°d / diid = d1°dd

,oanssaxd o3erpewILluUT, (dH d * d1°d)2ibs = du d

,oxnssexd xeqIosap, [1]d = d1°d

.oInjeredwes 38T[3NO ISQIOSOP, utwo IyLTIC - TPATL = T°1L

W SHTAVIYVA

cI8leM, = $4

= gzxyt uotrtsde
w1 XHI £Louetoryjye TRUWILU3,
,Iossexdwoos Jy LoustoTyyo o1doxjuesrt,

wC XHI £Loustrorzze Temasys, [-] 8°0
[-] 8°0 = Txyr uortsde
[-]1 8°0 = dH ®1®



74

Models

won

EES Source Code for Simulat

Appendix D

pue
mp~deas - [J+T]I03eM”] = [T]I93em™]
6%1¢00T = T e3eorTdnp
TI®3eMp L = [0GT] I®3emn [
0§ / (gasaemp ]l - TIo3remp 1) = mp deas

,9AIND osinjexsdwel 95INOS 3e8Y °9Y3J SO3BRINOTED,

pue
([T1b[T1af[TIn S [T]S[TIUS[TIX[TIdS([TIL)23:[TIV¢ZZ¢dT d ¥€ET)OTHEHN TTIVD
0GT¢00T= T @3eorTdnp
pue
ep~deas + [T-T]V = [T]V
0GT¢T0T= T e3eorTdnp
[6]14 = [00T]V
06 / ([6lu - [0T]u) = ®p~deas

sSjusw8es TG 3e oaIn3xtw oyj3 Fo oanjexsdwsl oyj3 so3eINOTED,

WwMOTJ ssew 82Inos 3je8aqy, (gIeremp Uy - TI93eMP Y) / I8qIO0Sep ) = IejeMmp jop u
,oanjersdws] 39T3NO0 ©2INOS 3BOY, (191emp d=dfgaeqemp L=1°¢¢$d) AdTeyaus = gisaemp 4
,oanjexsdwey 389TUT ©2INOS 3BAY, (191emp d=d¢TI0qemp 1=1°¢¢d)LAdTeyaus = TIszeMpP [
,o0injeradway 389T3NO0 ©0INOS 3eOY, utw IYyI1Tdd + [6]1 = gIozemp I

,oanjersdwsy 3OTUT ©0INOS 3®AY, IPMTL = TI®3eMmp L

,I92qIiosep UT odousiajFIp Adleyaue sInaxTU, [6]U - [0T]Y = IoqIosep YylLTdAd
,20Inos jeay Jo aanssoaad, [1eq] T = I®3emMmp d

w([0GT]-[007] £Lexiy) YIGYOSHA.

([PT1b [Tl [PTIn i [HPTIS[HT1U [FTIX[PTILE([HPTIL)O2: 9T UIDTT X dH d¥€EC) OCHEHN TIVD
([eTlbiferlat[er]ni[eT] s [€T]U[€T]X{[€T]1d ([E€TIL)O3:€T UIDTT X ¢dH d‘%€C) OCHEHN TTVD
([erlbi[zrlat(er]ni[er]s[CT]us[2T]x[CT]d ([C2T]L)23:[TT]sS{PTIT™X¢dH d‘S€C)OCHEHN TIVD
(LPTIDS TPl A [TTIn i [TTIS[TTIUS[TTIXS[TT]dS([TTIL)23:0¢dT d ST €LC+T L 8CT)O0CHEHN TIV¥D
([OTIP{[0T]AS[0T]IN:[0T]IS{[0TIU [OT]X¢[0T]d ([0T]L1)22:2Z5dT d ST €LC+T 1¢€TT)OCHEHN TIVD
([61bf[6]ai[6lni[6]s [6]uf[6]x:[6]d([6]11)22:[8]U‘ZZ dT d{¥EC)OCHEHN TTIVD
([8lbi[glat[glni[8]s{[8]U‘[8]X{[8]d‘([8]1)°3:8 U ZZ dH d‘PET)OCHEHN TTIVD

(e17ufg u:gxyt uoTrsdetar wiae wibIT™X¢ZZdH d dH d¢[2T]11¢[L]1)TXUT TTIVD

([21B [ Af 210 (LTS [L]U L% [L]d¢([L]11)23:0¢ZZ¢dH d‘8€E€C) OCHEHN TIVD
([91b:[9]af[9Ini[9]s 91U [9]X [9]1d ([9]1)23:9 UZZ dH dPET) OCHEHN TTIVD



75

lation Models

mu

EES Source Code for S

Appendix D

. @0UdISIITP oanjzeredwes owes oyl Jurwnsse ‘MOTJ SsSew IsjeM pue,
,39TUT pue 38T3N0 3e douUdI®FFTp oanzexsdwsey3 ST [Ieqrosqe jFo 3ndano,

(zIeoqem ™ qo0p Ww!HPIVITIA  €LVITAQ: UTW LyI1T1dqd¢xoxddeisgemn miqop uw
fI9%eme 4 [0SG2 "00¢]U‘[0SC "00C]l)gIeqiosqe TIVD
(Te3en”30p WigIylTdd ¢ TIVIIIQ: UTW 1y17Tdq¢xoxddesejen wijop™w
fIeqeme d:[0G2 "00¢]U‘ [0S "00C]Ll)TIeqrosqe TIVD

JUTWTLYITHQ ST 39T3N0 pUe 239TUT I0qIOSqe 3B I93BM pUE,
,9INIXTW USOM3Sq 9OULISFIFTP oinjexsadwel oYz 3eyl uotrzdunsse,
49Ul YITM MOTF sSsew (YUTIS 1eay) JIoqem oYyl Jo uortieumrxoxdde ue,

(1xoxddexsgen y - gxoaddezsjem y) ,/ ieqiosqe ) = xoxddeiszem um
(19qeme d=dfUuTtw LVLTAA - [002]1=1°‘$d)Ldreyaus = gxoaddeisiem ™y
(193eMe d=d{UTW LYLTdd - [0§2]1=L1%¢$d)LdTeqaus = (xoaddesesen™q

pue
([T1bf[Tlaf[TIn (TS [TIUs[F1XI[T]d* ([FIL)23:[TIV ZZ dH d‘¥€C) OCHEHN TTIVD
062:00g= T @3eorrdmp
pue
ee~deas - [TI-T]V = [T]V
092110z = T e3eoridnp
[91u = [o02]V
08 / ([2]u - [9]u) = ee~desgs

.Sjusw8es TG 3e oan3ixtw oyj3 Fo oanjexsdwsl oyj3 so3eINOTED,

4 I9qI0Sqe °Y3 UT oINIXTW oYl I0F 9ousi83yTip Adreysus, [L]1U - [9]u = IoqIosqe UyLTad
LIUTs 3eey jyo oanssoaxd, [1eq] L = Iejeme (¢

w([0GT]-[002] £Lexiy) YAGYOSAY.

pue
([00T1U - [0§T1W) / ([00T]W - [TlU) = [Tla0P7D
0ST¢00T = T eaeotTdnp

w30p~h Sutpuodsexxoo oYz yatm poirzord st sanzexsduwss,
,90Inos 3eey pue sinjexsdwel ainixTtw JFo sinjexsdwsl oYl ,



76

Models

won

EES Source Code for Simulat

Appendix D

[S]u - [9T]U = aIeaeeyiednsep YyLTdd
{¥441VIHYAdNSAA}

[0GZ]zae3em™ L = [L]Cae3em [
[o0Z]za22emn” ] = [9]gIodem |

(19qeme d=d{TgIieaen I=1¢¢$J) AdTeyaus = TgIerem ™ 4
(101eme gd=dfogisren 1=1¢¢d) AdTeyaus = ogierem ™4y
YLV1T13ad - [L]1 = TgIeazen™
€LVITda - [9]1 = ogiszem ]

pus
[tTlgz xe2em™ ] - [T]1 = [T]g Iaqiosqe” LYI1TdA
[T]xesen™1 - [T]1l = [T]Xeqrosqe 1VlTdd
0Sz¢00Z = T @3eorrdnp
pue
zhe~deas - [[-T]g ae93em” ] = [T]g I93em™ ]
Tme~deas - [J-T]Ieqem” ] = [T]Iogem”]
6v2:10¢ = T e3eorTdnp
0S / ([0Sgzlz aeaem™] - [00Z]g I93em™ 1) = gmne deigs
0S5 / ([0Sg]axearem™ 1 - [00g]aeazem™ 1) = tme deigs
¥LV113ad - [0ST]1 = [0GT]T Zeaem 1
€LV1Tda - [00C]1 = [00T]C I83em ]
ZLvVl13aa - [0SZ]L [0GZ] Ie3en” ]
T1vl13a - [ooZ]l [00C] x23en" |

LUTS 3e8Y JI0F SoAIND oinjeiodwsl] oYz So3BINOTRD puUER,
€18T73N0 pue 38TUT JI8qIOosqe oYl 3e oanizeredwsq I9qBM ©Y3 S398S,

w30p~hH Surtpuodsexxoo oYz y3ztm po3zzold st sanzexsdwesy,
,90Inos 3eey pue oinjzexsdwsel oinixtw Jo oinzexsdwel oY3,

pus
(foozlu - [0Gzlu) / ([00Z]U - [T]u) = [T]aopP D
05200z = T @o3eotTdnp

.Po3isnlpe ST MOTJ sSsew Io3eM SY3 puUe POXTJ ST 23I9TUT Id9qIOSqe oYl 13e,
,9ousI093FTp oanjexadwsl oyl ° jisqrosqe se sindino ewes oYl seY gISqIOosqe,



77

lation Models

mu

EES Source Code for S

Appendix D

{oanjeisdwey 3eTUT wWeaIls PTOD}
{oanjexadwes 38T3N0 WesI3ls 30K}
{einjreirsdweq 3oTUT wWesIls 130H}

{eoinjexsdwsy 239T3NO0 wWesI1S PIOD}
{oanjexodwey 3oTuUT wesaIls PTOD}
{oanjeisdwey 3eT3INO0 wWesIls 20K}

[gT]snIsTed L [Zz]snTsTeo 1
[g]snTsTed L [Tzl snTsTeo™ L
[L]snTsT®2 L = [0C]SnIsST®d [

{T XHI}

= [1e]1x
= [9g]x
[gelx
= [velx

o - - O
]

[g]Zx®3en” ] = [Lg]SnIST®d ]
[9]zxe3en™ ] = [9g]snIsTed ]
GT€LC - POY L = [GE€]sSnIsSTad [

{eanjexsdwey 38TUT WedI}S 30K} PIY L = [Fe]lsnIsTad7 ]

G1°€.Z - (pgIejem y=1y!{Ieqeme dJ=d‘¢$J)eanieasdwel = [G]gIssem |
ogiorem Uy + (gIejemTiop wm / Iogeoyaadnsep f)) = pgIolem [

{oanjeiadweq 3eT3InNO wWesIls pPIOD}
{oinjexsdwsy 239TUT wWeaIlls PTOD}
{oanjeioadwey 3oT3INO wWeSIlS 30K}

{oa1njeisdwsy 3oTuUT wWesaIls 130K}

[gg]lsnTsT®2 L = [G] I@23em ]

[eelx
[celx
[telx
foelx

o « - O
] ]

GT°€LT - POOTL [gg]snIsTeo [

[9] I23eMn” ] = [Zg]snIsSTed [
ST°€LT - POYU L = [T€]sSnIsSTad™ ]
PTUY L = [0g€]snIsSTed ]

(poo y=7‘faieqeme d=J¢¢g)oanreradwey = pod ]

(x93em qop w / Iejeeyxadnsep ) + PIO Y = pPod [

(193eMR d=d{PTo L=L‘$d)LdTeyaus = pro™q

(deaqop wi{dea X {H d{PTO L{[G]L¢[9T]L)USP = ysp uorisde

§1°€LT + [9]x°3®m™ L = PTOTL
[G]1 = poyu 1

([9T1P[9T]Af[9T]In [9T]S[9T] U [9TIX¢[9T]d [9T]1L:deA™X{dH d‘GT €LZ+PTU L €CT)OCHEHN TIVD

08T = PIU 1L



78

Models

won

EES Source Code for Simulat

Appendix D

YI:TT =

jop w = [T]30op w
T o3eorT1dnp

0Tf9 =

dea”q0op w = [T]ao0p mw
T o3eorT1dnp

GiT =

Is"w -

(840 + 1) /

Ie w =
Ie uw =

T =

T o3eor1dnp

pus

pus

IT W
AW

Ie " uw

{SNOINVTITIDSIN}

(dund™pm + g7 dwoo™Mm + T dwod™ M) ,/ ( {xeo3esyxednsep P +} I9qiosqe
bri aop w * ([TT]1W - [2T]W)
dea”sopTuw x ([elU - [P]1U)
dea”3o0p~w x ([T]U - [Z]U)

{oanjeiadweq 3eT3InO wWesaIas pTOD} [FT]SnISTed 1
{oinjexsdwsy 239TUT weails PToOD} [€T]snTIST®D L
{oanjeiodwey 3oT3INO wWeSIIS 30K} [g]snTsTe27 L

{oa1njeisdwsy 3oTuUT wWesaIls 130K} [g] snTsTe2 L

o - —H O

o - —H O

D)

= d0D

= dund™p
z - dwoo™py
1 "dwoo™p

{ADYANT}

{1

[8z]x
[LT]x
[9z]x
[§clx

[gZ] snTsT®2 1
[Lz]snTsTe0™ ]
[9Z] snTsST®2 L
[gZ]snTsTe0 1

XHI}

[ez]x
[zz]x
[telx
[oz]x

{oangeaxadwes 3eT3NO wWesaI3s PTOD} [€T]SNTIST®D ] = [gg]sSnIsTeo [



79

lation Models

mu

EES Source Code for S

Appendix D

(EHN™3®s d=dfT-€HN X L=L¢ eTUuowuy ) L3 TATIONPUOD =:gHN epquel
(0ZH ¥ L=1%¢.x03epm )3es d =:QZH 3B®s™d
(SHN X L=L¢.etuoumy,)3es d =:gHN 3es™d

0 =:g72

(€-).0T * 0T0%‘C- =:¢ 2
§€T69°0- =110

(T).0T * §.2206°8 =:0°

PT%L9 * ®19YL =:Q0CH X 1
P°G0% * ®3IOUL =:ECHN X L
Tos™o7L /L =:®3sql
(PoX*%7A)+ (E.Xx€7d) + (T.X*Z 4A) + (Xx179) + (07q) =:T0s™27d
(X% @)+ (E_.Xx€ ®) + (T_.X*xZ ®) + (XxT°®) + (0 ®) =:708" D07
L,79508°G9-=:
L6GTS8  Ty-=:
6ELYCY ‘ 9€=:
S6.€T6° LE-="
¥9°0¢¢="
169689 88=:
L12929°6€C-="
2TSSE0°60T="
1.€228°66T-=:
Y1 .L¥9=:0"®
(Tos ™ nméTos epqueT{Tos D gi{Tos o 1:Lfx)setqxodoxd TeorsAydomasayy osanpedsoxd

@ ¢ § © 2 0 0 0 0

«-
o
.-
.-
o
5
o
-
-

.sandano se setzxedoxd Teorsdydowrsyz oInixTw Y3TMA oInpoeds0xd,
wSNOILONAA

w 80 9°0 ¥‘0 1°0 sdoagqel$
f M ¥d aQv¥ SSYW IS weasdgatupng

[epow J19q10SqV

[8]s - [6]1s) % [8]1l * 3op w = SuUTT330IYa” MYLTAC

pus
br1720p w = [T]3opTw



80

Models

won

EES Source Code for Simulat

Appendix D

(§°0.(0CH num)

(dfy:T¢T qfo g¢8ae™1)90ULR]ISTSOI UOT]ONPUOD oainpsdoxd

.sandino se eouelsSTISeOX UOTAONPUOD pue KA3TAT3IONPUOD TTBM ©qni Y3ITM oinpedsoxd,

pus
un=:Qq
pPTey¥=:D
Ut y=:9g
eydie=:y

(1T % ut@ x td % ®eydre) / 1 =:ut’ ¥

(uT”q/epauer) * $°0.Id * 8°0.(d °¥) * €g0°‘0=:eudfe

epqueT/(nuxdo)=:1d

(27L-171)/(000T*([2]u-[T]U)) =:d>

(num) /(uT g+«w nxS8ae T 0YI) =:(Qq oY

(T.uT " @x8aRTOUI) /(F0P  Wkp)=:wW N

(8re"bx8re 8 oyx)+((SarTb-1)x3ae T 0oyx)=:3arToyx

2/ ([91b+[g]b)=:8ae"b

8ae”8 A /1=:8a®" 3 0qx

2/ ([¥]1a+[€]nr)=:8re" 872

Sae T A/T=:8A® T OYx

2/ ([2]1Aa+[1]a)=:8ae"1 A

([91b¢[9]1af[9]ni[9]s¢[9]U{[9]xf[9]d [9]1:X¢dfg 1¢€CT)OCHEHN TIVD

([G1b:[G]Af[G]Ini[g]s [G1U‘[GI*x*[G]d [G]L1:¥X‘d T 1L‘€CT)OCHEHN TIVD

([P1b[P]1a[PIni[P]1s[PI1US[PIX[P]dE[P]1:TEd C 1¢82T)OCHEHN TIVD

([e1bf[elat[elni[els [elu[elx[€]ld*[€]L:T*d T L¢8CT)0CHEHN TIVD

([z1bf[glat[clni[e]ls [elu[c]x [c]d [ell:0°d‘Cc 1¢8CT)0CHEHN TIV¥D

([P1D[T1af[TIni[P]s[TIU[TIx:[T]1d[F1L1:0¢dfT71¢82T)OCHEHN TIVD
(@aépfgiy:xiTioTdiepqueTiur qidéig LiT Linwiqop w)moTI oaqny eanpadoxd

,30ndino se USTOTJFo0D I9FSURIF 3e8Y oIN}XTW aanpedoxd,

pus
(X717 nwyLTad + ((0ZH nW)Ul * (X-T)) + ((gHN nm)ul xx))dxe =:Tos™num
Ax((PT°%L9 / 1)* SI8°0-%£€G°0) =:x" L nuwylTdd
* GO.(EHN MW))UT * (((8T°0).(X-T)*X*G8G°0-)dX® -T) * (X*GZT‘T)_(X-T) * 8€‘9 =:4
(0ZH™3es d=d{T-0CH X 1=1%.I03eM . )L3Ts00STA =:QzH nu
(EHN™3®s d=dfT-€HN X L=1L‘ ®Tuouwuy )£3Ts00STA =:gHN nuw
(0ZH ePqueT % (X-T)) + (EHN ®BpPquWeT % X)=:Tos epquef
(0ZH 2es d=d‘T-0CH X 1=Lf.I03eM,)L3TATI0NpPUOD =:(QZH ®epquel



81

lation Models

mu

EES Source Code for S

Appendix D

,SuUUNnTodS aqni Jo JIequnu, [-] ¢ = 10273 N
.SMOXI 8qnjy Jo IJequnu, [-] 2T = mox" 3™ N

W SS9U¥DOTYL TTeM aqni, Z / (Ut Q@ - 2ano Q@) = Y2
.2Qqn3 JO I938WETIpP JI93NO0, (ufww)3I0AuUOd x[WW] GZ = 3no
,I919WeRIpP ISUUT oqny, (méwm)1I8AUOD x[WW] gg = UT

" m.H.DQZH "

pus

Aummvxmau"m
AommvﬁﬂEuno
m|u*m|pov|5uno
<*O|pov|5u”m
(T/(An07D7L+UT D7L)=1¢ITy)dD =:¥
D710P"A x DTOUXI =:Dp 30p W
(d=dfg/(3n0" D L+UT D 1)=1%.ITy.)L3Tsuep =:p oyux
(T4QéDdiV:H 2fynidiH 20p wiD 30p Afano D LiuTt D L)o3ei~sdoueqroeded aanpodoxd

.sandino se IN pue Xew{UTwW‘H‘pn Fo o3ex odouejrioedeo yYiTtm oaanpsdoxd,

pue
dVLTdd="4
o"ele=:(
ano-eyYy=:)»
9o0UB]STISOI O9pIS ITe=:¢g
1no y=:y
(3037Yy % 3INO0O Y x 0 ®31®) / [ =:90URISTSOI OpPTIS IT®
3037y / (UTFTe3® - T) x 303 UTF Sy - [ =:07e3d
(U”¥fqno yi{FFe ury I1fg/3no QfUTF Y3)3o00I IeINUUR UTI ®3® =:UTI ®3ID

(((eqna™1 % td % g) / (uty d x 23037uTF"sTy)) + g.(g¢ / 2ano @))aibs = yyeTuryTax
(ano~eyfaTossSnN{dVLTIAQ ANO Y: Y sfA~siano qiToo 2 Niw né{géiSaeT1fqno )T LfUT D L ITY()Yueq poioe33eas MOTI [RUISIXS TTED
(FT4@éofgiv:a03 yiw Nioqna TUTI Y3 {uTty di203 UTI STy Y sfa™siqno qiToo a2 N¢ Wwnégé8ae 1¢qno p LUt D I)MOTF ITe aanpedoxd

,3ndino se soue3lsTSOI OPTS ITe UY3TM oinpesoxd,
pus

(T *V *1dxg) / (TTa / o"@Q)ul=:4g
(8a®T L HOCISIV SSoTUTRIS ) A=:Y



82

Models

won

EES Source Code for Simulat

Appendix D

,onTea ssond

,9IN3IXTW JO 93X MOTJF SS®eu,
nsot3rxedoxd 3eTUT ©INIXTIUW,

103 sotqiedoxad 3eTano oInyxXTIUW,
,oinssexd aanixIuw,

.Kinp xeqiosqe,

(3no"y -

ur-y) / Isqiosqe 30p Q) = 303

TH aopTuw

(UT™hbiuT AfUT NiUT SIUT YiUT XIUT JEUT X L[:aN0 X H dfUT H Lf€ZT) OCHEHN TT®D
(2no"bfqno afqno T niqno s{ano Yiano x{qno diano X L:0‘H dfIN0 H 1¢8ZT)0CHEHN TIT®D

,9IN3xTw IoF jusul8es iod dejs osanjexsdwse3 TeTITUT,

LUOT3eTNOTed MOTF T[RUISIX® I0F K3ToO0ToA

WMOTJ I0F oTqelTeA®

edJe TeUOT3D0®S-SSO0ID,

,ITe x03 auouw8es xod deis sanzexsdwsl TeTITUT,

woanjexsdwel 3TX® wWeaI3ds 30y oYyl JIoF ssend,
,oinjexsdwal 3TX® wWeaI3ls PpPToOd Y3 I0F ssend,

w3usw8es xod yzS8usT eqniy Te301,
,S3uow8es xo8ueyOS 3eSOY FO JIOQUNOU,

,ITe JO ©3XI MOTF OTI}OWNTOA,
,oinjersdwel Ie3eMm 38TUT,
,oinjexsdwsy ITe 3OTUT,
,oinssoxd otxeydsouwae,

Tejuoxy,

,B9JI® ©D0BJFINS OPIS-IT® Te30%3,

WB9I® POUUTF-UNL TB3IO03, (utyz™d / wrz Ua -1)

[1eq] Gz = H d

[M¥] 00T = I9qIosqe 30p~d

S / (3n0"H™L - UT H 1) = H dess

S / (U™l - 3no D 1) = D dess
([9] 00T¢Mfp)dwer3I®auod = 3n0 H7 [
([0] sgiévip)dwsalarisauod = 3no D L
S / @2qna~T = §Teqna’]

[-1 o1 =S8
{£1e3euwrxoxdde”aTe"30Pp A = DTIO0P A}
T°OVx € = D 10pTA

([D] oSTid¢p)dweraraenuod = ur H L
([0] o6fyip)dwerazeauod = uT 9 L
(edfwie)3ioAuocdx[wie] T = d

G‘0 = ueji ®l®

207V / DTaop A = g W

M x H=2C2 27V

07V / 0730p A = W

utryun~s"y + 2303 UTI S°y
* §7eqna~T x ano~q x 1d = uw

.B9I® UTF Te30%, (¥ / 2.2ano g x Td % TOD 2"N % MOI 2 N - T % H) % (uty d / M) x g = 2012

,90®JINS TeRUIS]UT oqny jyo sseauySnox,

Wuo3td ury,

. SSeUYOdTY1 UTF,

,S9qn3 ueamjleq odouUeR3SIp uoTrjeiedes TeBIUOZTIOY,
,Seqni ueom3aq odoURISIP uoTjexedes TeOT3I8A,
,90eF Ixo8ueYOX® 3BOY JFO YIPTM,

LUOT309ITP MOTF ITe url Io8ueyoxs 3esay JFo yYzSueT,
.9o0vy Ixo8ueyoxe 1qeey Jo 3yStey,

WUaSusaT eqny Te307%,

,§9qn3 Jo Iequnu,

(W{UOIDTW) 3ISAUOD % [UOIDTUW]
(UWfww) 3I9AUOD x [WW] G° .
(Wwfww) 3I9AU0D x [WW] G Q
(Ufuw) 3I9AUO0D x [WW]
(Wiww)3I9AUO0D x [WW]
[w]
y's % (T + 0273
ATS x (T + mox™
S *x M % TOD 3 N % MOI"3™N
TO273™N % MOIXI™3"N =

(uty™d / UWTF UL - T) x M % (3INOTQ x MOXIT 3TN - H) = 27y

= 23037y
TIUn" STy
TuryTsTy

0°T = @
= utry~d
= Uty Y3
oy = u”s
0y = A~
zT'1T =
N =
1ITN) =
= 8aqnay ]
seqna N

m 4a = n



83

lation Models

mu

EES Source Code for S

Appendix D

11027y i[T]w NigToqna T TiUTI Y fuTtyz diqor T UTI STy Y SiATsiqno T qiToo AT Nfw nigi[T]8AaRT L [T-T]D 1¢[T]D 1)MOTI ITRe TT®D

([T]puoo yi[T]w ¥:g oqna Tiur gfano g¢{[T]8AeT)90UR]STSOI UOTAONPUOD TTeD

([T]uwnf[T]q ey [T]ut Y

f[t]jurt eydre:qno xf{g eqny T{[T]T0S o2 d{[T]TOos epqueT ‘Ul Q‘H d¢[T]JH L¢[T-T]H L¢[T]TIOoS nu{yg 20p wW)MOTFI oqna TTED
([t]Tos ™ mw![T]Tos epquel {[T]TO0S 2 df{[T]T0sS o L:[T]H Ieq L¢{[T]T1 x)setaxadoxd teorsdydowasya TTED
([TIT DT T A [T T 0 [Tl T s [T]T Wi[TJT X¢[TIT d*[TIT L:0‘H df[T]H I8q"1¢8ZT)0CHEHN TIV¥D

,oqny xod @aIn3xIw JFO 83X MOTJF Sseu,

z / ([T1D°1L + [1-T]1D71l) = [T]D xeq 1
¢ / ([TJH L + [T-T]H 1) = [T]H Ieq7]
z / ([T]1071 + [1-T]H 1) = [T]8ae7L
H-deas - [T-TJHL = [TJHTL
o7deas - [1-1]071 = [T]D71

(T+8)fg=T @3eorTdnp

T = [11x71

([TIBS[T] A [TIns (TS [TIUS[TIX[TId¢[T]X 1:an0 X H dUT H L{€ZT)OCHEHN TTVD
[T+S]JH L - UT"H 1L = [T]H 1Vl13q

urTp"L - [T]1071 = [T]1D7LVlTdA

ut Yy = [T]147H™Y

UITH L = [T]47HL

ut L = [1+8]147071

[T107L - [TIH™L = [T]1VliTdd

ut"H L = [T]H L

amo 9 L = [T]07L

((ut~@/3no~Q@)ur / (UT"Q@ - 3IM0°Q)) * §7eqn3”T x Id = wWeqmna’y
§7eqna~T x 3no~ g x Td = 3no-eqmna"y
§7eqna”™T x urt @ x td = urTeqmniTy

xte " aeq oyx ,/ Arejeuwrxoxdde ate qop w = ATejewrixoxdde aiTteTop p

Z / (3ano " Ite oyl + UT ITeR OUI) = ITe IRq OUI

(d=d¢ano 9 L=1¢.I1y.)LaTsusp = 3ano iTe oyl

(d=dfUut™D7L=1f¢ITy.)£LaTSuUdp = uT ITRTOYI

(ut”ITe Yy - 3qno-ITte y¥) / (000 % Ioqiosqe 20p f) = Lr1erewrixoidde ate q0pTmw

(amo™ D L=L¢.aty.)AdTeyaus = 3ano ate [
(UT™D L=L¢ a1y )4LdTeyrue = ur~aTR Y|

(MOIXI™3"N * TOO9 3" N) / 2303 H 30p w = H 30p u



84

Models

won

EES Source Code for Simulat

Appendix D

([T P[]t A [Tl T ne[T]T SO[T]T U [F]T X[T]T d[T]T 1:0‘H df[T]H XI®qa 1:8ZT)0CHEHN TIVD
2 / ([T1971 + [1-T1D071L) [T]D xeq”L
z / ([F]JH L + [T-T]H L) [T]H Teq™1
z / ([T]1071 + [1-T]H 1) = [T]8aeTL
g/ ([1T - T1L7H™L + [TT - TIH' L) [T]H L
z / ([TT - T1L7071 + [TT - T1D071) [T107L
(S+278){(T+2”8) = T e3eortrdnp

T = [g7s]x"1

([z7slbf[z slaf[g sIni[g™s]ls [2 SIU‘[C S]1xX¢[T™S]d [2 S]1X L:3N0 XY dfUT H L¢€CT)OCHEHN TT®D
[S+27S]HL - UT"H 1L = [¢ S]1H 1vVliTdd

ur D L - [27s]D07L [27s]1D7LylTdd

ut 'y = [g S]LH U

UITH'L = [¢7S]LTHTL

urT 9L = [S+27S]147071

[27s]1071 - [T S]H 1 = [g~s]liviTda

¢ / ([T147H L + [T]H'L) = [T7S]HL
¢ / ([114707L + [1]D71) = [278]D07L
Z+S = 2°S

pus

(eqna”T / s”eqma~T) - [T-T]X T = [T]X1

([T1L7 B[] A a[T) L ns [T 4 s [T] L i [T L x[T] L d[T]1L7H L:[T1L7H UfIno™x{H d‘H€T) OCHEHN TIVD
((000T * 203"H 3op m) / [T]3aop™b) - [1-T]L&"H U = [T]L7H U

([T10720P D / [Tlaop7b) + [T147071 = [1-T]147D7L

[T]wI™LylT1da = [TIvn = [T]aop™D

[TIXH 4 * [T]1Fo WI IVITEA = [T]WI IVITAd

([TIXH Y [TIXH df.POXTWUN Y30q MOTFSSOID ) 4D QIWT = [TIXH 4
([T107L - [T-T1D07L) / ([FIH L - [T-TJH L) = [TIXH ¥
([T107L - [T-TIH L) / ([¥1D°L - [T-T1D7L) = [TIXH d

([T-1tllvi1daa / ([T]lvli1ad) uTl / ([T-T]LVITdQ - [T]LIVIIIA) = [T]FIOo Wl 1VITdQ

[T]1071 - [T]H L = [T]LlVlTdd

([T]XewW 20p DO f[T]UTW 20P D {[T]H 20P D [T]D 20P D [T]D O2:[T]JH 2¢[T]VA‘d‘H 20P WD 20P A‘[T-T]D L¢[T]D 1)oaex edouearoeded TTed

000T * (([T1X"L - [T-T1X"1) / ([T]lu - [T-T]U)) = [TIH °

([T1P[TIAS[TIn [T]S[TIU[TIXS[TId¢[T]X 1:3n0 X H d¢[TIH 1¢€ETT)0CHEHN TIVD

[T]3c2™4d / T = [T]VQ

[T]ano™y + [T]puod ™y + [T]JUuT ™y = [T]302" 4

([TIXHD 2no Ieq U:d:[T]D IeqQ L: ITY  H*M:‘ITe Ieq OYI*D 30P A‘ L8E-08S S8qN3I D2F,)dqn31 pauuTy Y XHD TTeD
([T]dvlTddé[T]o e3ef[T]3no @y f[T]3no "y [T]3no eydre



85

lation Models

mu

EES Source Code for S

Appendix D

z/ ([T1T - T1L7H'L + [IT - TIH 1) [TIH 1
z / ([FT - T1L7071 + [TT - T]1D071) [T]107L
(S+€78){(T+€78) = T e3zeorrdmnp

T = [€781%x71
([€7s1bf[e7slaf[e™sIni[e7S]s[€ SIU‘[E S]X[€7S]d[€ SIX L:3N0 XY dfUT H L¢€E€CT)OCHEHN TT®D
[S+€°S]IH L - UT H 1 = [€ SIH LvlTdd
ut D L - [€7S]071L [e7s]lo71vlT3a

ut Yy = [¢ S]LH U

UITH L = [€7S]L7HTL

ut DTl = [S+€7S]14707L

[€78]1071L - [€°SIH 1 = [€7S]1ViTdd

¢ / ([27S1L7H™L + [27SIH™L) = [€7SIH™L
z / ([27Ss147071 + [2™81071) [e7S1D07L
€+S*%Z = €S

pus
(8qna~T / §7eqmni"T) - [I-TFIX T = [T]X"1
([T 4B [Tl L7a [T 4 [T]L s [T] Ly [T 47 x[T]L g [T] L H L:[T1LTH U!an0 X {H d {%€C) OCHEHN TIVD
((000T * 3037H 30p w) / [T]30p7b) - [I-T]L"H W = [T]L7H U
([T10720p™D / [Tl20op b) + [T]47D7L = [1-1]1£47D07L
[T]wi™LlylTda = [T]lvn = [T]aop™b
[TIXH 4 * [T]30 WL LVITIA = [TIWI 1VlT3Q
([T]IXH ¥ [T]XH d‘¢POXTWUN Y30q MOTISSOID ) ID QILWT = [T]XH 4
([t10"L - [T-F1D071) / ([T1H I - [T-T]H 1) [TIXH ¥
([T1d2"L - [T-TJH"1) / ([T1D°1l - [T-T1D>" 1) [T1XH d
([T-Ttllvli13a / ([T]iviTdad) ot / ([T-T]lvliTdd - [T]LVLITIEA) = [T]3F> Wl LVITIQ
[T1D071l - [T]H 1l = [T]1lvVl13d
([T]xew 20p D ¢[T]UTW 20Pp D{[T]H 20P D{[T]D 230P DI[T]D o:[TIH °f[T]VA‘d{H 20P WD 0P A{[T-T]D Lf[T]D 1L)®3ei souesroedeo TTed
0007 * (([TIx"L - [T-T1xX71) / ([F]4 - [T-T]uW)) = [TIH ®
([T]bS[T]af[TIns[T]s [TIUS[TIx{[T]d¢[TIX L:an0 X{H df[TIH L‘€TT)OCHEHN TTVD
[t]ac3™y / 1 = [T]VQ
[T]ano ™y + [T]puod ™y + [T]UT "y = [T]3037 ¥
([T]1dVITEg‘[T]o e3ef[T]3no @y [T]3no y¢[T]ano eydie
11027y i[T]uw NigToqna T TiuTI Y furz diqoaTUTI STy Y sfATsiqno T qiToo AT Nfw nigi[T]8aRT L [T-T]D 1¢[T]D 1)MOTI ITRe TT®D
([T]puoo ™ ygé[T]w ¥:8 oqna Tiur gfano g¢{[T]8AeT[)90UR]STSOI UOTADONPUOD TT®D
([TJu™nf[T]@ ¥ [T]ur ¥
f[t]urt eydre:qno xf{g eqny T{[T]T0S O d{[T]TOos epqueT ‘Ut Q‘H Jd¢[T]JH L¢[T-T]H L¢[T]ToS nu{yg 20p wmW)MOTI oqna TTED
([T]Tos nué[T]Tos epqueT {[T]TOS 2 d‘[T]T0S o L:[T]H Ieq IL:[T]T Xx)sorraodoaxd Tteotsfydowmaays TTed
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T =

[v"s]1x1

([7P781b [P 81af [P SIn [P 8]1s [P SIUS[P SIX[FP S1d [P SIX L:3N0 X{H dfUT H L¢E€CT)OCHEHN TT®D
[S+% " S]H™L - UT"H 1L = [¥ S]H 1vVliTdd

uT DL - [$7S1071
Uty = [¥
UITHTL = [¥
uTTDTL = [S+¥

[¥~S]1071VlTdd
"S14THTU
"S14THTL
“s1£7071

[¥#7S1071 - [¥ S]IH 1 = [¥ S]llviTda

z / ([€7S1L7H L + [€°SIH L) =
T / ([€78147071 + [€781071) =

[v S1H 1
[¥7s1D071

P+S*x€ = ¥°S

(eqna™T / S7eqmna"I) - [T-T]X T = [T]X 1
([P1L7P (el £ af (e L[] L7 [T L7 u! [T L7 % [T]1L7d [T1L7H L:[T]1L H U!Ino X dPET) OCHEHN TTVD
((000T * 3037H™30p~w) / [T]30P"b) - [1-T]4"H W = [T]47H U
([T10730P™D / [¥]30p™b) + [T147071 = [1-T147D7L
[TIWI™LV1T3a * [TIvn = [T]3op™b
[TIXH 4 * [T]3I0 Wl LVITIQ = [T]WI 1V1T3Q
([T]XH ¥ [T]XH d‘POXTWUN Y30q MOTISSOID,)ID QALWT = [TIXH 4
([t1d2°L - [T-T]1D071) / ([TIH Ll - [T-T]H 1) [TI1XH ¥
([tldo™L - [T-T]JH 1) / ([Tld0°l - [T-T]1D" 1) [T1XH d
(fr-t]lviTaa / [F¥llviTda) ot / ([T-T]LV1IT3Q - [F]LVITdA) = [T]3FO> Wl 1VLTIQ
[T]1D071 - [TIH L = [T]lvl1dd
([T]xew 30p D ¢[T]UTW 30P Df[TIH 30P D{[T]D 20P Df[T]D O:[TJH O{[T]VA‘d‘H 30P W!D 30P A{[T-T]D L¢[T]D"1)@e3ex eouejroedes [Ted
000T * (([T1x"L - [T-T1X71) / ([T]4 - [T-Tl4)) = [TIH D
([T]bs[Tlaf[T]ns[T]s[T]US[T]x[T]d¢[T]IX L:3n0o x{H df[T]JH L¢€TT)OCHEHN TTVD
[T]l30374 / T = [T]Vn
[T]ano™y + [T]puod™y + [T]UT ¥ = [T]3037Y
([T]dvlTagé[Tt]o e3sf[T]3no @y ‘[T]3no y:[1]3no eydre
1903 Y [TlW NiSTOqNa TiUTFI YA iuTy dfq03  UTI S ViU SEATSiaNO QiTo0 A  N‘w nigi[T]8aeT L[T-T]D L¢[T]D L)MOTF ITe TT®D
([T]puoo ™ ygi[T]w ¥:8 oqna~Tfur @fano q¢{[1]8Ae ])o0Ue]STISOI UOTQONPUOD TT®D
([Tlu™ni[T]Q@ @y [T]UuT ¥
f[t]ut eydie:ano xi{g eqny Ti[T]TOoS o d{[T]Tos epquel {UT Q‘H d¢[T]H L{[T-T]JH L¢{[T]Tos nui{fg q0p w)mo[I oqna TTeDd
([T]Tos nuw![T]Tos epqueT {[T]TO0S 2 d¢{[T]T0S o L:[T]H Ieq L¢{[T]T x)soataxodoaxd Tteorsdydomrayy TTED
([T T BTl A [Tl T me[T]T ST T US[TIT XTI T df[TIT L:0fH df[TIH 2I®q"1¢82T)0CHEHN TIVD
¢z / ([T1071 + [1-T]071) = [T]D Ieq™L
¢ / ([TIH 1 + [T-T]H 1) [T]H Teq L
¢ / ([T1071 + [T-TIH'L) = [T]8ae 1

pus
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ur'y = [

UTTHTL = [

utTpTL = [S+

[678]1071 - [G°S]IH L = [S

z / ([¥"S]JL7H™L + [¥ SIH L) =
¢ / ([¥7S1£7071 + [¥781071) =
S+

(eqna™T / s7eqmna"T) - [I-T]X T = [T]x~
([T1L7b [Tl A a[T) L ns [T L s [T] A s [T]1 4 x[T] A d¢[T]1L7H 1:[T]L7H U‘Ino ™ x{H d‘$€g) 0CHEHN TV

S7Ss1L7H U
§7s]1LTHTL
§7s147071
Ts]lvliTaa
[STS]H L
[s7s]1o™1
Sxb = §°§
pus

T
0

((000T * 203 H 3op w) / [T]3op b) - [T-T]L"H U = [T]LTH U
([T10720Pp™D / [T]aop™b) + [T]1£47D07L = [1-T]£47071
[T]wT 1VlIda * [T]vQ = [T]aop b

[TIXH 4 * [T]13F0 WL LVITIA = [T]WI 1Vi1d

a

([TIXH Y'[TIXH dfPOXTWUN Y30qQ MOTFSSOID ) JD ALNT = [TIXH 4
([T1571 - [1-7T1D071) / ([TIH' 1 - [T-T]1H 1) = [TIXH ¥
(fT1d571 - [T-TIH"1) / ([T1D71 - [T-T1D71) = [TIXH d

([r-tliviTda / [T1iviTEa@) u©t / ([T-TllviTda - [T]IVITEQ) = [T]3Fo Wl LVlTdQ

[T]1071L - [T]H I = [T]lVi1d

([T]1xew 30p D¢[T]UTW 30P D [T]IH 30P D¢[T]1D 30P D [T]D O2:[TIH O¢[T]VN‘d‘H 30P W!D 30P A{[T-T]D L¢[T]D 1)®3ra eouesroedes [Te
000F * (([®Ix"L - [T-Tlx"1) / ([®]u - [T-TlW)) = [T]H™

([TIbS[T]Af[TIns[T]S [TIUS[TIX{[TId¢[TIX 1:an0 X{H df[TIJH L¢€TT)OCHEHN TTV

a
b}

b
0

[T]130374 / T = [T]lvn

[T]ano ™y + [T]puod ™y + [T]UuT "y = [T]303"

([T]1dVITEg‘[T]o e3ef[T]3no @y [T]3no y¢[T]ano eydie
11027y i[T]uw NigToqna T TiuTI Y iury diqoaTUTI STy Y siATsiqnoTqiToo AT Nfw nigi[T]8aRT L [T-T]D 1¢[T]D L)nOTI ITR TT®
([T]puoo g i[T]w ¥:8 oqna Tiur gfano g¢{[T]8AeT[)o0UR]STSOI UOTAONPUOD TT®

([TJunf[T]@ ¥ [T]UuTr ¥
‘[T]ut eydie:ano xig eqny T¢[T]TOS o Jdi{[T]TosS epqueT {UT Q‘H df[T]H I1¢[T-T]JH I{[T]Tos nmw{g j0p wW)moTF oqny TT®
([T]Tos nuwé[T]TosS epqueT {[T]TOS O d‘[T]TO0S o L:[T]H Ieq L:[T]T x)sotrraodoad Tteotsfydowmaays TT®

q

o]
o}

o]
o]

([T]T B[]t A [Tl T ne [T T S[T] T U [F]T X[T]T d[T]T L:0fH df[T]H 2I®a"1¢8ZT)0OCHEHN TIVD

Z / ([F1071 + [T-T1D07 1) [T]1D  xeq”
¢ / ([TJHL + [T-T]IH 1) = [T]H xeq”

¢ / ([T]1071 + [T-T]H 1) = [T]38ae”
¢/ ([T - T]L7H™L + [TT - TIH L) = [T]H™
z / ([TT - 1147071 + [I1T - T1071l) = [T]1D”

(S+%7S)‘(1+% 8) =T

L
L
L
L

L
s3eotTdnp
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z / ([S7S147H™L + [S™S]HTL) [97SIH L
T / ([S7s147071 + [$7s]107L) = [978]1D71
9+S*G = 978

pus
(eqna™T1 / S7eqmna" 1) - [T-T]X T = [T]X 1
([T147 B[] A a[T) LT ns [T 4 s [T] L i [T]1 L x[T] L d[T]1L7H L:[T1L H UfIno™x{H d‘H€T) OCHEHN TIVD
((000T * 203"H 2op m) / [T]30op™b) - [1-T]LA"H U = [T]L7H U
([*10730p™D / [Tl3op™b) + [T]147D71 = [1-T]147D7L
[TI1WI™LV1T3a * [TIvn = [T]3op™b
[TIXH 4 * [T]3I0 Wl LVITAQ = [T]wWI 1VlT3Q
([TIXH ¥ [T]XH d‘¢POXTWUN Y30qQ MOTFSS0OID ) dD QAILWT = [T]XH 4
([t1d2"L - [T-T]1D071) / ([TIH Ll - [T-T]H 1) [TI1XH ¥
([T107L - [T-TIH L) / ([F1D071L - [T-T1D7 L) [T1XH d
(fr-t]lviTaa / [F¥llviTda) ot / ([T-T]1LVIT3Q - [F]LVIT3EA) = [T]3FO> Wl 1VLTIQ
[T1D071 - [TIH L = [T]lvl1dd
([T]xew 30p D ¢[T]UTW 20P Df[TIH 30P D{[T]D 20P Df[T]D O:[T]JH O{[T]VA‘d‘H 30P W!D 30P A{[T-T]D L¢[T]D"1)®3ex"eouesroedes [Ted
000T * (([TIX"L - [T-T]1X"1) / ([T]4 - [T-Tl®)) = [T]H®
([T]bs[Tlaf[T]ns[T]s[T]US[T]x[T]d¢[T]X L:3n0o x{H df[T]JH L¢€TT)OCHEHN TTVD
[T]303™¥ / T = [T]Vn
[T]ano™y + [T]puod™y + [T]UT ¥ = [T]3037Y
([T]dVlTdqé[T]o eae‘[T]ano ey ‘[T]ano yi{[T]ano eydie
1903 Y [TlW NiSTOqNa T TUTI YA iuTy diq03 UTI SV IY SEATSiano qiTo0 A N‘w nigi[T]8aeT L[T-T]D L[T]D L)MOTF ITRe TT®D
([T]puoo ™ ygi{[T]w ¥:8 oqna~Tfur @fano q¢{[1]8Ae ])o0Ue]STISOI UOTQONPUOD TTE®D
([Tlu™ni[T]Q@ @y [T]UT ¥
f[T]ut eydie:ano xi{g eqny Ti{[T]TOS o J{[T]Tos epquel {UT Q{H d¢[T]H L{[T-T]JH L¢{[T]Tos nui{g 30p w)mo[I oqna TTeDd
([T]Tos nuwé[T]Tos epqueT {[T]TO0S 2 df{[T]T0S o L:[T]H Ieq L¢{[T]T1 x)sotaxodoad Tteorsdydomrsayy TTED
([T1T B [T]T ATl T [Tl T si[T]T US[TIT ¥{[T]T d¢[TIT L:0‘H df[TIH Teq 18ZT)OCHEHN TTV¥D
z / ([T1071 + [1-T]1071) = [T]D Ieq7L
¢ / ([T]H 1 + [T-T]H 1) [T]H Teq L
¢ / ([T1971 + [T-TIH 1) = [T]8ae7]
z/ ([T1 - T1L7H'L + [IT - TIH 1) [TIH L
2 / ([TF - T147071 + [1T - T]1D7L) [t1o71
(S+S§78)f(T+§78) = T e3eorrdmnp

T = [§7s]1x™1

([S781Pf[g781A¢[G7SIn [G7S]s{[S SIUS[G S]IX¢[G S]d[S SIX L:3N0 XY dfUT H L¢€CT)OCHEHN TT®D
[S+S7S]H L - UT"H 1L = [S S]IH 1vVliTdd

utr D"l - [§7S]07L [§7s]o71vViTdd
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([P]47bf[e] L as[p] L4 n [T A7 [T] L7y [T]47%
((0007

([T1XH ¥

pue
(eqna™ T / S7equna" 1) - [T-T]X"T = [T]X1
C[T1L7d[TIL H I [T]L H Ufano X g d¢Pyec) OCHEHN TIVD
* 3037HT30pTw) / [T]30P"b) - [T-T]47H W = [T]47H U
([T10730p™D / [Tlaop™b) + [T]L7D7L = [1-1]£7D7L
[T]wT 1VlIda * [T]vQ = [T]aop b
[TIXH 4 * [T]1F° WI ILVITIA = [T]WI LVLTdd

‘[TIXH df.POXTWUN Y30q MOTFSSOID ) ID ALNT = [TIXH 4
([FI1D71 - [T-T1D071) / ([TIH'L - [I-TIH 1) = [TIXH ¥
(ft1d571 - [T-TIH1) / ([T1D71 - [T-T1D71) = [TIXH d

([T-Ttllvli13a / [T]iviTdd) ot / ([T-T]11vliTdd - [T]LVLITEA) = [T]F> WL LVITIQ

000T

[T]1071L - [T]H 1 = [T]lVliTdd

([T]xXew ™ 30p D¢ [T]UTW 20P D¢ [TIH 30P D ¢[T]1D 20P D¢ [TID O:[TIH 2¢[TIVA‘d{H 20P W!D 30P A¢[T-T]D L¢[T]D L1)°3ex edouearoedes TTed

* (([T1x71 - [T-%1%7L) / ([F]4 - [T-T]4W)) = [TIH °

([T1b[TIas[TIns (TS [TIU[TIXS[T]d[T]X L:3n0 X H d¢[T]JH L€TT)0OCHEHN TIVD

[t]ac3™y / 1T = [T]VQ
[T]ano ™y + [T]puod™y + [T]ur "y = [T]30317 ¥

([T]dvlTddf[T]o e3af[T]3no @y [T]3no "y [T]3no eydre
11027y i[T]uw igToqnaT TiuTI Y furz diqoaTuTITSTy Y sfATsiqno T qiTo0 AT Nfw nigi[T]8AaRT L [T-T]D 1¢[T]D 1)MOTI ITRe TT®D
([T]puod ™ ygi[T]w ¥:8 oqna ~Tiur gfano g¢{[T]8AeT1)90UR]STSOI UOTADONPUOD TT®D

([Tlwnf[T]q ey [T]uT ¥

f[T]ut eydie:ano xf{g eqny T{[T]TOoS o d{[T]Tos epqueT {UT Q‘H df[T]H 1¢[T-T]JH L¢{[T]Tos numi{yg q0p wW)moTF aqna TTeDd

([T]Tos nm![T]Tos epquel [T]T0S o d{[T]T0S >

TL:[T]H xeq Li[T]TI x)sotaaxadoxd  TeotsLydowmasyy TTed

([T]T B[]t A [Tl T n[T]T S[T]T U [P]T X[T]T df[T]T 1:0fH df[T]H 2®a 1¢8ZT)0OCHEHN TIVD

Z2 / ([T]1071 + [T-T]1D0° 1) [T]1D Ieq”L
z / ([TJH'L + [1-T]H"L) = [T]H Ieq"]
T / ([T1971L + [T-T]1H 1) = [T]1S8arT]
g/ ([T - T1L7H™L + [1T - TIH L) [T]H L
z / ([Tt - 1147071 + [1T - T1071L) [T]1071
(S+97S)¢(T+97S) = T @3eor1dnp

T = [978]%x™1

([9781P:[9781A¢[978]n [978]S[97SIU‘[97S]X¢[978]d[9 SIX L:3N0 XY dfUT H L‘€ZT)OCHEHN TT®D

[S+97SIH™L - UWI'H™L = [9 SIH ILV1TEA
ut 0"l - [978]07L [97S]10 1LV1T3d
ur ™y = [9°S]LTHU

UITH™L = [97S]LTHTL

Ut 0L = [S+9° 8147071

[97S]1071 - [97SIH™L = [97S]lVliTda
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([*10730p™D / [Tl3op™b) + [T]147D71 = [1-T]147D7L
[TIWI™LV1T3a * [TIvn = [T]3op™b
[TIXH 4 * [T]3I02 Wl LVITIQ = [T]WI 1VlT3Q
([TIXH ¥ [T]XH d‘¢POXTWUN Y30qQ MOTFSSOID ) ID QIWT = [T]XH 4
([t1d2"L - [T-T1D071) / ([TIH Ll - [T-T]H 1) [TI1XH ¥
([T107L - [T-TIH L) / ([F1D7L - [T-T1D7 L) [T1XH d
(Cr-t]lviTaa / [F¥]1lviTdEa) ot / ([T-T]1LVIT3A - [F]LVIT3EA) = [T]3FOo Wl 1VLTIQ
[T1D071 - [TIH L = [T]lvl1dd
([T]xew 30p D ¢[T]UTW 20P D [TIH 30P D{[T]D 20P Df[T]D O:[T]H O°{[T]VA‘d‘H 30P W!D 30P A{[T-T]D L{[T]D"1)®3ex"oouesroedes TTed
000T * (([TIX"L - [T-T]1x71) / ([T]4 - [T-Tl®)) = [T]H®
([T]bs[Tlaf[T]ns[T]s[T]US[T]x[T]d¢[T]IX L:3n0o x{H df[T]JH Lf€TT)OCHEHN TTVD
[T]303™¥ / T = [T]Vn
[T]ano™y + [T]puod™y + [T]UT ¥ = [T]3037Y
([T]dvlTagé[Tt]o easf[T]3no ey {[T]3no "y [1]3no eydre
1903 Y [TlW NiSTOqNa T TiUTF YAiuTy dfq03 UTI S ViU SEATSiANO QiTOo0 A  N‘w nigi[T]8aeT L[T-T]D L¢[T]D L)MOTF ITe TT®D
([T]puoo ™ ygi{[T]w ¥:8 oqna~Tfur @fano q¢{[T1]8Ae ])o0UeqSTISOI UOTLDONPUOD TTED
([Tlu™ni[T]@ @y [T]UuT ¥
f[tlut eydre:qno xfgToqna T{[T]T0S 0 d{[T]TO0S epque T {UT Q‘H df[T]JH L¢[T-TIH Lf[T]Tos nuiH 30p w)MOTF oqna TTed
([T]Tos nuw![T]Tos epqueT {[T]TO0S 02 df{[T]T0S o L:[T]H Ieq L¢{[T]T x)soataxodoad teorsdydomrayy TTED
([P T BTt A [Tl T ne[T]T ST T USLTIT X[T]T df[TIT L:0fH d[TIH I®q"1¢82T)OCHEHN TIVD
¢z / ([T1071 + [1-T]071) = [T]D Ieq™L
¢ / ([T]H 1 + [T-T]H 1) [T]H Ieq L
¢ / ([T1971 + [T-TIH 1) = [T]8ae7]
z/ ([T1 - T1L7H™L + [IT - TIH 1) [TIH™L
2 / ([TT - 1147071 + [TT - T1D071) (1071
(S+.78)¢(T+.78) = T e3eorrdmnp

T = [L781%x71

([L7S1bf[L7S]AS[L7SIN [L78]S [L7SIUS[L 81X [2L7S8]1d[L7S]X L:3n0 XY d UT H 1‘E€ECT)OZHEHN TT®D
[S+.7S]H L - UT"H 1L = [L S]H 1vVlTdd

utr oL - [L7S]107L [L7s]1D7LylTdd

Uty = [LTS]ATHTU

UWITH L = [L7S]LTHTL

ut DTl = [S+.7S14707L

[L78]1071 - [L7S]H 1 = [L7s]liviTda

¢ / ([97S1L7H™L + [97S]H™L) = [L7SIH'L
¢ / ([978147D71 + [97S1D7L) = [L7s1D7L
L+S%x9 = L7S
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([T107L - [T-T1D071L) / ([TIH L - [T-TIH L) [TIXH ¥
([T10"L - [T-TJH"1) / ([T1D°1l - [T-T1D" 1) [TIXH d
([r-t1llviTda / [T1iviTZ@) u©t / ([T-TllvliTda - [TIIVITEQ) = [T]FOo Wl LVLTdQ
[T]1071 - [T]H 1 = [T]llVli1dd
([T]xew 20p D ¢[TJUTW 30P D{[T]H 230P D:[T]D 20P DI[T]D o:[TIH Of[T]VA‘d‘H 20P WD 0P A{[T-T]D Lf[T]D 1L)®3eai eouesroedeo TTed
000T * (([T]1xX"L - [T-Tlx"1) / ([¥]u - [T-T]U)) = [TIH
([T1bsfrlas [Tl [T]s [T [TIX[T]d[TIX L:aNn0 X df[TIH L1‘€CT)OCHEHN TIVD
[T]a02™4d / T = [T]Vn
[T]ano™y + [T]puod ™y + [T]JUT Y = [T]303" 4
([T]dvlTddf[T]o e3ef[T]3no @y {[T]3no Yy [T]3no eydre
11027y i[T]uw igToqna T TiuTI Y furz diqorTuTITSTY Y sfATsiqno T qiToo AT Nfw nigi[T]8AaRT L [T-T]D 1¢[T]D 1)MOTITITRe TT®D
nmﬂuvnoo|mmmﬁuE|Mnmuwnzplqmdﬁ|ompzouomﬁﬂuw>m|Hvwoﬁdpmﬂmwh|ﬁ0ﬂpu=va0u TTe2
([Tlu ni[T]@ @y [T]ut ¥
f[T]ut eydie:ano xfg eqny Ti[T]TOS o d{[T]Tos epqueT {UT Q‘H df[T]H 1L¢[T-T]H L¢{[T]Tos numi{yg q0p wW)mOoTF oqna TTeDd
([T]Tos nuwé[T]ToS epqueT {[T]TOS 2 df[T]T0S o L:[T]H Ieq IL:[T]T Xx)sortraodoad Tteotsfydowmiays TTed
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Development of the hybrid absorption
heat pump process at high
temperature operation

ANDERS BORGAS

Norwegian University of Technology and Science

Abstract

Compression/absorption heat pumps with ammonia/water mixtures are identified as one of the most
promising heat pump technologies for high temperature applications. They are especially suited for processes
with high temperature lift, due to evaporation and condensation, and it enables the use of ammonia for
higher temperatures than in conventional vapour-compression heat pumps. Compression/absorption heat
pumps are also distinguished by high performances and are flexible considering capacity contrail and
external changes. Two separate simulation models were developed; a two-stage compression/absorption
model for heating process water from 100°C to 150 °C utilizing waste heat at 50 °C, and an absorber
model for heating air at 90 °C. Simulation results from the two-stage model indicated that high water
content in the vapour to the compressor achieves the highest performances. Although pressure ratios are
higher, higher circulation ratios causes smaller vapour mass flow rates, hence lower compressor work. The
disadvantage are higher discharge temperatures and significantly lower vapour densities. Simulations
with a desuperheater indicates that, unless the minimum temperature difference between mixture and heat
sink occur at the absorber inlet, there is no gain by employing a desuperheater. Even when the minimum
temperature difference is at the absorber inlet, the gain is small. Dimensioning the absorber gave some
unrealistic results in terms of an extreme ratio between absorber height and width/length. It is difficult
to determine whether the results are due to errors in the simulation model or if it is difficult to obtain a
noteworthy result with the simulation parameters. However, it is worth mentioning that the air mass flow
rate was 15 times as high as the mixture mass flow rate.

I. INTRODUCTION

Compression/absorption heat pumps with am-
monia/water mixtures offer one of the most
promising alternatives for high temperature
heat pumps [1]. The heat pump cycle com-
bines the conventional vapour-compression
heat pump cycle and the absorption heat pump
cycle. Vapour-compression cycles have limited
temperature lifts, inflexible operating ranges,
limited capacity control and temperature mis-
matches between heat sinks and heat sources,
whereas absorption cycles have limited temper-
ature ranges [2]. Combing these heat pump
cycles reduces their individual limitations and
offers a heat pump with advantages for some
application areas. Hultén and Berntsson [3,
4] studied the compression/absorption heat

pump cycle and summarized advantages:
+ Small swept volume to the compressor
+ High heat transfer coefficient
« Environmentally benign working fluids
- High COP
« Extra degree of freedom

- High working temperatures can be ob-
tained

+ The mixture temperature glide can be fit-
ted to the gliding temperatures of heat
source and heat sink

Several of the advantages come because of
the ammonia/water mixture properties. Sat-
uration temperatures of binary mixtures are
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determined bv nressure and combvosition. Dif-

sorber model used to evaluate dimensions of a
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Simulations with and without desuperheater
was conducted for all scenarios.

Heat Sink Heat Sink

Inlet Outlet

y Solution

Heat Source Pump Heat Source

Outlet Inlet

Figure 1: Schematic diagram of the two-stage compres-
sion/absorption heat pump

Absorber simulation model The absorber
simulation model is adapted from an EES
model for a finned, annular tube cross-flow
heat exchanger given by Nellis and Klein [9]
The absorber model consist of 10 segments
with similar dimensions. Mixture outlet param-
eters are the inlet parameters for the next seg-
ment. Thermophysical properties for the am-
monia/water mixture were found using equa-
tions given by Thorin [10] and Conde-Petit [11].
Fin efficiencies were found with an approach
that the actual fins acted like annular fins con-
nected to the tube. Air inlet temperature was
set to 90 °C and the maximum frontal air veloc-
ity was limited to 3.5 m/s. The conductance
and total thermal resistance for each segment
was calculated using equation (1) and (2).

UA =

Riot )

Mpmix

Pfin 17

w
Front view
L

-~

Vair
—_—

[ #sv

b

12
=

Vertical view

Figure 2: Schematic diagram of the air cooled vertical
tubular absorber

Rior = Rin + Rcond + Rout (2)

The absorber model is cross-flow, thus need
to be corrected with the LMTD F factor. The
LMTD effectiveness, Pyx, and LMTD capaci-
tance ratio Ry is calculated:

TC out — TC in
PHX = = = 3)
TH,in — Tc,in (
3 Tgin — T
RHX _ & _ 1H,in H,out (4)

CH TC,out - TC,in

The correction factor is found using an inte-
grated EES function for a cross-flow with both
fluids unmixed.

ATy = ATyer - Fux )

QO =UA-ATy, (6)
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The transferred heat for each segment is cor-
rected using equation (5) and (6), before the
new calculated values are used in the next it-
eration. Mixture heat transfer coefficient is
calculated using the Dittus-Boelter equation
(equation 7), and the thermal resistance on the
inner tube walls are calculated using equation
8.

Ar:
Ky = 0.023 - Re%S . prO4. # )

in

1

Rin Qppiy * 7T Dy - L ®
Reynolds number and Prandtl number is calcu-
lated using equation 9, 10, 11 and 12. The
approach for the absorption process is that
the mixture velocity decreases as vapour con-
denses and is absorbed into the liquid. The
mixture velocity is adjusted so that the average
density in each segment is the density of sat-
urated liquid and saturated vapour times the
fraction of liquid and vapour respectively.

U - D
Rep — Plig * Um in )
Hiig
Cp- ]’tliq
pr=Fr "1 (10)
Mig
4-m
Uy = ———— 11
" s D

Pavg = Plig * (1—=q) + poap - q (12)
Thermal resistance on the air-side surface is
calculated using equation 13. Air heat transfer
coefficient is found using an EES function for
external flow over a staggered bank, while the
fin efficiency is found using an EES function
for annular fins with the assumption that the
rectangular fins behave like annular fins.

1
Royyp=—""—¥+—27—" 13
ot Noverall * %air * Atot (13)

The conduction resistance is found by using
equation 14.

ln(%)

in

—_— 14
2-A- 70 Lyype (14

Reond =

III. SIMULATION RESULTS

Two-stage model: Figure 3, 4, 5 and 6 shows
the temperature profiles for the simulations
with 93, 95, 97 and 99 weight-% of ammonia
in the vapour in the compressor circuit, respec-
tively. Blue heat sink temperature curves rep-
resent the temperature curves when the tem-
perature difference at the absorber inlet and
outlet is equal. Green heat sink temperature
curves represent the temperature curves when
the minimum temperature difference is at the
absorber inlet, hence heat sink mass flow is
reduced in order to maintain the minimum
temperature difference. In all the simulation
scenarios, the discharge temperature was lim-
ited to 180 °C for both compressors. COPs for
the scenarios were 1.81, 1.79, 1.75 and 1.56,
while the temperature difference at absorber
inlet/outlet were 7°C, 8°C, 9.5°C and 14°C
respectively. Table 1 shows an overview of re-
sults from simulations with no restrictions to
the discharge temperature, while table 2 shows
the increase and decreasing of some impor-
tant parameters between simulation scenarios
were the discharge temperature was limited to
180 °C and simulations where it was no limi-
tation to the discharge temperature. Figure 7
shows temperature curves in one of the simula-
tion scenarios with and without desuperheater.
Vapour is cooled from 220 °C to 160 °C in the
desuperheater, before mixing with liquid solu-
tion.

Table 1: Summary of simulation results with no limita-
tions to discharge temperature

x1 [] 093 095 097 099
COP [-] 253 250 247 244
CR[] 164 149 131 082
ZZ [ 049 054 060 074
P, [bar] 250 295 365 535
PR [-] 492 470 434 366

o1 [kg/m3] 068 08 127 270
03 [kg/m?3] 270 345 455 833
T4 [°C] 302.6 2950 2832 258.8
AWy, [kW] 6.0 6.5 7.0 8.0
Qges [KW] 605 600 595 595
g6 [-] 033 035 039 052
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Figure 3: Temperature versus cumulative heat load with
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Figure 4: Temperature versus cumulative heat load for
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Figure 5: Temperature versus cumulative heat load with
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Figure 6: Temperature versus cumulative heat load with

Pesorper = 4.0 bar and Pyysp,per = 70 bar.

Table 2: Difference in simulation results for the scenar-

ios with discharge temperatures restricted to
180 °C and no limitation

x1 [-] 093 095 097 099
A PR 13.0 125 123 12.6
ACOPY 396 398 406 568
AWy 374 373 380 425
A CRY 543 595 784 149.7
AZZV) 133 130 138 135
) Percentage increase
b) Percentage decrease
(a) Without desuperheater
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Figure 7: Temperature versus cumulative heat load with
and without desuperheater when P 4,s = 1.94
bar and P, = 41 bar.

Absorber model: In order to maintain a rel-
atively large mixture heat transfer coefficient,
the number of tubes was limited to 24. Table
3 shows the simulations results for different
number of tube rows and columns with a stag-
gered arrangement and a tube spacing of 60
mm.
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Table 3: Heat exchanger geometries and simulation re-
sults with 60 mm tube spacing

Scenario #1 #2 #3 #4
Nrow [_] 4 6 8 12
Neol [F] 6 4 3 2
W [m] 030 042 054 078
H [m] 200 145 130 1.05
L [m] 042 030 024 018
Hiot [m] 200 145 13.0 105
Pfin [mm] 7.5 4.0 3.0 2.0
A [m?] 646 854 1044 1368
Vair [m3/5s] 210 213 246 287
Amix [W/m2-K] 1208 1205 1173 1145
Qair [W/m2-K] 69 66 62 56
Uy [W/m?-K] 89 67 57 42
AP [Pa] 371 248 187 125
Wean [KW] 31 2.1 1.8 14
Tmixout [ °Cl 101.2  100.7 1002 101.0
Tairout [°Cl 139.7 139.6 1334 1263

Spray drying case: Table 4 shows the simula-
tion results from the spray drying case. Air was
used as heat source and heat sink medium, and
air inlet temperature in the desorber was set to
35°C. Ammonia concentration in the saturated
vapour was 97.5 weight-%, overall ammonia
concentration 0.75 and absorber pressure was
45 bar.

Table 4: Simulation results from spray drying case

Pges 1.03 bar
Pabs 45.0 bar
Xvap 0.975
77 0.75
Mmix 0.11 kg/s
n.flair,des 1.57 kg/s
l'hair,abs 1.82 kg/S
CR 0.50
Qubs 100.0 kW
WLP-comp 31.2 kW
WHP-comp 37.8 kW
Wpump 0.2 kW
Wean 2.0 kW
copP 1.45
COP w/fan 1.40

IV. DiscussioN

Figure 3, 4, 5 and 6 showed that the overall
ammonia concentration has a larger impact
on the linearity of the temperature curves
than the absorber pressure. The temperature
difference at the absorber inlet and outlet
increased as the ammonia concentration in
the vapour increased. Increasing the limita-
tion to the discharge temperature resulted in
lower absorber pressures and lower overall
ammonia concentrations. Although absorber
pressures decreased, lower overall ammonia
concentrations resulted in more linear mixture
temperature curves.

In all simulations, the requirement to heat
pump heating capacity was 100 kW, thus the
total mixture mass flow rates was adjusted
according to calculated enthalpy differences.
However, simulation results indicated that
the mixture mass flow between the different
scenarios only had minor differences. As the
pressure ratio increased for increasing ammo-
nia concentration in the vapour, the specific
compressor work decreased but the COP also
decreased. Since the circulation ratio decreased
and the total mixture mass flow rate was ap-
proximately the same, a larger quantity of the
total mixture mass flow rate went through
the compressor circuit, hence the decrease in
COP. COP increased for all scenarios when
the limitation to the discharge temperature
increased. This increases was a result of lower
pressure ratio, thus lower specific compressor
work, but also a result of the increasing cir-
culation ratios. Mixture mass flow rates only
had minor variations in simulation scenarios
when the limitation the discharge temperature
was increased, hence a smaller mass flow rate
through the compressor circuit.

There was a significant difference between
vapour densities in the scenarios. Results pre-
sented in table 1 show that with an Xvap of 0.99,
the vapour density is four times higher than
with an xyap of 0.93. Although the differences
in circulation ratios, hence difference in vapour
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mass flow rates, is quite substantial the differ-
ence in volumetric flow rates is large. If one
disregards volumetric losses in the compres-
sor the difference in volumetric flow rates to
the LP-compressor is reduced to three times
as high. Increasing the limitation to the dis-
charge temperature decreases the volumetric
flow rate to the LP-compressor by 20-25 % for
all scenarios, while the volumetric flow rate
to the HP-compressor is reduced by 8-10 %.
The smaller reduction for the HP-compressor
can be explained by a lower absorber pressure,
hence lower intermediate pressure resulting in
a smaller vapour density

Evaluating figure 7 shows that with the ap-
proach that the mixing of vapour and liquid
solution is adiabatic and in equilibrium before
the absorber, only moves the starting point of
the mixture temperature curve in the absorber.
Since the heat available in the desuperheater is
equal to the reduction in heat in the absorption
process, the water outlet temperature cannot
be higher if the mass flow rate is unchanged.
Since the mixture temperature curve is un-
changed, the minimum temperature difference
between mixture and water occur at the same
location in the heat exchange. It means that
in order to achieve a higher water outlet tem-
perature, the minimum temperature difference
must occur at the outlet for the original pro-
cess.

Absorber simulations showed that by increas-
ing the number of tube rows, maintained the
total number of tubes, resulted in:

+ air pressure drop and fan work decreased
- fin pitches can be smaller
« total air-side surface area increased

+ volumetric air flow rate can be increased,
however lowering the air outlet tempera-
ture

- absorber height decreases, while width
and length increases

The geometries listed in table 3 are not entirely
realistic due to the extreme ratio between ab-
sorber height and width/length. It is difficult
to determine whether the somewhat strange
simulation results is due to problems is with
the simulation model or if the processes is diffi-
cult to optimize for the simulation parameters.
However, there are some factors that may have
contributed to the results.

+ The air mass flow rate was approximately
15 times higher than the air mass flow
rate.

+ High thermal resistance in absorber ma-
terial.

+ Limited frontal air velocity.

In the spray drying case the temperature dif-
ference between heat source and heat sink may
have been to large resulting in low COP. The
ammonia concentration in the vapour had to be
97.5 weight-% to avoid sub-atmospheric pres-
sure, and it resulted in a pressure ratio of 6.6
for the compressors.

V. CONCLUSION

+ Overall ammonia concentration is more
significant than for the linearity of the
temperature curves than the pressure.

A high water content in the vapour to the
compressor results in higher COP and
lower absorber pressure.

A low water content in the vapour to
the compressor results in lower pressure
ratios, discharge temperatures and com-
pressor volumes.

With no limitations the discharge temper-
ature, COP increases by approximately
40 %, pressure ratios by 12 - 13 % and
absorber pressures by 23 - 25 % for all sce-
narios, compared to simulations with the
discharge temperature limited to 180 °C

+ With the assumptions in the model, a
desuperheater will only be beneficial if
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the minimum temperature between mix-
ture and heat sink occur at the absorber
inlet. Even then, the gain is small.

+ Absorber simulations did not give any

realistic absorber geometries due to the
extreme ratio between absorber height
and width/length.

+ The simulation inputs for the spray dry-

ing case may not have been optimal for
the process

NOMENCLATURE

Latin letters

A Area m?
p specific heat capacity  kJ/kg-K
cor coefficient of performance -
CR circulation ratio -
D diameter m
DSH desuperheater -
Fux correction factor -
H height m
HP high-pressure -
L length m
LMTD logat m
LP low-pressure -
m mass flow rate kg/s
Neol number of tube columns -
Nrow number of tube rows -
P pressure bar
Pfin fin pitch mm
Prx LMTD capacitance ratio -
Pr Prandtl number -
PR pressure ratio -
q vapour quality -
Q heat transfer rate kW
R thermal resistance m2-K/W
Rux LMTD effectiveness -
Rep Reynolds number -
Sh horizontal tube spacing mm
Sy vertical tube spacing mm
SHX solution heat exchanger -
T temperature  °Cor K
thgn fin thickness mm
Um mean velocity m/s
Uy overall heat transfer coefficient W /m2-K
UA conductance W/m2-K
\Y volumetric flow rate m3

W work / width kW or m
X ammonia concentration -
77 overall ammonia concentration -
Greek letters

« heat transfer coefficient W/m2-K
7 fin efficiency -
A thermal conductivity ~ W/m-K
U dynamic viscosity Pa-s
0 density kg/ m3
Subscripts

abs absorber -
C cold -
comp compressor -
cond conduction -
des desorber -
H hot -
in inner -
lig liquid -
mix mixture -
out outer -
thr throttling -
tot total -
vap vapour -
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