Oleksandr Kotenko

Potential Analysis of Alternative
Absorption Heat Pumping
Processes with Special Emphasis
on Sodium Hydroxide as Additive

DOCTORAL THESIS

For obtaining the academic degree of
Doctor of Technical Sciences

Doctoral Programme of the Doctoral School of
Mechanical Engineering

TU

Grazm
Graz University of Technology

Graz University of Technology

Supervisor (1* reader):

Ao. Univ.-Prof. Dipl.-Ing. Dr.techn. René Rieberer, Institute of Thermal

Engineering, TU Graz

2" reader:

Prof. Dr.-Ing. Felix Ziegler, Institute of Energy Engineering, TU Berlin

Graz, June 2012






ABSTRACT
The purpose of this work is to analyze both theoretically and experimentally innovative
absorption heat pumping (AHP) processes found in related literature in order to find an
alternative to a conventional ammonia / water (NH;/ H,O) absorption heat pump that is
capable of performing at a higher COP (coefficient of performance) and is potentially

competitive with it in cost, operating life and reliability.

A detailed survey of related literature on the following groups of innovative AHP-processes is
presented within this work. These processes are analyzed by means of thermodynamic

simulations using ASPEN Plus:

1. NH;/ H,0 absorption heat pumping process using strong bases as additives;
Absorption heat transformer process using partially miscible working mixtures;
Absorption heat pumping processes using a condensable auxiliary fluid (Rojey cycle
and Einstein-Szilard cycle);

4. Ammonia / ionic liquid absorption heat pumping processes.

From the simulation results, it was inferred that the preferred cycle for further experimental
investigation is the NH3 / H,O absorption heat pumping process using sodium hydroxide
(NaOH) as additive. There is an increase in the COP¢ and at the same time a decrease in

the generator temperature when NaOH is added.

To investigate experimentally the influence of NaOH on the NH; / H,O AHP-process, the
AHP test rig was designed and built within this work. The technical feasibility of this process
with 5 wt.-% NaOH was shown. However, the predicted increase in COP¢ was not proven by
test results. The reason for this is an insufficient mass transfer area of the absorber, when
operating with NaOH. Its efficiency decreases when NaOH is added, due to an increase in
the solution viscosity and surface tension. Another crucial hurdle for its operating life and

reliability is the crystallization issue in the evaporator.

It was also found that the UA-value of the generator increases when NaOH is added. It

results in a closer temperature approach between the hot water side and solution side.

From the experimental and simulation results, it can be concluded that, in order to best a
conventional NH3/ H,O absorption heat pump, further research and development of the test
rig is needed. The absorber design is challenging and has to be improved, to ensure higher
absorber efficiency when operating with NaOH. Furthermore, the construction of the test rig
has to be modified to prevent NaOH from entering the refrigerant circuit during the operation

and stand-by mode.



KURZFASSUNG
Das Ziel dieser Arbeit ist die innovativen Absorptions-Warmpumpen (AWP) Prozesse
theoretisch und experimentell zu analysieren, um eine Alternative zu einer konventionellen
Ammoniak/Wasser (NH;3 / H,O) Absorptions-Warmpumpe zu finden, die einen héheren COP
(coefficient of performance) hat und in Bezug auf Kosten, Lebensdauer und

Betriebssicherheit konkurrenzfahig ist.

Eine detaillierte Literaturrecherche tber die folgenden innovativen AWP-Prozesse wurde in
dieser Arbeit durchgefiihrt. Diese Prozesse wurden mittels thermodynamischer Simulationen
in ASPEN Plus analysiert:

1. NH;/ H,O AWP-Prozess mit starken Basen als Zusatz;

2. Absorptions-Wéarmetransformator-Prozess mit teilweise mischbaren
Arbeitsgemischen;

3. AWP-Prozess mit kondensierendem Hilfsmittel (Prozess von Rojey und Prozess von
Einstein-Szilard);

4. Ammoniak / ionische Flissigkeiten AWP-Prozess.

Die Simulationsergebnisse des NH3; / H,O AWP-Prozess mit Natrium Hydroxide (NaOH) als
Zusatz haben gezeigt, dass die Zugabe von NaOH zu einer Erhéhung des COP. und

gleichzeitig zu einer Senkung der Austreibertemperatur fuhrt.

Um den Einfluss von NaOH auf der NH3;/ H,O Absorptions-Warmepumpen-Prozess zu
untersuchen, wurde ein entsprechender AWP-Priifstand im Rahmen dieser Arbeit ausgelegt
und aufgebaut. In den experimentellen Untersuchungen konnte die technische Machbarkeit
dieses Prozesses bis 5% NaOH-Zugabe gezeigt werden. Die erwartete Verbesserung
bezlglich der Prozess-Effizienz konnte bisher nicht nachgewiesen werden. Dies lag vor
allem an einer nicht ausreichenden Stoffaustauschflache fur den Betrieb mit NaOH. Die
Absorber-Effizienz sank durch die Zugabe von NaOH aufgrund der Erhéhung der Viskositéat
und Oberflachenspannung der Lésung. Weiters fihrten Ablagerungen von NaOH im

Kaltekreis zu Betriebsstérungen.

Die Verwendung von NaOH als Zusatz zum Gemisch NHz/ H,O flhrte bei den Messungen

zur Verbesserung des Warmeuberganges im Austreiber.

Die experimentellen sowie auch die Simulationsergebnisse haben gezeigt, dass noch
erheblicher Forschungs- und Entwicklungsbedarf besteht. Der Absorber muss verbessert
werden, um eine hdhere Absorber-Effizienz im Betrieb mit NaOH zu gewahrleisten. Die
Konstruktion des  AWP-Prifstandes muss modifiziert ~ werden, um die

Kristallisationserscheinungen im Verdampfer zu verhindern.
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BJNIATOOAPHOCTb

Bo Bpems moen paboTbl Hag AuccepTaumen s Nofydnn nogaepkKy OT MHOrMX Nogen,
KOTOpbl€ MEHSI OKpyXanu, M xoten 6bl nx Bcex nobrnarogaputb: MOK CEMbIO, Apy3en n

COTPYOHUKOB.
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NPoeKTnpoBaHMN N Co3gaHNn akcnepwmeHTaanoﬁ YCTaHOBKMN.
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TO, YTO ObINM psigoM. HakoHeU-To Halua oblias meyTta cobinach.
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NOMENCLATURE

Components:
ABS Absorber
AHP Absorption heat pump
AHT Absorption heat transformer
CON Condenser
CPUMP Condensate pump
DEP Dephlegmator
EVA Evaporator
GEN Generator
HE Heating element
IHX Internal heat exchanger
MEMB Semipermeable membrane
PRC Pre-cooler
PT Pressure transmitter
PUMP Solution pump
RAC Refrigerant accumulator
REC Rectification column
RSAC Rich solution accumulator
RTH Refrigerant throttle valve
SAC Solution accumulator
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SHX Solution heat exchanger
STH Solution throttle valve
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1 INTRODUCTION

1 INTRODUCTION

Over the past decades there has been an increasing demand on electrical energy for the
needs of air conditioning and refrigeration. Absorption heat pumping (AHP) systems stand
out as a good alternative to the widely used compression heat pumps. They allow the use of
renewable energy sources, such as biomass or solar energy, and increase energy efficiency
by means of heat recovery, e.g. using waste heat. Furthermore, conventional absorption heat
pumps operate with natural refrigerants as opposed to compression heat pumps which use

synthetic refrigerants that can contribute negatively to global warming.

The final energy balance (balance of the energy which is used by end consumers) in Austria
in 2009 was about 1353 PJ (Statistik Austria, 2011). The largest contributors to this were olil
(40.0%) followed by electricity (20%), natural gas (17%) and biomass (13%) (Figure 1-1).
When combining all renewable energy sources into one group (biomass, combustible

wastes, photovoltaic, wind energy and environmental energy) this share entails 16%.

In 2009, the thermal energy consumption in Austria was about 554.8 PJ, which is ca. 52 % of
the final energy consumption. Here, the main sources of energy were natural gas (30%),
renewable energy (26%), oil (15%), electricity (14%) and district heating (11%) (Figure 1-1)
(Statistik Austria, 2009).

District heat
6%

Coal District Electricity

heating 14%
11%

Electricity
20%

Other kinds
of renewable
energy
1%

Renewable
energy
26%

Combustible
waste
1%

Natural gas
30%
Biomass

13% Natural gas

17%

Figure 1-1: Final energy balance (left) and thermal energy production in Austria 2009 (Data according
to Statistik Austria, 2011)

When analysing the use of thermal energy in Austria one can distinguish two groups:

- thermal energy used for space heating, air conditioning and hot water production;

— process heat.
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The energy consumed by the first group is low-temperature energy (under 100C). Its
amount in 2009 was about 305.1 PJ and mainly produced from renewable energy (27%),
natural gas (22%), oil (22%) and district heating (18%) (Figure 1-2a) (Statistik Austria, 2009).

The amount of energy consumed by the process heat production in Austria in 2009 was
249.7 PJ. It was mainly produced from natural gas (40%), renewable energy (25%) and
electricity (19%) (Figure 1-2b) (Statistik Austria, 2009).

Obviously, the use of renewable energy plays an important role in thermal energy production
in Austria. Its share increases each year. For instance, in 2006 it amounted to 23% of total
thermal energy production and in 2008 to 26% (Statistik Austria, 2009). The majority of which
is produced from biomass (92%) and the rest by means of solar heat (4%) and heat pumps
(4%) (Biermayr et al., 2011).

Electricity District
heating
3%

Electricity

District
heating
18%

Renewable
energy
25%

Renewable
energy

0,
21% Natural gas

Natural gas
urad 40%

22%

Figure 1-2: Energy consumption for space heating, air conditioning and hot-water supply (left) and

energy consumption for process heat (right) in Austria 2009 (Data according to Statistik Austria, 2011)

Thus a continuous growth in the market of renewable energies can be expected. Apart from
the conventional applications new markets, i.e. solar cooling or the use of gas-driven AHP for
heating and cooling, will be developed. These will make the use of absorption technologies in
combination with other renewable and fossil energy sources attractive, i.e. systems based on
AHP and biomass boilers or solar panels or use of AHP for waste heat utilization.

In the past, various working mixtures were investigated for absorption heat pumps, however,
only two of them ammonia / water (NHz / H,O) and water / lithium bromide (H,O / LiBr) are
used in practice. Basically ammonia / water absorption is used for application at evaporator
temperatures below 0T (refrigeration) and water/ lithium bromide absorption for

applications above 0T (water chillers). The main d rawback of ammonia / water as a working



1 INTRODUCTION

mixture is the ensuing need for rectification while that of water / lithium bromide is its
restricted temperature lift due to the crystallization issue and additional costs of corrosion
inhibitors. On the one hand, the use of ammonia as a refrigerant enables more compact
components; on the other hand, it addresses requirements with respect to material used in

absorption heat pumps which has to be resistant to corrosion and leak proof.

In the past, to overcome the above mentioned drawbacks of conventional absorption heat
pumping processes, several alternative cycles were suggested and investigated by different

authors:
1. Absorption heat transformer (AHT)-process using partially miscible working mixtures;

2. AHP-processes using a condensable auxiliary fluid (Rojey cycle and Einstein-Szilard

cycle);
3. NHz/ H,O AHP-process using strong bases as additives;
4. AHP-processes using ionic liquids as absorbents.

The absorption heat transformer using partially miscible working mixtures was suggested
and analyzed by Niang et al., (1997, 1998) and Alonso et al. (2002, 2003). Its principle of
operation is based on the separation of the working mixture without evaporation. Thus, no
generator is necessary and the cycle seems to be competitive in terms of cost with a

conventional AHT.

In the work of Einstein and Szilard (1930) as well as Rojey (1975) an auxiliary fluid, which
condenses and evaporates within the process, was considered. The Einstein-Szilard cycle is
a single pressure cycle, which does not require a solution pump, refrigerant, solution throttle
valves or condenser. Instead, for the working fluid circulation, the thermal energy of

electricity is used.

The Rojey cycle is similar to a conventional NH; / H,O absorption heat pump, the difference
being that an additional loop between the absorber and evaporator is necessary for the
circulation of an auxiliary fluid. The use of an auxiliary fluid ensures an increase in the
evaporator capacity compared to those of the single effect ammonia / water absorption

system.

Several authors (Balamuru et al., 2000; Bruno et al., 2005; and Steiu et al., 2009) have
reported that the use of strong bases such as sodium (NaOH) or potassium (KOH)
hydroxides as additives to the ammonia / water working mixture in an absorption heat
pumping process can increase its efficiency and at the same time decrease the required
generator temperature. This process seems to be promising for application at low driving

temperatures, e.g. by using solar energy, district heating or waste heat.
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Recently, the use of ionic liquids as absorbents with ammonia and water as refrigerants is
being investigated worldwide in order to overcome the above mentioned drawbacks of

conventional working pairs.

1.1 Obijectives

In order to investigate the above discussed alternative absorption heat pumping processes,

the objectives of this work are defined as follows:

1. Analysis of the alternative absorption heat pumping processes in regard to their
possible application areas and comparison with a conventional NH; / H,O AHP by

means of thermodynamic simulations using the software program ASPEN Plus.

2. Selection of the most promising process among them, that is capable of performing
higher efficiency and is potentially competitive with conventional absorption heat

pumping processes in cost, operating life and reliability.

3. Design and construction of a test rig to provide the validation of the simulation results

for the absorption heat pumping process selected.

4. Analysis of the test results concerning the test rig efficiency and operation of its
components at different boundary conditions by means of thermodynamic simulations
using ASPEN Plus.

1.2 Thesis structure

Chapter 2 provides an overview of the state of the art in absorption heat pumping

technologies.

Chapter 3 presents a detailed survey of related literature on alternative absorption heat
pumping processes and analyzes them by means of thermodynamic simulations using
ASPEN Plus.

Chapter 4 describes the design and construction of a test rig for investigation of the
influence of natrium hydroxide as additive to the working mixture ammonia / water in an

absorption heat pump.

Chapter 5 discusses the test results and analyzes them in regard to the influence of natrium

hydroxide on the efficiency of the test rig and on the operation of its components.

Chapter 6 summarizes the main conclusions and contributions of this work and gives an

overview of the further work required.
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1.3 Publications on the topic of dissertation

This work was carried out within the following projects:

“Feasibility Study: Innovative Absorption Heat Pumping processes” (“InnovAP”),
which was carried out under the framework of ,Energy Systems of Tomorrow", an
initiative by the Austrian Federal Ministry for Transport, Innovation and Technology

(BMVIT), managed by the Austrian Research Promotion Agency (FFG);

— “The Potential and Limits of Use of Natrium Hydroxide as Additive to the Working
Mixture Ammonia / Water in Absorption Heat Pumps” (“Hydroxide-AHP™), which has
been financed by Klima- and Energiefonds within the program “NEUE ENERGIEN
20207;

- ‘“Feasibility of Absorption Heat Pumps using lonic Liquids” (“lonA”), which has been
financed by Klima- and Energiefonds within the program “NEUE ENERGIEN 20207,

— |EE HPP Annex 34 “Thermally Driven Heat Pumps”, which has been financed within
the framework of the IEA on behalf of the “Austrian Federal Ministry for Transport,

Innovation and Technology”.

Within the project “InnovAP” two diploma theses were concluded. The diploma thesis of
Ganster (2009) deals with thermodynamic simulation of the ammonia / water absorption heat
pump using sodium hydroxide as additive. The design and construction of the test rig for the
investigation of the ternary mixture ammonia / water / sodium hydroxide are described by
Kalkgruber (2010).

The optimization and test results on the test rig were done within the project “Hydroxide-
AHP” and are reported by Fenzl (2011).

Furthermore, the main achievements of this dissertation are also reported in 12 publications
(see REFERENCES).
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2 STATE OF THE ART IN ABSORPTION HEAT PUMPING TECHNOLOGIES

2 STATE OF THE ART IN ABSORPTION HEAT PUMPING
TECHNOLOGIES

This chapter aims to give an overview of the state of the art of absorption heat pumps (AHP)
and to analyze its market potential in Austria. Following a discussion of the operating
principle of conventional absorption heat pumping processes, the main manufactures of
absorption heat pumps and the most common application areas will be discussed. Finally,
the working mixture selection and main requirements of the working mixtures will be

analyzed.

2.1 Conventional absorption heat pumping processes

There are two types of conventional AHP-processes: absorption heat pumps (absorption
heat pump Type I) and absorption heat transformers (absorption heat pump Type Il). Both of
them operate with either NHs; / H,O or H,O / LiBr as working mixture. In the past, various
working mixtures have been investigated; however, just those mentioned above are state of
the art. In this subchapter an operating principle of both types of AHP-processes will be
discussed and a short overview of the working mixtures investigated for these processes and

requirements of them will be given.

2.1.1 Cycles

The most common diagram, which is used for graphical representation of a conventional
AHP-process, is a Duhring plot, log (p) - /T diagram. In the past, for heat engineering
calculations an h, ¢ — diagram was also used extensively. Recently, due to the development
of various software programs, these calculations are made by means of thermodynamic

simulations using software programs ASPEN Plus, EES, etc.

Absorption heat pump (absorption heat pump Type )

The principle of operation of a single-stage NH; / H,O AHP (see Figure 2-1) is shown by
means of Duhring plot, log (p) vs. 1/T diagram, in Figure 2-2. The rich solution (1) at the low
pressure level (3 bar) and with an NH3; mass concentration (&so) of 40% leaves the absorber
(ABS) and is pumped by the solution pump (PUMP) to the high pressure level (15.4 bar) and
enters the generator (GEN) (1-2). In the generator, heat (Qsen) from a high temperature heat
source is supplied to the rich solution. As a result, a poor solution (2-3) with an NH3; mass
concentration (&pso) of 22% and temperature of 140C is generated. The generated vapor

enters the rectification column (REC), where the required NH; concentration (99,9%) is
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provided by rejecting heat in the temperature range from 47 / 100 to an external heat sink.
The condensed water flows back to the generator. The pressure of the poor solution is
reduced again to the low pressure level (3 bar) in the solution throttle valve (STH) and it
enters the absorber (3-4). The NH; vapor enters the condenser (CON) and condenses there
by rejecting heat (Qon) in the temperature range between 40 / 47 to an external heat sink
(5-6). The condensed NHj; is throttled then (RTH) to the low pressure level and partially
evaporates. The partially evaporated NH; enters the evaporator (EVA) and evaporates in the
temperature range between -10 / -5 by absorbing h eat (Qva) from a low temperature heat
source (7-8). The NHs vapor enters the absorber and is absorbed by the poor solution
coming from the generator (4-1). The absorption occurs in the temperature range between
40 / 78C. The absorption heat (@gs) at the middle temperature level is rejected to an

external heat sink.

To evaluate the efficiency of absorption heat pumping processes the Coefficient of
Performance (COP) is used. Depending on their operating mode (heating or cooling) the
heating COP (COPy) or cooling COP (COP() are used. The heating COP is the ratio of the
sum of the absorber, condenser and dephlegmator capacities to the sum of the generator
and solution pump capacities (Egq. 2-1). The cooling COP is the ratio of the evaporator

capacity to the sum of the generator and solution pump capacities (Eq. 2-2).

Qags + Qcon + Opep

coP, =
Qc¢en + Prump

2-1

COP, = _ Qeva 9.2
Q¢en + Prymp

Pressure

rich solution

poor solution
refrigerant (liquid)
——————— refrigerant (vapor)

Temperature

Figure 2-1: Schematic of a single-stage NH3 / H,O AHP (absorption heat pump Type I)
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Figure 2-2: Principle of operation of a single-stage NH;3 / H,O AHP in Duhring plot
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Absorption heat transformer (absorption heat pump Type II)

In opposition to the above discussed absorption heat pump, a conventional absorption heat
transformer is driven by heat at the middle temperature level. A certain part of this heat is

rejected at high temperature and another at low temperature.

A schematic of an H,O/ LiBr AHT is shown in Figure 2-3. The poor solution leaves the
generator (GEN) and is pumped by the solution pump (PUMP) to the high pressure level. It
enters the absorber (ABS) and absorbs the H,O vapor coming from the evaporator by
rejecting heat (Quss) at high temperature. The rich solution leaves the absorber and is
reduced again to the low pressure level in the solution throttle valve (STH) and returns to the
generator. In the generator, the H,O vapor is generated from the rich solution by supplying
heat (Qsen) at middle temperature. This vapor flows to the condenser (CON) and condenses
there by rejecting heat (Qcon) at low temperature. Afterwards it is pumped by the condensate
pump (CPUMP) to the high pressure level and enters the evaporator (EVA). In the
evaporator the liquid H,O is evaporated by supplying heat at middle temperature level (Geya).
The generated vapor flows then to the absorber.
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Pressure

rich solution

poor solution
refrigerant (liquid)
——————— refrigerant (vapor)

Temperature

Figure 2-3: Schematic of an H,O / LiBr AHT (absorption heat pump Type II)

Most of the conventional absorption heat transformers (absorption heat pumps Type II) use
the working pair H,O / LiBr and are utilized in industrial heat recovery. They are driven e.g.
by waste heat at temperatures of approximately 80 - 90 in order to lift one portion of the
driving energy to a useful temperature level of approximately 120 - 140 and reject the rest
to a heat sink with a temperature level of approximately 20 - 40¢C. According to
Mostofizadeh and Kulick (1998) the typical COP of such a heat transformer is about 0.5 - 0.6.

The COP for the absorption heat transformer is defined as a ratio of the absorber capacity to
the sum of the generator, evaporator and pumps capacities (Eq. 2-3).
QABS

COP =~ - 2.3
Q¢en + Qgva + Ppymp + Pcpump

2.1.1 Manufacturers of absorption heat pumping syst  ems

The list of AHP manufactures according to Gluesenkamp et al. (2011) and Jakob and
Kohlenbach (2010) is presented in Table 2-1. Nowadays, AHP with cooling capacities in the
range between 10 - 500 kW are available on the market. The share of AHP with cooling
capacities lower than 50 kW for use in small office buildings or multi-family houses is also ion
the rise. The majority of companies use H,O / LiBr, few NH3/ H,O AHP and only one uses
H,O/LiCl as a working mixture. In regard to multi-stage absorption cycles there are 7
manufactures producing double-effect absorption chillers and only one producing triple-

absorption chillers.
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Table 2-1: List of AHP manufactures (according to Gluesenkamp et al. (2011) and Jakob and
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Kohlenbach (2010))

Company Country | Available absorption unit types Available nominal
cooling capacities [kW]

AGO Germany | NH; / H,O 30 - 1000

Broad China Various 175 - 23260

Carrier USA H,O / LiBr, single- and double- 352 - 15977
effect

ClimateWell | Spain H,O / LiCl with thermal storage 10-20

EAW Germany | H,O / LiBr 15-200

Ebara Japan Various 158 - 2462

Entropie France H,O / LiBr 300 - 6000

Hitachi Japan H,O / LiBr, parallel flow double- | 106 - 19690
effect

Kawasaki Japan H,O / LiBr, double- and triple-effect | 141 - 2462

LG Korea H,O / LiBr 100-1750

Pink Austria NH; / H,O 12

Rotarctica* Spain H,O / LiBr, single-effect, rotary, air- | 4.5
cooled

Sanyo Japan H,O / LiBr, single- and double- | 105 -5274
effect

Shuangliang | China H,O / LiBr, single- and double- [ 930 - 5230
effect

Solarice Germany | NH; / H,O 25-40

SolarNext Germany | NH; / H,O and H,O / LiBr 18 -50

Sonnenklima | Germany | H,O / LiBr 10

Thermax India H,O / LiBr 35-12000

Trane USA H,O / LiBr, single- and double- | 390 - 7136
effect

Yazaki Japan H,O / LiBr, air- and water-cooled 28 -105

York USA H,O / LiBr, single- and double- | 422 - 4853
effect

*no longer in production
2.1.1 Application areas of absorption heat pumping systems

The use of absorption heat pumps for cooling and heating purposes can be found in different
types of buildings and using various sources of driving energy. Within this subchapter,
different application areas of absorption heat pumps are performed and some realized

systems are discussed.

Solar cooling

One of the most promising application areas for AHP systems is solar cooling. An overview
of the situation on the solar cooling market was presented by Jakob and Kohlenbach (2010).
In spite of the fact that the solar cooling market is very young it has developed rapidly over

the last years. According to Jakob and Kohlenbach (2010) in 2004 approximately 50 solar

11
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cooling systems had been installed worldwide. The number of installations had increased to
450 - 500 in 2008. The majority of these systems (400) are in Europe. The use of AHP for
solar cooling systems plays an important role, 60% of all systems are based on absorption
chillers, 11% on adsorption chillers and 29% on open systems, i.e. DEC and liquid sorption

systems.

Concerning the total costs for solar cooling kits in Europe in 2009 (without installation costs
and cold distribution) they varied between 3000 - 4500 EUR per kW with solar collector and
between1500 - 2000 EUR per kW without solar collector (Jakob and Kohlenbach, 2010). An
example of the solar cooling kit without solar collector is shown in Figure 2-4.

In Austria, solar cooling systems can be found in single family houses, multi-family houses
and small commercial buildings. An example for solar cooling system in small commercial
buildings is the office building (air-conditioned area 700 m?) of Bachler Austria GmbH in
Grébming (“Solair” project, 2009). The cold water for the space cooling (16/19C) is
supplied by an NH; / H,O AHP made by the company “Pink” with a cooling capacity of 9 kW
and a COP¢ of 0.64. As driving energy solar heat and heat produced by a biomass boiler at a

temperature of 80C are used. In winter the system is also used for space heating.

Figure 2-4: Photo of the solar cooling kit ISC11 of the company “SolarNext” (Solarnext, 2012)

District cooling

Another application for absorption chillers is district cooling. One such system has been
created in Vienna by the company “Fernwédrme Wien” in 2007 for the cooling of the
commercial building complex “TownTown”. At present, the system consists of 2 H,O / LiBr
absorption chillers (made by *“York”) with a cooling capacity of 2.2 MW each and 3
compression chillers with a cooling capacity of 0.9 MW each. Both absorption chillers are
driven by the district heating system (110C). In t he future it has been planned to extend the
system to a cooling capacity of 8 MW and to use it for the cooling of new buildings.
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Waste heat utilization

H,O / LiBr AHP. To accomplish the overview on AHP applications operating at low generator

temperatures, the use of waste heat has to be discussed. In Austria such applications can be
found both in small and large capacity application areas. The H,O / LiBr AHP with a cooling
capacity of approximately 35 kW utilizing the heat energy of exhaust gases of a micro-gas
turbine installed in the boiler house of the company “Energie AG” in Steyr is an example of a
small capacity application. The cold water has an outlet / inlet temperature of 9 / 14T and is
used for space cooling of an office building. The heat rejection outlet / inlet temperatures are
25 / 35T and the driving heat temperature ranges from 75C to 100C. The COP (¢ of the

absorption process is 0.70.

A large capacity H,O / LiBr AHP using heat energy of flue gas condensation is installed in the
biomass boiler house of the company “Inven” in Hallein (Rechberger, 2010). The AHP has a
cooling capacity of 3 MW and a COP¢ of 0.70.

H,O / LiBr AHT. Most of the conventional absorption heat transformers (absorption heat
pumps Type II) use the working pair H,O / LiBr and are utilized for industrial heat recovery.
They are driven e.g. by waste heat at temperatures of ca. 80 - 90 in order to lift one portion
of the driving energy to a useful temperature level of ca. 120 - 140C and reject the rest to a
heat sink with a temperature level of ca. 20 - 40C . The typical COP of such an absorption
heat transformer (AHT) is about 0.5 - 0.6 (Mostofizadeh and Kulick, 1998).

Attention to AHTs began to be paid in the 1980's, when according to the Final report from
Annex 21 of the IEA Heat Pump Program 15 heat transformers were in operation. Most of
them (9) had been installed in Japan, 3 in Germany, 1 in South Korea, 1 in the Netherlands
and 1 in Yugoslavia. The installed AHTs had a heating capacity between 0.5 - 7.0 MW and
mostly used steam at temperatures between 80 - 100°C as a driving heat. Temperature of
the useful heat were between 115 - 150C and COP between 0.47 - 0.49. According to
Ziegler (2002) all installed AHTs operated properly but a return on the investment was
difficult to achieve.

NHs/ H,O Hybrid heat pump. Compression-absorption hybrid cycle is a modification of a

compression cycle, which consists of a sorption cycle and a compressor. In the absorption
cycle the NHs/ H,O solution circulates between a desorber (low pressure level) and an
absorber (high pressure level). The compressor aims to increase the vapor pressure leaving
the desorber and supplying it in turn to the absorber. The main advantage of this cycle in
comparison to a conventional compression cycle is that it can operate at lower pressures

than a compression cycles when external temperatures are fixed.

13
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On the market this cycle is found in Norway for large capacity applications using waste heat
as heat source. For instance, “Hybrid Energy” installed a hybrid heat pump at Nortura
Rudshoega (Norway) with a heating capacity of 650 kW. It raises the hot water temperature
from 49C to 87<C. The cycle COP is 5.3 and amount of time required for the investment to
pay itself off is 2 years (Hybrid Energy, 2011).

Gas-fired AHP systems for heating and cooling

GAX-process. Gas-fired NH; / H,O AHPs are commonly used for both heating and cooling
applications. Nowadays, gas-fired AHP are being treated as the next step in terms of
efficiency after condensing gas boilers and, thus, in the near future may play an important
role in the modernization of old heating systems in single and multi-family houses. Gas-fired
AHPs are based on the GAX-process, which is similar to a single-stage AHP-process but
having higher efficiency than a conventional NH; / H,O AHP, because of an additional heat

exchanger that transfers heat between generator and absorber using temperature overlap.

Moser and Rieberer (2011) have performed an analysis of a gas-driven NH; / H,O AHP-
system used for heating and domestic hot water preparation in a storehouse in Graz. The
system consists of 2 AHP units of the company “Helioplus Energy Systems GmbH” with a
heating capacity of 37 kW each. The heating water supply temperature varies between 30 -
40<C and the domestic hot water supply temperature is 55C. The heat to the evaporator is
supplied from ground probes, its temperature ranges from 0T to 5C. The system had been
measured during 2010 (winter operation — heating and domestic hot water; summer
operation — domestic hot water only). The overall COPy calculated using monitoring data is

1.54/ 1.40, based on lower / upper heating value respectively.

Figure 2-5: Photo of the installed gas-fired AHP units in Graz (Rieberer and Moser, 2011)
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It is necessary to mention that the main barrier for using gas-fired AHPs is high investment
costs in comparison to conventional technologies. Thus, government subsidies for their
installation are necessary. For instance, in Germany an initiative for gas-driven heat pumps
has been started. Within this initiative, ca. 100 gas-driven AHP-systems are being monitored

and analyzed (http://igwp.de/; last accessed on 03.05.2012).

Double- and triple effect H,O / LiBr AHP-processes. Since the first double-effect H,O / LiBr

absorption chiller had been commercialized by “Kawasaki” (Japan) in 1968 its installations
can be found in different application areas. Nowadays this type of absorption chiller is mostly
used for gas cooling in large capacity applications. According to Ziegler (2002) the underlying
idea is the use of the gas grid instead of electricity for cooling purposes, thus, reducing mid-

afternoon peak in electricity supply. The common COP. varies from 1.0 to 1.1.

Up to now, the only commercialized gas-fired triple-effect H,O / LiBr absorption chiller is
being produced by “Kawasaki”. Makita (2006) has reported field testing results of such a
chiller with a cooling capacity of 1055 kW and chiller water temperatures of 15/7C
operating for 14000 hours (6000 hours per year). The field testing results have shown that
the chiller COP¢ equals approximately 1.6 when operating at the maximal cooling load and

approximately 1.7 at 60% of the maximal cooling load.

Nowadays, the product line of triple-effect absorption chillers consists of 4 models: 2 types of
direct-fired (cooling capacity of 651 kW and 1196 kW) and 2 types of waste hot water applied
(cooling capacity of 580 kW and 1090 kW). Concerning the market implementation 12
installations using triple-effect absorption chillers are known. All of them are installed in
Japan and are used in hospitals, factories, general buildings, etc. Unfortunately, no data

concerning the operation experience was found.

Camping refrigerators (Diffusion-absorption absorption cycle)

The diffusion-absorption heat pumping process was proposed by Platen and Munters (1925)
and represents a single-pressure NH; / H,O absorption cycle with a non-condensable
auxiliary gas (usually He or H). The main advantage of this cycle in comparison to a
conventional absorption cycle is that there is no solution pump and the solution circulation
occurs by means of a bubble pump using heat energy instead of electricity. The principle of
operation is based on the use of an auxiliary non-condensable gas in order to achieve the
partial pressure difference of ammonia. Nowadays, it is widely used in camping refrigerators
with a cooling capacity of 200 W. Recently, several prototypes of a diffusion-absorption heat
pump with a cooling capacity of 3 kW have been developed at the Stuttgart University of
Applied Sciences (Jakob et al., 2008).
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2.1.2 Working fluids

As is mentioned above, conventional AHP-processes use either NHz/ H,O or H,O / LiBr as a
working mixture. Essentially, NH; / H,O AHP are used at evaporator temperatures below 0
(refrigeration) and H,O / LiBr AHP above O (water chillers). The NH; / H,O AHP operate at
higher pressures than H,O / LiBr AHP and therefore are more compact. The main drawbacks
of NH; / H,O AHP are the need for rectification, high working pressures and the toxicity of
NHs. Those of H,O / LiBr AHP are restricted in their temperature lift due to the crystallization

issue, toxicity and additional costs of corrosion inhibitors.

Apart from conventional working mixtures, few applicable examples with alternative working
mixtures are known. One of them is a mixture of alcohols (refrigerant) and salts (absorbent).
The idea behind using alcohols as refrigerants is to enable the operation of the AHP-process
at lower working pressures. According to Lower et al. (1987) methanol is the most
recommended alcohol for such an undertaking. It has a high heat of evaporation
(1170 kJ-kg™ at 1 bar), a normal boiling temperature of 65T, is less toxic than ammonia and
is used with lithium-bromide as an absorbent. However, the application area is limited due to
the crystallization issue. It can be overcome by means of using zinc-bromide as an additive;
however the generator temperature cannot be higher than 130C due to the decomposition

of methanol.

Another alternative to ammonia as refrigerant is amines. From the literature (Lower et al.,
1987) the use of methylamine and ethylamine together with water or different salts as
absorbents is well known; the enthalpy of vaporization at 1 bar is 815 kJ-kg™ and 590 kJ-kg™,
respectively. Methylamine has a condensation temperature of 50C at 7.7 bar and
ethylamine at 3.3 bar. The main drawback of both refrigerants is the need for rectification due

to the small difference between their normal boiling temperatures and that of water.

According to Lower et al. (1987) the use of lithium-thiocyanate and natrium-thiocyanate as
absorbent suggested in the literature is problematic due to high viscosity and the afore-

mentioned crystallization issue.

The properties of conventional working pairs can be greatly improved either by use of new
additives for NH3 / H,O (Salavera et al. 2005) and H,O / LiBr (Gluesenkamp et al. 2011) or

via new absorbents in place of H,O and LiBr.

Requirements on refrigerant and absorbent

When choosing refrigerant and absorbent for use in an absorption process the following

properties are essential for the process performance (Lower et al., 1987):
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- thermal stability, chemical compatibility, full miscibility and absence of crystallization;

- melting temperature of the refrigerant has to be lower than the lowest evaporator
temperature;

— melting temperature of the absorbent has to be lower than the lowest absorber
temperature;

— normal boiling temperature of the refrigerant should lie between the evaporator and
absorber temperatures;

— critical temperature of the refrigerant has to be higher than the highest temperature
within an AHP-process;

- heat of evaporation of the refrigerant should be higher than 800 kJ-kg™, in order to
decrease the mass flows, heat losses and the system size. However, too high values of
heat of evaporation can cause low mass flows and, therefore, regulation problems;

— specific heat capacity of the refrigerant and of absorbent has to be low to minimize heat
losses within an solution circuit of the absorption process (generator, solution heat
exchanger) and losses in the refrigerant throttle valve;

— vapor pressure curve have to be as flat as possible, in order to have low difference
between the high and low pressure levels;

— viscosity and surface tension of the refrigerant and absorbent have to be as low as
possible;

— thermal conductivity of the refrigerant and absorbent have to be as high as possible.

Refrigerant pre-selection

At the present time, various refrigerants continue to be proposed for a use in AHP-
processes. In order to evaluate and to pre-select from amongst them an analytical method
introduced by Alefeld and Radermacher (1994) and further developed by Gluesenkamp et al.
(2011) can be used. According to this method, a pre-selection of refrigerant can be
completed knowing the specific heat capacity of refrigerant in the liquid phase (c,,), heat of
evaporation of the refrigerant (hy), and density of refrigerant in the vapor phase (p.p) (see

Eq. 2-4 — 2-6). Using these properties 3 parameters for refrigerant selection can be obtained.

Losses in the refrigerant throttle valve. The first parameter describes losses in the refrigerant
throttle valve (see Eq. 2-4) and is the ratio of the specific heat capacity of liquid refrigerant to
its heat of evaporation as a function of the temperature lift. This ratio approximates the
refrigerant vapor quality entering the evaporator. High values of the refrigerant vapor quality
entering the evaporator hinder system efficiency. Therefore, the heat capacity of refrigerant
in the vapor phase must be as low as possible and its heat of evaporation as high as

possible.
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Cp1-” ATcond—evap
hg

Xeva,in ~ 2.4
Losses in the solution circuit. The second parameter (see Eg. 2-5) describes amount of heat,
which has to be supplied to the solution circuit and is the ratio of the mass flow of refrigerant
to the evaporator capacity. This ratio is more or less inversely proportional to the liquid mass
fraction entering the evaporator and therefore must be as low as possible to minimize the
efficiency penalty.

Myer 1

Qeva (1 - xeva,in) ’ hfg 25

System size. To minimize the system size of the absorption cycle, low volumetric flow rate is
necessary (see Eq. 2-6). The ratio of the volumetric flow rate to the evaporator capacity can

be obtained by introducing to Eq. 2-5 the density of refrigerant vapor leaving the evaporator:

Vref . 1
Qeva pvap(l - xeva,in) ) hfg

2-6

A comparison of these parameters for various refrigerants is shown in Table 2-2. The main
conclusion which can be drawn is that the use of organic refrigerants in AHP, apart from
methanol, is disadvantageous, owing of their high specific heat capacity, low heat of
evaporation, high mass flow rate and thus the size of absorber and generator in comparison
to conventional refrigerants. It can be seen that ammonia is the most advantageous out of

the listed refrigerants.

Table 2-2: Comparison of refrigerant properties at tcon / teya = 45 / 5T (literature review:
Gluesenkamp et al. (2011))

Refrigerant X Xevain ' Vier

ref

~ ~ =7
Qeva Qeva

~

[kgvar'kgror] | [g-s™ per kW] | [L's™ per kW]

Water 0.07 0.43 63.4
Methanol 0.08 0.91 11.9
Ammonia | 0.15 0.95 0.2
R22 0.24 6.57 0.3
Isobutane | 0.27 3.89 0.8
R134a 0.28 7.11 0.4
Propane 0.28 3.77 0.3
R410A 0.29 6.47 0.2

CO; 0.51 9.42 0.1
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Requirements on working mixtures

As is well-known, the theoretical cooling COP of a single-stage AHP, assuming that
condenser and absorber temperatures are equal, is described by Eq. 2-7, where Tgya is the

temperature level in the evaporator, T¢oy in the condenser and Tgey in the generator.

S
_Teon  Tgen
COP; = 1 1 2.7

TE VA TC ON

Graphic analysis of Eq. 2-7 can be done, when comparing the Duhring plot (log (p) vs. 1/T
diagram) for different working mixtures. Generally, one can distinguish three variations within
the Duhring plot for working mixtures (see Figure 2-6), assuming that the solution flow rate

approaches infinity:

- the working mixture with a convergence between vapor pressure curves (Figure
2-6a);
— the working mixture with parallel vapor pressure curves (Figure 2-6b);

— the working mixture with a divergence between vapor pressure curves. (Figure 2-6¢)

It can be seen that the theoretical cooling COP of a single-stage AHP (see Eq. 2-7) can be
obtained graphically as a ratio of the horizontal line, joining the condenser temperature with
the generator temperature, to the one, joining the condenser temperature with the evaporator
temperatures. Apparently, the highest value of the COPc has the working mixture with a
divergence between the vapor pressure curves. In this case, the difference between the low

and high temperature levels is maximal.

According to Alefeld and Radermacher (1994), the single-stage cooling COP (see Eq. 2-7)
can be also obtained, if the heat of evaporation (hy) and heat of mixing (4hy) are known.
The slope of the vapor pressure line of the pure refrigerant in the Duhring plot (see Figure
2-6) is proportional to the heat of evaporation while the slope of the vapor pressure line of the
working mixture is proportional to the sum of the heats of evaporation and mixture:

hfg

cop, = —28—— )
€7 hyg + Dy 2-8

The expected single-effect cooling COP (Eq. 2-8) is about 0.9 for H,O / LiBr and about 0.8
for NH3/ H,O (Gluesenkamp et al., 2011).
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Figure 2-6: Duhring plot for a conventional AHP-process with: a — a convergence between the vapor
pressure curves; b — parallel vapor pressure curves; ¢ — a divergence between the vapor pressure

curves
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In an above discussed example, it was assumed, that the solution flow rate approaches
infinity. However, in a real situation, excessively high values of the solution flow rate penalize
the COP. The solution flow rate can be calculated knowing refrigerant mass concentration in

the rich (érso) and poor (épso) solutions as well in the generated vapor (érer) (see Eqg. 2-9).

_ $rer —$pso

f 2-9

SRSO - fPSO

In regard to the Duhring plot, it is possible to conclude that the vapor pressure curves at
constant refrigerant concentrations must be distributed uniformly between the vapor curves
of the pure refrigerant and pure absorbent. Figure 2-7 shows a working mixture with a
uniform (a) and with a non-uniform (b) distribution of the vapor pressure curves. Apparently,
the first working mixture allows for higher refrigerant concentrations in the rich solution and

therefore lower solution flow rates than the second one.

gp A

UTewn T con 1/ Teen AT

Figure 2-7: Duhring plot for a conventional AHP-process with: a — uniformly distributed vapor pressure

curves; b — non-uniformly distributed vapor pressure curves
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3 ALTERNATIVE ABSORPTION HEAT PUMPING PROCESSES

Within this chapter a detailed survey of related literature concerning the following groups of

innovative AHP-processes will be presented:

1. ammonia / water (NH3 / H,O) absorption heat pumping (AHP) process using strong
bases as additives;
absorption heat transformer (AHT) using partially miscible working mixtures;

3. absorption heat pumping (AHP) processes using a condensable auxiliary fluid: Rojey
cycle and Einstein-Szilard cycle;

4. ammonia / ionic liquid absorption heat pumping (AHP) process.

The analysis of the AHP-processes discussed within this chapter will be done by means of
thermodynamic simulation using the software program ASPEN Plus. This program has a
library of typical components of an AHP-process, such as an absorber, rectification column,
heat exchangers, etc. The program also allows for simulation of the AHP-processes with
different working mixtures. Refrigerant and absorbent and their binary parameters can be
chosen from the built-in library of ASPEN Plus. If binary parameters are not available, they
can be regressed using experimental vapor-liquid-equilibrium (VLE) or liquid-liquid-
equilibrium (LLE) data.

3.1 NH3/ H,O absorption heat pumping process using strong base S

as additives

One of the most promising application areas for AHP is the cooling application at low driving
temperatures, e.g. by using solar energy, district heating or waste heat. Several authors
(Balamuru et al., 2000, Bruno et al., 2005, and Steiu et al., 2009) have reported that the use
of strong bases such as NaOH, KOH and LiOH as additives to the working mixture NH3/ H,O
in an AHP can increase its efficiency and at the same time decrease the required generator

temperature.

3.1.1 Influence of strong bases on the absorption a nd desorption of

ammonia

Before discussing the principle of operation of the NH;/ H,O AHP-process using NaOH as
additive, it is necessary to analyze the influence of NaOH on the absorption / desorption of
NHs by / from NHs/ H,O solution.
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NH;/ H,0 solution without additives

Figure 3-1 shows structural formulas of NH; and H,O molecules. Both of them are dipole

molecules and are highly soluble in each other due to the dipole-dipole and hydrogen bonds.

§/\ USSP

10'}',30 H

Figure 3-1: Structural formula of H,O (left) and NH; (right) (according to Mortimer and Mueller, 2007)

Generally, the chemical processes in NHs; / H,O solution can be described via of two

equations:

— chemical equilibrium between the gaseous and dissolved in the NHs; / H,O solution
ammonia;
— chemical equilibrium between the dissolved and dissociated in the NH3/ H,O solution

ammonia.

The first chemical process can be described by Eq. 3-1, where on the left side, ammonia in
the gaseous (g) phase and water in the liquid phase are in equilibrium with dissolved

ammonia (sol) in NH3/ H,O solution on the right.
NHy(g) + H2 01y © NHs(sor) + H20(s01) 31

The NH; dissociation process is described by Eq. 3-2. This reaction is an acid-base reaction,
where NH; is a base and H,O is an acid. Being a weak base, NH; does not dissociate

completely.
NH3(sol) + H, 0(sol) < NHI(aq) + OH(_aq) 3-2

The chemical equilibrium depends on the NH; concentration in the solution and its

temperature and can be calculated using the base dissociation constant (Kg):

K. = c(OH™) - c(NH{)
B~ c(NHs)

3-3

NH;/ H,O solution with strong bases as additives

Strong bases, such as NaOH, KOH or LiOH, consist of ions and are soluble in H,O due to
ion-dipole bonds (Figure 3-2). The cations are in contact with the negative side of H,O
molecules (oxygen atoms), and the anions with the positive side of H,O molecules (hydrogen

atoms).
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Figure 3-2: Hydration of an ionic crystal (according to Mortimer and Mueller, 2007)

The ion-dipole bonds are stronger than the dipole-dipole bonds between NH; and H,O and,
therefore, when a strong base is added into the NH3/ H,O solution, the equilibrium described

by Eq. 3-2 is shifted to the left side. As a result, less NH; can be dissolved by H,O.

In order to evaluate the influence of NaOH on the desorption of NHs, the NH; dissociation
depending on the pH value has been calculated. The calculation procedure is described in
detail in the work of Wohlthan (2011). For the calculation of the base dissociation constant
(Kg) the required properties of NHs/ H,O were obtained from the software program Factsage.
The results for a temperature of 100C are presente d in Figure 3-3. The solid line represents
the NHj; fraction while the dashed line shows the NH," fraction depending on the pH value. It
can be seen, that the NH," fraction decreases and the NHj; fraction increases with the

increasing pH value.

41]

Mole fraction, [mol-mol

pH value, [-]

Figure 3-3: NH; vs. NH; fraction depending on the pH value at 100 (prope rties calculated in

Factsage)

In order to evaluate the NH; dissociation pH, the value of the solution has to be known.
Figure 3-4 shows the pH value of the NH; / H,O / NaOH solution (s = 0.2) depending on
the NaOH mass concentration at 100<C. It can be seen, that the NH; / H,O solution without

NaOH has a pH value of about 10.2. The pH value increases with the increasing NaOH
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concentration. For instance, when 5% of NaOH are added the pH value is about 12.0. This
means, the NHj; fraction increases from 0.9 to 1.0 (see Figure 3-3) and can be easier

separated from the NH3 / H,O / NaOH solution, which is advantageous for NHs; desorption.

14

13

pH value, [-]

11

10
0 1 2 3 4 5 6 7 8 9 10
NaOH mass concentration, [%]

Figure 3-4: pH value of the NH3/ H,O / NaOH solution (s = 0.2) depending on the NaOH mass
concentration at 100C (properties calculated in Fa ctsage)

Another advantage when using strong bases as additives to the working mixture NHs / H,O
in the AHP-process is a decrease in the boiling temperature of the NHs;/ H,O solution.
Figure 3-5 shows a comparison of boiling curves of the NH; / H,O solution with NaOH mass
concentrations of 0, 5 and 10 wt.-%. The properties of NH; / H,O / NaOH solution have been
calculated using the regressed experimental data of Salavera et al. (2005) in ASPEN Plus
(see Chapter 3.1.3). Apparently, the solution boiling temperature decreases when NaOH is
added. For instance, the boiling temperature of the NHs;/ H,O solution without NaOH at NH3
has a mass concentration of 0.3 kg-kg™ is 102<C. It decreases to 93 when adding 5 wt.-%

NaOH and to 85T when adding 10 wt.-% NaOH.

200

180 ——NH3/ H20 at 10bar
160 — = NH3/H20 + 5% NaOH at 10bar
140 N — + NH3/H20 + 10% NaOH at 10bar

120

o2
o

Temperature, [ °C]
D
o

20

0 01 02 03 04 05 06 07 08 09 1
NHs mass concentration, [kg-kg 1]

Figure 3-5: Comparison of boiling curves of the NH3 / H,O mixture and with 0, 5 and 10 wt.-% NaOH
(properties calculated in ASPEN Plus)
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3.1.2 Process description

The operating principle of the NH; / H,O AHP-process using strong bases as additives is
similar to a conventional NHz / H,O AHP-process. The NH;/ H,O AHP-process using NaOH

as an additive is shown in a pressure / temperature diagram in Figure 3-6.

The rich solution of NH; / H,O / NaOH leaves the absorber (ABS),is pumped to the high
pressure level by means of the solution pump (PUMP) and enters the generator (GEN). In
the generator the NH;-vapor and the poor solution of NH; / H,O / NaOH are generated by
supplying heat at high temperature (Qsgy) from an external heat source. The poor solution is
throttled (STH) to the low pressure level and returns to the absorber. The generated NH;-
vapor enters the condenser (CON) and condenses there by rejecting heat at the middle
temperature level (Qcon) to an external heat sink. The liquid NH; is throttled (RTH) back to
the low pressure level, enters the evaporator (EVA) and evaporates there by supplying heat
at low temperature (Geva) from an external heat source. Finally, the evaporated NH; enters
the absorber and is absorbed there by the poor solution. The absorption heat (Qags) is
relegated to an external heat sink at the middle temperature level. As can be seen, NaOH is
present only in the sorption part (between the absorber and generator). The reason for that is

the negligible vapor pressure of NaOH which thus does not evaporate in the generator.

Pressure

NH3+H20+NaOH
STH ™ (Liquid)

rich solution

poor solution
refrigerant (liquid)
——————— refrigerant (vapor)

Temperature

Figure 3-6: AHP-process using the working mixture NHs/ H,O / NaOH

27



3 ALTERNATIVE ABSORPTION HEAT PUMPING PROCESSES

The NaOH concentration in the strong or weak solution can be calculated on the base-free

(Eq. 3-4) or base-containing basis (Eq. 3-5):

£ _ MNaoH
NaOH base—free — -
Myp, + My, 0 3-4
£ _ MNaoH
NaOH base—containing — -
Myp, + My, 0 + Mygon 3-5

Where,

$NaoH base-free — N@OH-concentration based on base-free basis, kgkg™:
$NaoH base—containing — N@OH-concentration based on base-containing basis, kg-kg™;
Myy,; My,0; Myaon — Masses of NHsz; H,O and NaOH in the rich solution, kg.

In the following, the NaOH concentration in the NH3z/ H,O / NaOH solution will be calculated

in line with a base-containing basis.

The use of NaOH as an additive to the working mixture NH; / H,O in an AHP-process was
investigated by Balamuru et al. (2000), Bruno et al. (2005), and Steiu et al. (2009). They
investigated the process by means of thermodynamic simulations using the software
program ASPEN Plus. The AHP-process has been analyzed at different NaOH
concentrations. The simulation results showed that there is a upper-limit in the COP¢ at a

NaOH concentration in the rich solution of 8%.

Figure 3-7 shows the comparison between the COP¢ calculated by Steiu et al. (2009) (red
lines) and by Bruno et al. (2005) (blue lines). The comparison was done at the following
boundary conditions: tcon out/ teva outr = 28 / -3C, pu = 12 bar, rso / €pso = 0.40 / 0.31 kg/kg
and &yaoH basefree = O - 8%. From Figure 3-7, it can be concluded that the COP¢ increases
(see Figure 3-7a) and the required generator temperature decreases (see Figure 3-7b) with
the increasing NaOH concentration. For instance, the AHP-process operating with a NaOH
concentration of 8% has a 12% higher COP¢ than the process without NaOH (0%). At the

same time, the driving heat can be supplied at a temperature of 93T instead of 107<C.

It is necessary to mention that the NHs; concentration in the rich and poor solution was kept
constant. This means that when keeping the temperature level in an absorber constant, while
at the same time increasing the NaOH concentrations in the rich solution, both the low

pressure level and the evaporator inlet temperature increase.
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Figure 3-7: Simulation results of Steiu et al. (2009) in relation to those of Bruno et al. (2005): a — COP¢
of an NH3/H,O/ NaOH AHP-process depending on NaOH-mass concentration; b — generator

temperature of an NHs/H,O/ NaOH AHP-process depending on NaOH-mass concentration

As mentioned above, the use of NaOH is advantageous for the NH; generation and
disadvantageous for its absorption by the poor solution. In order to overcome this drawback,
the use of a semi-permeable membrane has been suggested and investigated by Bruno et
al. (2005) and Steiu et al. (2009). According to Bruno et al. (2005) the COP. can be
increased if the semi-permeable membrane (MEMB) for the OH-ions separation is installed
at the outlet from the generator as is shown in Figure 3-8. The principle of operation of the
semi-permeable membrane is based on that of reversed osmosis. It separates the OH-ions

and returns them back to the generator.

The calculated COP of this AHP-process relating on the membrane efficiency is shown in
Figure 3-9 (Bruno et al., 2005). This diagram shows that the required membrane efficiency
increases with the increasing NaOH concentration. The membrane efficiency is defined as
the ratio of the mass flow of separated OH-ions to the mass flow of OH-ions in the poor
solution entering the membrane. For instance, the COP. at a NaOH-concentration of 10%
requires a minimal membrane efficiency of 30%. When the NaOH-concentration is increased
to 15%, the minimal membrane efficiency has to be higher than 80%. However, the use of

such semi-permeable membranes in a conventional NHs/ H,O AHP is certainly not expected
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anytime in the near future. Bruno et al. (2005) reported that these membranes are suitable
for operation at temperatures below 70C. Furthermore, to ensure the separation of OH-ions
from the poor solution a pressure difference of approximately 39 bar is necessary. This
means that an additional pump within the process is required and its power consumption

must be taken into account when calculating the total cycle performance.

NHs3+H20+NaOH

- (Liquid) \

Pressure

rich solution
____________ poor solution

refrigerant (liquid)
——————— refrigerant (vapor)

Qeva
Temperature

Figure 3-8: NH5 / H,O / NaOH AHP-process with semi-permeable membrane
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Figure 3-9: COP¢ of the NH; / H,O / NaOH AHP-process with semi-permeable membrane depending

on the NaOH-concentration and the membrane efficiency (according to Bruno et al., 2005)
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3.1.3 Calculation of properties of the working mixt ure NH3 / H,O / NaOH

For the thermodynamic simulation of the NH;/ H,O AHP using NaOH as an additive, the data
package “Ammonia” was used. This data package is based on the thermodynamic model
ENRTL and uses “built-in” binary parameters for the mixture NH; / H,O. Additionally, the
electrolyte pair parameters (GMELCC and GMELCD, as they called in ASPEN Plus) for the
binary mixtures of NH;/ NaOH and H,O / NaOH were regressed using the experimental VLE-
data measured by Salavera et al. (2005) (see Table 3-1). These experimental VLE-data is

valid for a temperature range of 20 - 80C and NaOH mass concentrations of 4 - 20%.

Table 3-1: Regressed electrolyte pair parameters for the working mixture NHs;/ H,O / NaOH

Electrolyte PaI" 1 Molecule / ion pair | Value
parameter
NH; / Na® OH’ 22.800
Na" OH / NH, -0.172
GMELCC H,O / Na® OH" -1.065
Na" OH / H,O 3.754
NH; / Na® OH’ 0.166
Na" OH / NH, -30.666
GMELCD H,O / Na® OH" 1.016
Na" OH / H,O -2355.757

The data regression results are shown in Figure 3-10 and Figure 3-11. The relative errors of
the data regression vary from -6.3% to +8.4 %. They are higher at low temperatures and low
NaOH mass concentrations, and decrease at high temperatures and high NaOH mass
concentrations. For instance, relative errors at temperature of 20C and a NaOH mass
concentration of 4 wt.-% are between ca. +4 and +8 % and at 50C and a NaOH mass

concentration of 20 wt.-% between 0 and -3 %.
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Figure 3-10: Comparison of calculated vapor pressures with those measured by Salavera et al. (2005)
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Figure 3-11: Calculation errors of vapor pressures for NH; mass concentrations of 10-40 wt.-%;
temperatures 20, 50 and 80C and NaOH mass concentr ation of 4 wt.-% (a); 8 wt.-% (b); 12 wt.-% (c);
20 wt.-% (d)
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3.1.4 Thermodynamic model and simulation results

The cycle was simulated at various generator outlet temperatures (tgen_out) With NaOH mass
concentrations in the rich solution of 0, 5 and 10 wt.-% and at absorber / evaporator outlet
temperatures (tABS_OUT/ tEVA_OUT) of 25/ 5C; 35 /5C and 45/ 5<C.

The schematic of the investigated NHs; / H,O AHP using NaOH as additives in ASPEN Plus is
shown in Figure 3-12.

AAAAAAAA Q
oo} QDEP }--- 0
CON O Temperature (C) Boa 3 REC
CON <:> Pressure (bar) Shla e
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HEATER i
Q Duty (kW)
Q=151
@ \Y Power(kW)
Ferzl(es) fQoEN -
RTH
X RTH STH
Q
Lts
| QEVA & ABS-MIX
B . ABS-HEAT
==y
EVA
HEATER

Q=14.05

Figure 3-12: Schematic of the NH; / H,O AHP-process using NaOH as additive in ASPEN Plus

For the simulation, no heat or pressure drops were taken into account. The components of

the process were specified as follows:

1. Absorber (ABS): consists of the ASPEN-models “Mixer” and “Heater”. In the “Mixer”
the poor solution and the refrigerant vapor are mixed using VLE-equilibrium. At the
outlet from the “Heater” the temperature of the working mixture of NH;/ H,O / NaOH
is fixed to tags our-

2. Condenser (CON): consists of the ASPEN-model “Heater” and at its outlet the
NHs/ H,O solution has the vapor fraction 0.

3. Evaporator (EVA): the evaporator consists of the ASPEN-model “Heater”. The vapor

fraction of the working mixture at its outlet is 0.99.
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4. Generator and rectification column (GEN and REC): Both components are modeled
using one ASPEN-model “RadFrac” consisting of 4 theoretical stages (see
Figure 3-13): generator (GEN), stripping (STR) and rectifying (REC) sections and
dephlegmator (DEP). The rich solution enters between the stripping and rectifying
stages. The NH;/ H,O vapor with the NH; mass concentration of 99.9% leaves via

the top of the “RadFrac” and the poor solution in the bottom of the “RadFrac”.

QDEP'
‘ {DEP} 3
— g Refrigerant
< va v
por outlet

REC

[
Rich solution
|STR }=

inlet = |

Poor solution
outlet

Figure 3-13: Schematic of the generator, rectification column and dephlegmator in ASPEN Plus

5. Pumps (PUMP-1 and PUMP-2): at the outlet of the pumps (ASPEN-model “Pump”)
the binary mixture is at a high level of pressure.

6. Expansion valves (RTH and STH): For both expansion valves, the ASPEN-model
“Valve” has been used. Both valves are specified as “adiabatic flash for specified
outlet pressure” and at their outlet the binary mixtures are at low level of pressure.

7. Solution heat exchanger (SHX): The internal heat exchanger consists of the ASPEN-
model “HeatX”. The temperature difference between the rich solution inlet and poor
solution outlet is 5 K.

The calculated COP. are shown depending on the generator outlet temperature in
Figure 3-14. It can be seen that there is an increase in the COP¢ and a decrease in the
required generator temperature when NaOH is used as an additive to the working mixture
NH; / H,O. For instance, at tags out/ teva our = 45/ 5C the COP is 0.53 at a generator outlet
temperature of 125C. If 5% NaOH is added to the rich solution the generator outlet

temperature can be reduced to 112<C achieving the s ame COPc.

As is mentioned above, it was considered that the temperature difference between rich
solution inlet temperature with regards to the solution heat exchanger and poor solution
outlet temperature from the solution heat exchanger was set equal to 5 K. When using NaOH
the specific solution flow rate increases and therefore there is an increase in the ratio of the
solution heat exchanger capacity to the generator heat capacity (Qsux / Qeen). In real

applications this means that the solution heat exchanger with a greater capacity must be
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used when using NaOH as an additive. Furthermore, an increase in the solution flow rate
requires a larger heat and mass transfer area in the absorber. The use of the same absorber
for both processes with and without NaOH might cause a decrease in the absorber

performance, which was equal to 100% in all simulations.

The simulation results depend on the binary parameters assumed for the working pairs. For
the data regression, the VLE-Data of the NH3/ H,O / NaOH mixture were used. These data
are valid for a temperature range of 20 - 80C. How ever, the AHP-process was calculated at
generator outlet temperatures of up to 130C. The caloric data of the mixture, such as the
heat of vaporization, could not be found in the literature. Thus, the simulation results have to

be confirmed by means of experimental investigation.
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Figure 3-14: COP¢ of the NH; / H,O AHP-process using NaOH as additive at tags out / teva out =
25/5%€C, 35/5C and 45/5%C, NaOH mass concentr ations of 0, 5 and 10% depending on the

generator outlet temperature

Furthermore, an increase in the viscosity of the working fluid mixture when using strong
bases could affect the absorption process negatively and corrosion could have a negative

influence on the operation and should be also taken into account.

Within the master thesis of Kalkgruber (2009), the corrosion problem was experimentally
investigated with the help of experiments using sample containers (austenitic stainless steel
1.4401) with PTFE seals and material samples (austenitic steel 1.4301 and 1.4571). The
sample containers were filled with an NHz; / H,O / NaOH mixture with a NaOH mass
concentration of 10 and 20 wt.-% and left in an oven at a temperature of 160C for 3-7
weeks. No corrosion was detected in the samples with 10 wt.-% NaOH. However, corrosion
issues have been observed in the samples with 20-% NaOH. Therefore, for further
experimental investigations in an AHP test rig (see Chapter 5) the maximal NaOH

concentration in the working mixture charge was 10 wt.-% NaOH.
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3.2 Absorption heat transformer using partially mis cible working

mixtures

An alternative to a conventional AHT discussed in Chapter 2.1.1 is the AHT-process using
partially miscible working mixtures, which was suggested and analyzed by Niang et al.,
(1997, 1998) and Alonso et al. (2002, 2003). The operating principle of such a process is

based on the separation of the working mixture without evaporation.

3.2.1 Literature review

In this subchapter, the partial miscibility of mixtures will be explained and a detailed survey of

related literature on AHT-process using partially miscible working mixtures will be presented.

Partial miscibility

As is well known, the demixing of a binary liquid mixture into two liquid phases occurs when
the mixture is thermodynamically unstable. If a binary liquid mixture is immiscible, it demixes
into two pure components. In the case of partial miscibility a binary mixture demixes into two
liquid phases consisting of both components. The criterion for this is based on the notion of

the Gibbs free energy (G), which is at a minimum when the binary system is in equilibrium.

Figure 3-15 shows the Gibbs free energy of three binary mixtures depending on the
concentration at constant pressure and temperature. The curve “a” corresponds to a
completely miscible mixture. Its Gibbs free energy cannot be decreased by demixing at any
concentration. The curve “b” shows a partially miscible mixture. If the mixture concentration
is between x;, and xyp (for instance x,) its Gibbs free energy G, can be reduced to G,,, and
the liquid phase is demixed into two liquid phases with concentrations of x;, and x;5. The
curve “c”, shows a completely immiscible mixture, because its Gibbs free energy is always

higher than those of pure phases (G; and G,).

Different types of working mixtures with partial miscibility are shown in Figure 3-16. The
phase (Txy-) diagram “a@” represents a mixture with an upper critical solution temperature
(UCST). Below this temperature the mixture is partially miscible, above this temperature, it is
completely miscible. In the diagram “b”, a mixture with a lower critical temperature (LCST) is
shown. This mixture is partially miscible at temperatures higher than LCST. The diagrams “c”
and “d” show mixtures with both upper and lower critical solution temperatures. The mixture
in the diagram “c” has a closed area of immiscibility. The areas of immiscibility of the mixture
in the diagram “d” lie over the UCST and below LCST. The last type of partial immiscibility,

without critical solution temperatures, is shown in diagram “e”.
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Gm

Figure 3-15: The Gibbs free energy of three binary mixtures depending on its concentration at
constant pressure and temperature: a — completely miscible mixture; b — partially miscible mixture; ¢ —

immiscible mixture (according to Luedecke and Luedecke, 2000)
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Figure 3-16: Different types of mixtures with partial miscibility (according to Luedecke and Luedecke,
2000)

37



3 ALTERNATIVE ABSORPTION HEAT PUMPING PROCESSES

Process description

The AHT-process suggested by Niang et al. (1998) uses partially miscible working mixtures
which possess an UCST and consist of two components, with one being much more volatile
than the other (Figure 3-16a). At temperatures higher than the UCST, the mixture is
completely miscible; below this temperature it is partially miscible. In order to utilize this
phenomenon in an AHT, absorption must occur at temperatures above the USCT and

demixing (desorption) at temperatures lower than the USCT.

In the literature, three different working mixtures have been suggested for this process (Table
3-2): water / furfural (Niang et al., 1998); cyclohexane / DMSO (dimethylsulfoxide) (Alonso et
al., 2002); n-heptane / DMF (dimethylformamide) (Alonso et al., 2002, 2003).

For the calculation of the AHT-process using water / furfural, Niang et al. (1998) had used
experimental LLE-data. The process is highly efficient, i.e. at heat sink inlet / heat source
outlet temperatures of 183 / 157 < it has a COP of 0.86.

The working mixture cyclohexane / DMSO has the highest COP (0.96) of the three above-
mentioned working mixtures. However, owing to a lack of experimental data, Alonso et al.
(2002) had used ideal gas model for vapor phase calculation, meaning that their calculation

uncertainties might be high.

The second working mixture investigated by Alonso et al. (2002) was n-heptane / DMF. The
process calculation was based on experimental VLE-data and the calculated COP is 0.93.
This mixture has been investigated in a test rig by Alonso et al. (2003). The measured COP

was much lower (0.40) than its calculated value.

Table 3-2: Investigated AHT-processes using partially miscible working mixtures (literature review)

Heat sink inlet/ heat
source outlet COoP
temperatures, C

Working pair
(literature)

Used binary properties
for data regression

Experimental LLE-Data
183/ 157 0.86 from DECHEMA
(Gmehling et al., 1981)
UNIFAC predictive model

Water/furfural
(Niang et al., 1998)

Cyclohexane/DMSO

(Alonso et al., 2002) 180/ 123 0.96 (Ideal gas model for vapor
o phase)
0.93
N-heptan/DMF (calculation) | Experimental VLE-Data

(Alonso et al., 2002; | 109 /97

2003) 0.40 (Quitzsch et al. 1969)

(experiment)
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The schematic of the AHT-process using partially miscible working mixture is shown in
Figure 3-17 and its principle of operation is explained by means of a phase diagram in
Figure 3-18. For explaining the process, the working pair water / furfural is chosen, with

water the more volatile component.

The working pair of water and furfural (M;) enters the separator (SEP), where it demixes (M,)
into two liquid mixtures by rejecting heat at low temperature (Qsep) to an external heat sink:
liquid phase rich in water (W;) and liquid phase rich in furfural (F;). Both mixtures are
pumped to the high pressure level by two pumps (PUMP-1, PUMP-2) and heated up in two
internal heat exchangers (IHX-1, IHX-2). The mixture rich in water (W3) evaporates (W,) in
the evaporator (EVA) by supplying heat (Gey,) at a middle temperature level from an external
heat source and flows to the lower part of the absorber (ABS). The mixture rich in furfural (Fz)

enters the absorber in the upper part.

The absorber is assumed to be a plate column, where the vapor (W,) is in counter-flow with
the liquid (F3). The concentration of water in the vapor flow decreases and its temperature
increases along the dew-point curve (Ws). At the same time concentration of furfural in the
liquid phase increases and its temperature decreases along the boiling curve (F;). As a
result, the vapor mixture exits from the upper part of the absorber at a higher temperature
than at the inlet. The rest of the liquid mixture (F,) exits from the lower part of the absorber. It
is necessary to mention that the mixtures Fsx and W4 are the liquid and vapor phases that

are in vapor-liquid-equilibrium with the vapor mixture Ws and liquid mixture F, respectively.

The liquid mixture F,4 is cooled in the internal heat exchanger (IHX-1), throttled (V1) to the low

pressure level and enters the separator (SEP).

The vapor mixture (Ws) generated in the absorber enters the condenser (CON), condenses
(W) and rejects heat (Qcon) at high temperature to an external heat sink. Afterwards, it is
cooled (W) in the internal heat exchanger (IHX-1) and throttled (V-2) to the low pressure
level. Finally the mixture rich in water (Ws) flows into the separator and mixes there with the

rest of the mixture (Fg).

The COP of this AHT-process can be defined as the ratio of the condenser capacity (Q-on) to

the evaporator capacity (Qeya).
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Figure 3-17: Schematic diagram of the AHT-process using partially miscible working mixtures with
upper critical solution temperature

Dew-point curve Evaporation of less
(high pressurelevel) T—~1 o volatile component

Boiling curve

Ch f state in th
(high pressure level) ange of state in the

lower part of the absorber

Absorption of more
volatile component

Change of state in the
upper part of the absorber

Miscibility border

Dew-point curve
(low pressure level)

Temperature

- Boiling curve
(low pressure level)

More volatile 0 X Xk Xm Xw' Xw 1 More volatile
component component
(e.g. water) Concentration (e.g. water)

Less volatile Less volatile
component 1 0 component

(e.g. furfural) (e. g. furfural)

Figure 3-18: AHT-process using partially miscible working mixtures with upper critical solution
temperature (UCST) in the phase-diagram
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3.2.2 Process analyses in ASPEN Plus

Within this work the AHT-process using water / furfural as a working mixture has been
chosen for investigation by means of thermodynamic simulation in ASPEN Plus. In the
following, the calculation of properties of the working mixture water / furfural will be discussed

and the process will be analyzed with regard to areas for its possible application.

Calculation of properties of the working mixture water / furfural

For calculation of properties of the water / furfural, the built-in ASPEN library “ASPEN-LLE”
was used. The comparison of the calculated LLE-data with experimental LLE-data measured
by Sorensen and Artl (1979) for the temperature range between 20-120<C is shown in Figure
3-19. It can be seen that by means of ASPEN Plus, calculated LLE-data coincides well with
the experimental data. The calculation uncertainty ranges from -0.001 mol-mol* to
+0.02 mol-mol™. However, it is necessary to mention that no experimental data of other
thermodynamic properties, such as boiling and condensation curves, as well as enthalpies of

vaporization, could be found. Thus, the calculated COP may obtain uncertainties.
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—Calculated LLE-data in ASPEN Plus

Figure 3-19: Calculated LLE-data of the mixture water / furfural using ASPEN library “ASPEN-LLE” in

comparison to the experimental data measured by Sorensen and Artl (1979)

Thermodynamic model and simulation results

The schematic of the water / furfural AHT-process in ASPEN Plus is shown in Figure 3-20.
For the thermodynamic simulation, no pressure drops or heat losses have been taken into

account. The components of the investigated AHT-process have been specified as follows:

1. Absorber (ABS): the absorber consists of the ASPEN-model “RadFrac” with 10
theoretical stages. The vapor mixture enters the lower part (Stage 10) and the liquid

mixture the upper part (Stage 1) of the absorber.
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2. Condenser (CON): at the condenser outlet the binary mixture is liquid in a state at of
boiling.

3. Evaporator (EVA): the evaporator consists of the ASPEN-model “Heater”. At its
outlet, the working mixture is vapor in a saturation state.

4. Expansion valves (RTH and STH): For both expansion valves, the ASPEN-model
“Valve” has been used. At the outlet from the valves, the binary mixtures is at a low
level of pressure.

5. Internal heat exchangers (IHX-1 and IHX-2): the internal heat exchangers consist of
the ASPEN-model “HeatX”. The temperature differences between P-2 and R-6 and
between P-6 and R-2 are set equal to 5 K.

6. Pumps (PUMP-1 and PUMP-2): at the outlet of the pumps (ASPEN-model “Pump”)
the binary mixture is at a high level of pressure.

7. Separator (SEP): the separator consists of two components SEP-CON (“Heater”)
and SEP (“Decanter”). At the outlet from the SEP-CON, the working mixture is liquid
in a state of boiling. The working mixture is separated adiabatically using liquid-liquid-

equilibrium in SEP.
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Figure 3-20: Schematic of the AHT-process with the working pair water / furfural in ASPEN Plus

The cycle has been calculated at evaporator / separator outlet temperatures of 160 / 40C.

The high / low pressure levels that correspond to these temperatures are 6.0 / 0.08 bar. The
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simulation results have shown that a condenser inlet temperature of 185T can be obtained
and the cycle has a COP of 0.82. At first glance, the results taken from the literature (Niang

et al, 1998) are confirmed.

As is already shown in Figure 3-18, the temperature lift — the difference between the
condenser inlet and evaporator outlet temperatures — is defined by the thermodynamic
properties of the working mixture, mostly by the shape of the dew point curve and bubble
point curve. However, as can be seen from Figure 3-21 there is a big temperature glide in the
condenser, i.e. the water / furfural working mixture is condensing by rejecting heat at
temperatures from 185 to 161C. In the evaporator , the temperature difference is only 1 K
(159-160<C), due to the preheating of the mixture i n the internal heat exchanger (IHX-1) and
in the separator, the heat is rejected at a temperature of 40C. Thus, the temperature
difference between the condenser inlet and evaporator inlet is 25 K while between the
condenser outlet and evaporator outlet the different is only 1 K.

The temperature profile in the condenser is shown in Figure 3-21. It has been assumed that
the working mixture has a vapor fraction of 0 at the outlet from the condenser. From these
results it can be inferred that approximately 75% of the heat is rejected between 161C and
166 and only 25% between 166C and 185<C. Further more, the temperature difference
between the evaporator outlet and the condenser outlet is only 1 K. For this temperature
profile, it is not appropriate to utilize the total condenser capacity by using a heat transfer
fluid with constant heat capacity as a heat sink. In order to utilize the entirety of the heat, one
can use different heat sinks or to use just a certain amount of the heat, i.e. the working

mixture must be partially condensed in the condenser.

185
x=1 teva / tsep = 160 / 40 °C

) 180 COP =0.80
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© 175
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Figure 3-21: Temperature profile in the condenser of the AHT-process with the working pair

water / furfural (full condensation)
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In order to overcome this drawback, partial condensation of the water / furfural mixture in the
condenser is suggested within this work. The condensation of the working mixture is then
completed in an internal heat exchanger (IHX-2, see Figure 3-20). In order to investigate the
operation with the partial condensation in the condenser the AHT-process with the working

mixture water / furfural was simulated at different boundary conditions:

1. The vapor fraction of the working mixture at the outlet from the condenser varies from
0 to 0.999;

2. It was assumed that the vapor fraction of the working mixture at the outlet from the
IHX-2 is 0;

3. The AHT-process using water / furfural with partial condensation has been calculated
at three different evaporator outlet temperatures of 130C, 160C and 180C and a
separator temperature of 40C,;

4. The high pressure levels defined by the evaporator temperatures are 2.7, 6.0, 9.4 bar
respectively;

5. The low pressure level is defined by the temperature level in the separator and is
0.08 bar.

The simulation results are shown in Figure 3-22. The diagram shows the COP depending on
the condenser outlet temperature. As expected, the COP decreases significantly with
increasing condenser outlet temperature. For instance, at evaporator / separator outlet
temperatures of 160 / 40C and at a condenser outlet temperature of 161, the COP is

0.80. When increasing the condenser outlet temperature up to 170C, the COP is just 0.25.

Figure 3-23 shows the temperature profile in the condenser with partial condensation. The
vapor fraction of the working mixture at the condenser outlet is 0.72. It can be seen, that the
temperature glide is lower in comparison to the total condensation and is roughly linear with

the condenser capacity. However, the calculated COP is just 0.10.

It is necessary to mention that the temperature lift of the AHT-process using partially working
mixtures depends only on the dew-point curve of the working mixtures at a high level of
pressure (see Figure 3-18). This means that when fixing the evaporator temperature to a

certain value, the condenser inlet temperature is also fixed and cannot be varied.

It can be concluded from these investigations, that currently, the AHT-process with the
partially miscible mixture of water /furfural is not competitive compared to a conventional
AHT. Even if alternative working mixtures, which enable operating the process at lower
temperature levels with higher efficiency, will be found, its practical use will be rather

unrealistic, owing to the high temperature glide in the condenser and the fact that the
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temperature lift of this process depends only on the shape of the dew-point curve of the
working mixture.
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Figure 3-22: COP of the AHT-process with the working pair water / furfural depending on the
condenser outlet temperature
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Figure 3-23: Temperature profile in the condenser of the AHT-process with the working pair water /

furfural (partial condensation in the condenser; vapor fraction at the outlet from the condenser is 0.72)
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3.3 The Rojey cycle

An alternative AHP-process using an auxiliary condensable fluid has been considered by
Rojey (1975). Different working mixtures have been investigated for this cycle (Rojey, 1975,
1979, 1983, etc.). The most promising of them is a ternary mixture of NHz / H,O / C4Hyq,

where ammonia is the refrigerant, water is the absorbent and butane is the auxiliary fluid.

3.3.1 Principle of operation

Figure 3-24a shows the Rojey cycle in the pressure / temperature diagram. The rich
NH3;/ H,O solution leaves the absorber (ABS), is pumped by the solution pump (PUMP) to
the high pressure level (py) and enters the generator (GEN). In the generator heat (Qsen)
from a high temperature heat source is supplied to the rich solution generating almost pure
NHs vapor and poor solution.

The pressure of the poor solution is reduced again to the low pressure level (p.) in the
solution throttle valve (STH) and it enters the absorber. The NH; vapor enters the condenser
(CON) and condenses there by rejecting heat (Qcon) at the middle temperature level to a
heat sink. The condensed NHs is throttled then (RTH) to the low pressure level and partially
evaporates.

The partially evaporated NHs; and liquid C4;Hio (flowing from the absorber) enter the
evaporator (EVA) and evaporate by absorbing heat (Qya) from the low temperature heat
source. Due to the presence of the C4Hy, the partial pressure of the NH; (peva) in the
evaporator decreases and evaporation occurs at the low temperature level. It is necessary to
mention, that in order to obtain a similar temperature profile in the evaporator of the Rojey
cycle as in the evaporator of a conventional NH;/ H,O AHP, the concentration of C4H;o must
be to the concentration of the azeotropic NH3/ C4H;o mixture.

The NHjz / C4Hy vapor enters the absorber and the NH; is absorbed by the poor solution
coming from the generator. The absorption heat (Quss) at the middle temperature level is
rejected to an external heat sink. The partial pressure of C4H;, increases and it condenses.
Due to the immiscibility of the liquid C4H;o and the NH3/ H,O solution at temperatures below
50%C, they are separated in the absorber. The parti al pressure of NHs in the absorber (pags)
is lower than in the evaporator (peva) and, therefore, the NHs-concentration in the rich
solution is lower compared with a conventional NH3/ H,O AHP.

The cooling COP of the Rojey cycle is defined as the ratio of the evaporator capacity to the
generator capacity.

It can be concluded that the presence of an auxiliary fluid within the Rojey cycle, on the one
hand, increases the evaporator capacity while decreasing the evaporator temperature and,

on the other hand, affects the absorption negatively by decreasing the NH; partial pressure in
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the absorber. This results in a lower COP¢ than that of a conventional NH3;/ H,O AHP (Rojey,
1979; Coronas, 1995). In order to improve the cycle performance, the condensation of the
gaseous NHs/ C4H1o mixture in different stages has been investigated by Rojey (1979).

Qper QgGen

—-————<---4REC GEN

Partial pressure of NHs

Legend:
rich solution
poor solution
refrigerant (liquid)
——————— refrigerant (vapor)
———— refrigerant + auxiliary fluid
auxiliary fluid (liquid)
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Temperature

Figure 3-24: Rojey cycle in the pressure / temperature diagram: a — with 1 stage absorption; b — with

2-stage absorption

a7



3 ALTERNATIVE ABSORPTION HEAT PUMPING PROCESSES

The Rojey cycle with two-stage absorption in the pressure / temperature diagram is shown in
Figure 3-24b. In the first absorber stage (ABS-1) the NH; is partially absorbed at the partial
pressure pags.1 by the NH3 / H,O solution coming from the second absorber stage (ABS-2).
The partial pressure of the C4H,o increases, but is still less than the condensation pressure.
In the second stage, the rest of the NHzis absorbed at the partial pressure pags.2 by the poor
solution coming from the generator. The partial pressure of C4H; increases up to the
condensation pressure and butane condenses. At the outlet from the first stage (ABS-1) the
rich solution and at the outlet from the second stage (ABS-2) the C4Hy, leave the absorber.
The main advantage of this two-stage absorption is that NHs is absorbed at different partial
pressures and the rich solution leaving the absorber has a higher NH; concentration than that

of the Rojey cycle with one-stage absorption.

The efficiency of the Rojey cycle using the working mixture NH; / H,O / C4H;o with 1- and 2-
stage absorption has been calculated and compared with that of a conventional
NH3;/ H,O AHP by Coronas (1995). The investigated processes have been analyzed at
tass_out/ teva outr = 30/ -5T. Figure 3-25 shows that the Rojey cycl e with 1-stage absorption
has a lower COP. (0.50) in comparison to a conventional process (0.60). The use of the

2-stage absorption leads to an increase in the COP¢ up to 0.75.
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Figure 3-25: Simulation results of Coronas (1995) for the Rojey cycle with 1- and 2-stage absorption

and a conventional NH; / H,O AHP (according to Coronas, 1995)

The technical feasibility of the NH3; / H,O / C4H;o Rojey cycle with 2-stage absorption has
been shown by Cheron and Rojey (1986). Two air / water AHP test rigs with a thermal output
of 100 kW and 300 kW have been built and experimentally investigated. The authors
reported the COPy of 1.68 measured at the following boundary conditions:
tair_eva N/ tar eva outr = 5/ 0T; tsnk ass in/ tsnk_con_out = 37 / 50C. However, no information
concerning generator temperatures and the concentration of the NHz / H,O / C4H;o mixture

has been reported.
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Furthermore, the authors mention, that the absorber construction had to be optimized in
order to improve the separation of the liquid C4H;o from the rich solution. Even though the
feasibility of the Rojey cycle has been confirmed by Cheron and Rojey (1986), no data

concerning further experimental investigations on this process have been found.

3.3.2 Properties calculation of the working mixture NH3 / H,O / C4Hqo

The calculation of the properties of the working mixture NH3/ H,O / C4H.q were made using
the Redlich-Kwong-Soave equation of state with Boston-Mathias modifications. The binary
parameters for the mixture NH;/ C4H;o were regressed using the experimental vapor-liquid-
liquid-equilibrium (VLLE) data of Widling et al. (1996). The regression data results for the
temperature range of 0 - 50C and pressure range of 1 - 24 bar are shown in Figure 3-26. It
can be seen that the experimental and calculated VLLE-data of the mixture NH3/ C4Hyo
coincide well and the calculation uncertainty varies from -3.7 % to +5.9 %.
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Figure 3-26: Calculated VLLE-data for the mixture NHz; / C4H;o using the Redlich-Kwong-Soave

equation of state with Boston-Mathias modifications in comparison to the experimental data measured
by Widling et al. (1996)

3.3.3 Thermodynamic model and simulation results

Principally, the evaporation of a NHs / C4;H;q mixture takes place at gliding temperature. In
order to prevent this, the composition of the NHs;/ C4H1, mixture in the evaporator has been

chosen equal to the azeotropic mixture (NHz/ C4H10 55.0 / 45.0 wt.-% at p=4.5 bar). Due to
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the presence of a small amount of water in the evaporator, the temperature profile in the

evaporator of the Rojey cycle is similar to a conventional NH3z/ H,O-AHP.

Figure 3-27 shows the temperature profile of the evaporator of a NH; / H,O-AHP at a low
pressure level of 4.50 bar and for the NH; / H,O composition of 99.9 / 0.1 wt.-% and the
temperature profile of the evaporator of the Rojey cycle (NH;/ H,O / C4H;0) at a low pressure
level of 5.55 bar and for the NH3 / H,O / C4H; composition of 55.0 /0.05/44.95 wt.-% for a
vapor fraction in the outlet from the evaporator of 0.99. Evaporation in a conventional
NHs/ H,O AHP occurs at temperatures between 1.5 - 5.0C and in the Rojey cycle between
1.5 - 3.5 C. The temperature profile in the evaporator o f the Rojey cycle differs from one of a
conventional NH; / H,O-AHP due to the presence of butane. However, the average

evaporator temperature (teva) in both processes is 1.7<C.
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Figure 3-27: Comparison of the temperature profile of the NH; / H,O / C4Hi, Rojey cycle and a
conventional NH3;/H,O-AHP

Both the Rojey cycle with 2-stage absorption, and a conventional NHz / H,O AHP cycle were
calculated at absorber outlet temperatures (tags our) Of 25, 35 and 45C. The boundary
conditions in the evaporator were set as discussed above. The schematic of the Rojey cycle
with 2-stage absorption in ASPEN Plus is shown in Figure 3-28.

For the simulations of both processes no heat losses or pressure drops were taken into

account. The components of the investigated Rojey cycle were specified as follows:

1. The first stage of the absorber (ABS-1): consists of the ASPEN-models “Heater” and
“Flash”. At the outlet from the “Heater” the temperature of NH3 / H,O / C4Hy, is set
equal to tags our and at the outlet from the “Flash” the vapor and liquid phases are

separated using VLE-equilibrium.
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2. The second stage of the absorber (ABS-2): consists of the ASPEN-models “Heater”
and “Decanter”. At the outlet from the “Heater” the vapor fraction of the
NHs/ H,O / C4Hyq is set equal to 0 and in the “Decanter” the NH3z / H,O solution and
liquid C4H, are separated using LLE-equilibrium.

3. Condenser (CON): is simulated by using the ASPEN-model “Heater” and in its outlet
the NH3/ H,O solution has the vapor fraction of 0.

4. Evaporator (EVA): is represented by the ASPEN-model “Heater”. The vapor fraction
of the working mixture at its outlet is 0.99.

5. Generator and rectification column (GEN and REC): Both components are modeled
using one ASPEN-model “RadFrac” consisting of 5 theoretical stages. The lowest
stage (5" stage) is the generator followed by 3 theoretical stages and the
dephlegmator (1% stage). The rich solution enters between the 2™ and 3" stages.
The NH;/ H,O vapor with the NHsz-mass concentration of 99.9% leave at the top of
the “RadFrac” and the poor solution from the bottom of the “RadFrac”.

6. Pumps (PUMP-1 and PUMP-2): at the outlet of the pumps (ASPEN-model “Pump”)
the binary mixture is at a high level of pressure.

o =2,
O Temperatore (¢ | €N [ Mg ==
D Pressure (bar)
) T Jouyaw GEN + REC cc.0s
aesa CON coN Q Duty (kW) @ OR=120
HEATER w Power(kW) . SHX __________ _ BN

Figure 3-28: Schematic of the Rojey cycle with 2-stage absorption in ASPEN Plus
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7. Expansion valves (RTH and STH): For both expansion valves the ASPEN-model
“Valve” were used. At the outlet of the valves the binary mixtures are at low level of
pressure.

8. Solution heat exchanger (SHX): The internal heat exchanger consists of the ASPEN-
model “HeatX”. The temperature difference between the rich solution inlet and poor

solution outlet is 5 K.

Figure 3-29 shows the calculated COPc of both cycles depending on the generator
temperature. The simulation results in a temperature lift of approximately 30 K
(tass out/ teva = 30 / 1.7<C) with the generator outlet temperatur es ranging from 120C to
150<C being similar to those obtained by Coronas (1 995). In his paper, Coronas has reported
COP¢ of 0.73- 0.76 for the Rojey cycle with 2-stage absorption and 0.60 - 0.62 for a
conventional NH3/ H,O AHP at similar boundary conditions. As can be seen in Figure 3-29
the calculated COP¢ for the Rojey cycle with 2-stage absorption ranges from 0.75to 0.76
and for a conventional NH3/ H,O AHP from 0.63 to 0.66.

1.0

70 80 90 100 110 120 130 140 150 160 170
Generator outlet temperature [ °C]

=t 25/1.7C NH3/H20 AHP = & = 25/1.7C NH3/H20/C4H10 AHP
—6— 35/1.7C NH3/H20 AHP — @ = 35/1.7C NH3/H20/C4H10 AHP
——6— 45/1.7C NH3/H20 AHP — @ — 45/1.7C NH3/H20/C4H10 AHP

Figure 3-29: Calculated COP¢ of the Rojey cycle (NHz/ H,O / C4H;0) with 2-stage absorption and of a
conventional NH3 / H,O AHP at tags our / teva = 25/1.7C, 35 / 1.7C and 45 / 1.7 depending on the

generator outlet temperature

However, when analyzing the Rojey cycle at other temperature lifts and generator
temperatures, it can be inferred, that it has higher efficiency than a conventional NHs; / H,O
AHP operating only at low temperature lifts and high generator temperatures. The COP¢ of
the Rojey cycle decreases more than that of a conventional NH; / H,O AHP with the

increasing temperature lift. For instance, at tags our/ teva =45/ 1.7C both cycles have
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similar COP¢ but the Rojey cycle requires a generator temperature of 165T instead of
120<C.

A decrease in COPc with the decreasing generator temperature occurs because of an
increase in the solution flow rate and a decrease in the difference between NHj;
concentrations in the rich and poor solution. Thereby, the difference between the NH; partial
pressure at the first and second absorber stage is low and, furthermore, the

NH; concentration of the strong solution decreases.

Figure 3-30 shows the Rojey cycle at two different generator temperatures, with one being
lower (a) than the other (b). As can be seen, the difference between NH; partial pressures in
the first (paps.1) @and second (paps2) absorber stages (because of high solution flow) is very low
at low generator temperatures (Figure 3-30a). The concentration of the poor solution
decreases with the increasing generator temperature and at the same time the concentration

of the rich solution increases owing to the 2-stage absorption (Figure 3-30b).

From the simulation results, it can be concluded, that the Rojey cycle with 2-stage absorption
and the working mixture NH;/ H,O / C4H;, is promising for application in systems with high
generator temperatures and low temperature lifts. It is necessary to mention, that the
NHs/ C4H19 concentrations in the evaporator of the Rojey cycle were set equal to the
composition of the azeotropic mixture. When changing the C4Hi, concentration in the
evaporator, evaporation will occur at gliding temperature. On the one hand, the comparison
of the Rojey cycle with a conventional NH; / H,O AHP will be difficult, while on the other
hand, new application areas for the cycle can be found. Therefore, the investigation of the

Rojey cycle at different C4H;o concentrations is of interest.
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Figure 3-30: Rojey cycle in the pressure / temperature diagram at different generator temperatures:

a — lower generator temperature; b — higher generator temperature
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3.4 The Einstein-Szilard cycle

Another AHP-process using an auxiliary fluid has been proposed by Einstein and Szilard
(1930). The commonly used working mixture in this cycle is C4H10/ H,O / NHs, where NH3 is
the auxiliary fluid, H,O is the absorbent and C4Hiq is the refrigerant. The advantage of this
cycle in comparison to a conventional NHs/ H,O AHP is that no solution pump, condenser or
throttle valve are necessary. Therefore, the Einstein- Szilard cycles operates at a single

system pressure level.

3.4.1 Principle of operation

The Einstein-Szilard cycle using the mixture C4H:q / H,O / NHz is shown in the pressure /
temperature diagram in Figure 3-31a. The rich NHs; / H,O solution enters the generator
(GEN) at the system pressure level (ps). In the generator heat (Qsen) is supplied from a high
temperature heat source generating NH; vapor and the poor solution. The poor solution flows
back to the absorber (ABS) and the NH; vapor to the evaporator where it mixes with liquid
C4H10. This leads to a decrease in the C4Hy, partial pressure and C4H;o evaporation. The NH;
partial pressure in the evaporator is lower than the system pressure due to the presence of

the C4H1,. Therefore, evaporation occurs at the lower temperature.
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Figure 3-31: Einstein-Szilard cycle in the pressure / temperature diagram
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The NH; / C4Ho vapor enters the absorber and NH; is absorbed there by the poor solution.
The absorption heat (Quss) is relegated at the middle temperature level to an external heat
sink. The C4Hy, partial pressure increases, so that the C4H;, condenses and is separated in
the liquid phase from the rich solution. Due to an increase in the partial pressure of the C4Hyo

there is a decrease in the partial pressure of the NH; between the absorber and evaporator.

The Einstein-Szilard cycle has been theoretically and experimentally investigated for heating
(Schaefer, 2000) and cooling (Delano, 1998; Mejbri et al.,, 2005) applications.
Mejbri et al. (2005) reported the COPc of 0.15 calculated at the following boundary
conditions: tgen our = 125TC; tags outr = 30TC; teva our = 5C; ps = 5 bar. The main market

barrier for this cycle seems to be its low efficiency.

3.4.1 Thermodynamic model and simulation results

Similar to the Rojey cycle (see Chapter 3.3) the efficiency of the Einstein-Szilard cycle could
be increased, when the absorption of ammonia and condensation of butane occurs in two
stages. This absorber modification was considered within this work for the Einstein-Szilard

cycle (Figure 3-32).

The Einstein-Szilard cycle with 1- and 2-stage absorption and with the working mixture
C4H1o/ H,O / NHz was analyzed by means of thermodynamic simulations in ASPEN Plus and
compared with a conventional NH;/ H,O AHP. The modification of the Einstein-Szilard cycle

with 2-stage absorption investigated within this work is shown in Figure 3-33.

Both processes have been compared at absorber outlet temperatures (tags our) 0of 25, 35 and
45%C. In the evaporator of the Einstein-Szilard cycle, a mixture of C4Hio / H,O / NH;3 is
present and thus the temperature difference between the evaporator inlet and outlet as well
as the composition of the C4H/ H,O / NH; mixture has been set as described for the Rojey
cycle (see Chapter 3.3). Both processes (the Einstein-Szilard cycle and the conventional
NH;/ H,O AHP) were analyzed at an evaporator temperature (tgva 10c) Of 1.7C and the
vapor fraction in the outlet of the evaporator of 0.99. Further, no heat or pressure losses

were assumed for the simulations of both processes.
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Figure 3-32: Einstein-Szilard cycle with 2-stage absorption in the pressure / temperature diagram
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Figure 3-33: Schematic of the Einstein-Szilard cycle with 2-stage absorption in ASPEN Plus

For the simulation of a conventional AHP-process (see Figure 2-1) the same assumptions as
discussed in Chapter 3.3.3 were made. The components of the investigated Einstein-Szilard

cycle were specified as follows:
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1. The first stage of the absorber (ABS-1): consists of the ASPEN-models “Heater” and
“Flash”. At the outlet from the “Heater” the temperature of the 2-phase mixture of
C4Hi0/ H,O / NHs is fixed to tags our and at the outlet from the “Flash” the vapor and
liquid phases are separated using VLE-equilibrium.

2. The second stage of the absorber (ABS-2): consists of the ASPEN-models “Heater”
and “Decanter”. At the outlet from the “Heater” the vapor fraction of C4H;0/ H,O / NH3
solution is 0 and in the “Decanter” two liquid phases (NHs;/ H,O solution and liquid
C4Hy) are separated using LLE-equilibrium.

3. Evaporator (EVA): the evaporator consists of the ASPEN-model “Heater”. The vapor
fraction of the working mixture at its outlet is 0.99.

4. Generator and rectification column (GEN and REC): Both components are modeled
using one ASPEN-model “RadFrac” consisting of 5 theoretical stages. The lowest
stage (5™ stage) is the generator followed by 3 theoretical stages and the
dephlegmator (1% stage). The rich solution enters between the 2™ and 3" stages.
The NHs/ H,O vapor with an NH3z mass concentration of 99.9% leaves at the top of
the “RadFrac” and the poor solution from the bottom of the “RadFrac”.

5. Pre-cooler (PRC): The pre-cooler consists of the ASPEN-model “HeatX”. The
temperature of the auxiliary fluid at the outlet from the pre-cooler is set equal to 10C
and the temperature of the vapor of the refrigerant and auxiliary fluid to 20C.

6. Solution heat exchanger (SHX): The solution heat exchanger consists of the ASPEN-
model “HeatX”. The temperature difference between the rich solution inlet and poor

solution outlet is 5 K.

The difference in the specification of the Einstein-Szilard cycle with 1-stage absorption is that

the absorber consists of only the ASPEN-models “Heater” and “Decanter”.

The simulation results, at a temperature lift of approximately 25 K
(tass out/ teva Loc = 25/ 1.7C) and a generator temperature of 125C, are similar to those
reported by Mejbri et al. (2006) for the Einstein-Szilard process with 1-stage absorption.
Mejbri et al. (2006) reported a COP¢ of 0.15 while in this work, that same number was

calculated at 0.16.

It is obvious, that by means of 2-stage absorption the COP¢ of the Einstein-Szilard cycle
could be increased and the driving energy could be supplied at lower generator
temperatures. However, the efficiency of the “improved” Einstein-Szilard cycle is still much
lower than that of a conventional NH; / H,O AHP. For instance, at tags out/ teva=25 / 1.7C
the Einstein-Szilard cycle has a COP¢ of 0.19 and a conventional NH3 / H,O AHP of 0.75
(see Figure 3-34).
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At present the Einstein-Szilard cycle with the C4Hy0/ H,O / NH3; mixture does not seem to be

competitive in efficiency with conventional technologies.
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Figure 3-34: COP of the Einstein-Szilard cycle with 1- and 2-stage absorption and of a conventional

NH3;/ H,O AHP depending on absorber, evaporator and generator temperatures

3.5 Absorption heat pumping processes using ionic | iquids as

absorbents

In order to overcome some drawbacks of the working pair NH; / H,O, such as the need for
rectification, the use of ionic liquids (IL) as absorbents has been discussed by several
authors (Yokozeki and Shiflett, 2007a, b; 2008). ILs are commonly described in the literature

as substances composed entirely of ions with melting points below 100<C.

The majority of research on AHP-processes using IL aims to measure certain binary
properties, e.g. VLE-data, in order to use them for process calculations. However, up to now,
not much information on the efficiency of AHP-processes using IL at different boundary

conditions as well as on the influence of IL on component design could be found.

3.5.1 NHg3/ IL absorption heat pumping processes

The use of IL with NH; as a refrigerant in an AHP-process has been discussed by
Yokozeki and Shiflett (2007a, b). According to them, the main advantage of this AHP-
process in comparison with a conventional NH3;/ H,O AHP is that due to the low vapor

pressure of IL, no rectification column is necessary.
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The operating principle of the NH;/ IL AHP-processes is similar to a conventional NH; / H,O

AHP. The difference is that in the sorption part (between the absorber and generator) an IL

as absorbent is used instead of H,O (see Figure 3-35).

Pressure

NHs/IL
(Liquid)

rich solution
poor solution
refrigerant (liquid)

—- refrigerant (vapor)

Temperature

Figure 3-35: Schematic diagram of the NH3 / IL AHP-process

Yokozeki and Shiflett (2007a, b; 2008) have theoretically investigated different IL with

NHs. In order to regress binary parameters, authors have measured VLE-data of 8 mixtures

of ILs with NH; (see Table 3-3). The measurements have been conducted for the

temperature range between 9 - 99T and pressure ran ge between 0.4 - 50.0 bar.

The measured VLE-data have been used by Yokozeki and Shiflett (2008) for the COPc

calculation of the investigated NH;/ IL AHP-processes. The data was regressed using the

Redlich-Kwong equation of state.

Table 3-3: NH3 / IL working mixtures for AHP-processes (according to Yokozeki and Shiflett, 2008)

No. | Working mixture Temperature | Pressure IL manufacture

range [C] range

[bar]

1 NH3/ [bomim][PF¢] 10 - 83 1.4-27.0 | Sigma-Aldrich Chemie
2 NHs/ [hmim][CI] 10 - 75 0.4-250 |GmbH (Fluka Buchs,
3 NH;/ [emim][Tf,N] 10 - 75 1.1-29.0 | Switzerland)
4 NHs/ [bomim][BF,] 9-82 0.9 - 26.0
5 NH;/ [emim][Ac] 9-75 3.2-29.0
6 NHs/ [emim][EtOSO;] | 9 - 99 2.9 -48.0
7 NHs/ [emim][SCN] 9-99 2.4 -50.0
8 NH;/ [DMEA][Ac] 9-99 1.4-42.0 | Bionigs (York, England)
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The investigated processes were analyzed at tcen out/ tcon out/ tass out/ teva our = 100/ 40/
30 / 10T and compared with a conventional NH; / H,O AHP. The calculated COP as well
as NH; mass concentrations in the rich and poor solution and specific solution flow rates are
listed in Table 3-4. From the simulation results, it can be inferred that the COP. is somewhat
lower when using investigated IL instead of H,O in an AHP-process. However, no
rectification column for the NH; generation is necessary. This leads to a decrease in the

investment costs and easier process regulation.

It must also be noted that the low difference between the NH; mass concentration in the rich
and poor solution causes high specific solution flow rates when using the above mentioned
IL.In regard to simulation uncertainties it is necessary to mention that no caloric data for the
data regression of binary parameters were used. Further, the specific heat capacities of pure
IL have been calculated according to the Harrison-Seaton method (heat capacity estimation
based on the information of the type and number of different elements comprising a

molecule) and not regressed from experimental data.

Table 3-4: Cooling COP of AHP-processes with ILs (according to Yokozeki and Shiflett, 2008)

No. | Working mixture Specific NH; mass | NH; mass | COP¢
solution flow | concentration | concentration in | [-]
rate, f in the rich | the poor
[-] solution, &rso | solution,  &pso

[kg-kg’] [kg-kg]

1 NHs/ [bomim][PFg] 17.27 0.11 0.055 0.575

2 NH/ [hmim][ClI] 14.26 0.127 0.061 0.525

3 NHs/ [emim][Tf,N] 24.57 0.076 0.037 0.589

4 NHs/ [bomim][BF,] 12.98 0.117 0.043 0.557

5 NHs/ [emim][Ac] 12.55 0.15 0.077 0.573

6 NHs/ [emim][EtOSO;] | 12.42 0.148 0.073 0.557

7 NHs/ [emim][SCN] 17.55 0.102 0.048 0.485

8 NHs/ [DMEA][AC] 7.60 0.269 0.159 0.612

9 NH;/ H,O 2.54 0.639 0.405 0.646

In the following subsections, the use of IL as absorbents with the refrigerant NH; in an
AHP-process will be analyzed. The calculated properties of pure IL and their mixtures
with NH3; and the thermodynamic model developed in ASPEN Plus will be discussed. The
obtained simulation results will be analyzed in regard to the influence of IL on the process

efficiency and component’s capacities.

3.5.2 Properties calculation of the working mixture s NHs/IL

For the calculations of the properties of IL and their mixtures with NH3 the thermodynamic

model “NRTL” was used. The simulation of a conventional NH; / H,O AHP was carried out
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using the “Peng-Robinson” thermodynamic model with built-in binary parameters. Due to the
lack of experimental data of specific heat capacities of pure IL, out of 8 working mixtures
discussed in Chapter 3.5.1, the following mixtures were chosen for the thermodynamic
analysis: NH3/ [bmim][BF,], NH3/ [bmim][PF¢], NH3/ [emim][EtSO,] and NHs/ [emim][TF,N].

For calculating the properties, the following data were used:

— experimental data of pure IL: critical data and vapor pressure (Valderrama and
Robles, 2007), molar volume or density (Seddon et al., 2002; Rodriguez and
Brennecke, 2006; Fernandez et al., 2008; Krummen et al., 2008), thermal
conductivity (Van Valkenburg et al., 2005; Ge et al., 2007; Tomida et al., 2007),
viscosity (Seddon et al., 2002; Sanchez et al., 2009), specific heat capacity (Holbrey
et al., 2003; Rebelo et al., 2004; Ge et al., 2008) and heat of evaporation at 298K
(Verevkin, 2008). The relative error of the data regression ranges from -3.5% to
+4.5%;

— experimental VLE-data for the investigated NHs / IL mixtures (Yokozeki and Shiflett,

2007a, b). The relative error of the data regression ranges from -7.4% to + 12.6%.

Figure 3-36 compares the VLE-data calculated and measured by Yokozeki and Shiflett
(2007 a) for the investigated working mixture. For the working mixtures NHz / [bmim][BF,],
NHs/ [bomim][PF¢] and NHs/ [emim][TF,N] a sufficient number of measurements were used
for the data regression. For the working mixture NHz / [emim][EtSO,4] only 2 measurements
lie within the area of the simulation of the AHP-process. Furthermore, the experimental VLE-
data used are valid for a temperature range from 9 to 99<C. Thus for the simulation of higher

temperatures (up to 140C) the experimental data us ed were extrapolated.

In spite of the calculation uncertainties arising from the data regression and extrapolation of

the experimental data the calculated thermodynamic properties seem to be useful for:

— pre-selection of IL for use as absorbents with the refrigerant NH; in an AHP-process;

— analysis of the influence of variable boundary conditions on the COPg;

— comparison of the component’s capacities of the investigated NH;/ IL AHP-processes
with those of a conventional NH;/ H,O AHP.
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Figure 3-36: Comparison of the calculated and measured by Yokozeki and Shiflett (2007 a) VLE-data:
a— NHz/ [bmim][BF4]; b —=NH3/ [bmim][PF¢]; ¢ —NH3/ [emim][EtSO,4]; d —NH3/ [emim][TF,N]

3.5.3 Thermodynamic model and simulation results

As mentioned above, the use of IL within an AHP-process ensures the generation of the
refrigerant vapor with sufficient purity without using a rectification column. Therefore two
thermodynamic models were developed in ASPEN Plus: AHP-process with rectification
column (simulation of a conventional NH; / H,O AHP) and AHP-process without rectification
column (simulation of NH3 / IL AHP-processes). For both processes, no heat losses or

pressure drops were taken into account.

AHP-processes with NH;/ IL and NH3 / H,O working mixtures were calculated at absorber /
evaporator outlet temperatures (tags out/ teva out) Of 25/ 5T, 35/ 5T and 45/ 5T and at

generator outlet temperatures (tcen our) ranging from 60T to 140C. The calculated COP ¢
are shown in Figure 3-37. As can be seen the dependence of the COP. of the investigated

NH;/ IL AHP-processes on boundary conditions differs from one another.

The COP¢ of the NH3; / [obmim][BF,] AHP-process is comparable with that of a conventional
NH3/ Hzo AHP Only at tABS_OUT/ tEVA_OUT = 25/ 5C and tGEN_OUT = 80 - 105C (See
Figure 3-37a). At higher generator temperatures, there is a large decrease in the COP¢. The

reasons for this are a relatively low normal boiling temperature of the IL (thus a certain part of
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IL evaporates together with the NH3) and the non-use of a rectification column. Therefore, a

certain amount of [omim][BF,] ends up in the refrigerant circuit and decreases the evaporator

capaC|ty.
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Figure 3-37: Calculated COP. of the NH; / IL AHP-processes without rectification column in
comparison to a conventional NH; / H,O AHP-process with rectification column at tags out / teva out
=25 / 5C, 35 / 5C and 45/5TC: a — NH 3 / [bmim][BF,]; b — NH;3 / [bmim][PFg¢]; ¢ — NH3 /
[emim][EtSOy,]; d — NH3z/ [emim][TF,N]

The mixture with the highest calculated COPc was NH3/ [bomim][PFg] (see Figure 3-37b). The
AHP-process using NH; / [bmim][PFs] seems to be more efficient than a conventional
NH;/H,O AHP at certain boundary conditions: tags out/teva our = 25/5C and
teen our > 75C;  tass out/tevaour = 35/5C and  teen our > 115C. However, at

tass_out/ teva_out = 45/5T the COP ¢ are lower than those of a conventional NH;/ H,O AHP.

The dependence of the COP¢ on the generator temperature and temperature lift for the AHP-
processes using NH;/ [emim][EtSO,] and NH3/ [emim][TF,N] are similar (see Figure 3-37c
and d). Apparently, the COP. decreases more than those of a conventional NHz / H,O AHP

with an increasing temperature lift.
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This happens due to the small difference between the NH;concentrations in the rich and
poor solution and, therefore, the high specific solution flow rate. Table 3-5 lists the NH; mass
concentrations in the rich and poor solution and the specific solution flow rate at
teen_out = 140C for the NH; / [bmim][PFs] AHP-process and for a conventional NH; / H,O
AHP. When using [bmim][PF¢] the NH; mass concentration in the rich solution is significantly
lower (0.05 — 0.09) in comparison to the working pair NH;/ H,O ( 0.41 — 0.57). Therefore, the
specific solution flow rate of the NH3; / IL AHP-processes is much higher (14.5 — 61.8) than
those of a conventional NH3/ H,O AHP (2.0 — 4.5).

Table 3-5 — NH3; mass concentration in rich and poor solution and specific solution flow rate for the

investigated working pairs (at teen_out = 140C)

Absorber / evaporator outlet | NH3/ H,O NH3/
temperatures, tags out/ [bmim][PFe]
teva_out [T]
NH; mass concentration in 2575 0.568 0,087
3. . 35/5 0.479 0.062
the rich solution, kg/k
ich solution, érso [ko/k] 4575 0.408 0.047
NH; mass concentration in 25/5 0.137 0.020
3 . 35/5 0.186 0.025
the poor solution, kg/k
P ution, éeso [ko/kg] 4575 0.221 0.031
25/5 2.0 14.5
Specific solution flow rate, f [-] 35/5 2.9 26.2
45/5 4.5 61.8

The high solution flow rate is tied to the shape of the boiling curve of the working mixture
(see Figure 3-38). In order to decrease the solution flow rate, IL with a steeper boiling curve

at high NH; mass concentrations have to be found.

The high solution flow rate causes an increase in the components capacity at the constant
rich solution flow rate. For instance, the calculated evaporator capacity is shown depending
on the generator outlet temperature for the operation with the working mixture NHz/ H,O and
NHs/ [bomim][PF¢] in Figure 3-39a. It can be seen, that to achieve the same cooling capacity,
the AHP-process using IL requires bigger components of the sorption circuit, i.e. absorber,

generator, solution heat exchanger, solution pump and solution throttle valve.

Figure 3-39b compares the specific solution pump capacity of the NHs/ [omim][PFs] AHP-
process with a conventional NHs;/H,O AHP. Apparently, the solution pump capacity
increases when using IL and therefore must be taken into account when calculating the

process performance.
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Figure 3-39: Ratio of the capacity of the solution pump to the generator capacity of the
NH3/ [bmim][PFs] AHP-process in comparison to a conventional NH; / H,O AHP depending on the
generator outlet temperature

From the simulation results, it can be inferred that the use of the investigated IL instead of

H.O influences the AHP-process and its components as follows:
— no rectification column is hecessary;

- to get the same cooling capacity of the AHP-process, the bigger components of the
sorption circuit, i.e. absorber, generator, solution heat exchanger, solution pump and
solution throttle valve, are required,

— to overcome the issue of the high solution flow rate, new IL with a steeper boiling
curve at high NH; mass concentrations have to be found.

Finally, it is necessary to mention that an increase in the viscosity when using IL instead of

H,O leads to a decrease of the absorber efficiency and poor wetting of the absorber surface
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(R6mich et al., 2009). Concerning the IL discussed within this work, their viscosities vary
from 0.039 Pa-s to 0.37 Pa's at a temperature of 20C and are significantly hi gher than those

of H,O (0.001 Pa-s) at the same temperature.

3.6 Cycle selection for experimental investigation

From the thermodynamic analysis of innovative AHP-processes, it was concluded that the
preferred cycle for further experimental investigation is the NH; / H,O AHP-process using
NaOH as an additive. This cycle consists of the same components as a conventional
NH; / H,O AHP and therefore no additional costs are needed. The cycle was found to be

promising for the cooling applications at low generator temperatures.

Another cycle found to be competitive in efficiency with a conventional NH; / H,O AHP is the
Rojey cycle. However, the Rojey cycle is more efficient only at low temperature lifts and high
generator temperatures. In regard to additional costs, this cycle needs an additional circuit
between absorber and evaporator for the circulation of a condensable auxiliary fluid and the
absorber has to provide the separation of the liquid auxiliary fluid from the rich solution. Thus,
the absorber design has to be analyzed concerning its technical feasibility. Furthermore, at
the present time, the application area at low generator temperatures, e.g. solar cooling, is

more favorable and promising for practical use than that at high generator temperatures.
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4 NH;/H,O/NAOH TEST RIG

The purpose of this chapter is to describe the AHP test rig built for the investigation of NaOH
as an additive to the working mixture NH;3 / H,O, to comment on the design of its components
and to discuss the process regulation and data processing and acquisition. The design
chosen for the AHP test rig has to fulfill the following requirements of the experimental

investigations:

1. To ensure data acquisition for the analysis by means of thermodynamic simulations
using ASPEN Plus;

2. to validate the simulation results of the NH; / H,O / NaOH AHP-process presented in
Chapter 3.1.4;

3. to analyze the influence of NaOH on the performance of the AHP test rig;
4. to analyze the operation of the cycle components.

Figure 4-1 shows the schematic of the NH; / H,O / NaOH AHP test rig in the
pressure / temperature diagram. It consists of the absorber (ABS), condenser (CON),
generator (GEN), rectification column with stripping section (STR), rectification section (REC)
and dephlegmator (DEP), solution heat exchanger (SHX), rich solution (RSAC), poor solution
(SAC) and refrigerant (RAC) accumulators and throttle valves (STH and RTH). Furthermore,
there are two bypasses to enable operation with or without SHX. The design of the
rectification column also permits operation using both the rectification and stripping sections

or only the rectification section.

Also three external loops are used to enable the operation of the test rig at different
temperature levels. The heat to the evaporator is supplied by the brine loop, while the heat to
the generator is supplied by the hot water loop. The absorber, condenser and dephlegmator

are cooled by the cooling loop.

The photograph of the AHP test rig is shown in Figure 4-2. It can be seen that access to

each component of the AHP test rig is provided.

It must be noted that the AHP test rig has been built within the project “InnovAP” and
afterwards several changes in its construction were made within the project “Hydroxid-AWP”.
The detailed operation of each component as well as the regulation of the AHP test rig will be

discussed in detail in the following sub-chapters.
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Figure 4-1: Schematic of the NH;/ H,O / NaOH AHP test rig

Figure 4-2: Photograph of the NH3/ H,O / NaOH AHP test rig
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4.1 Absorber

The performance of the absorber is critical to the AHP efficiency. Its development is
challenging and it has contradictory requirements concerning its construction. On the one
hand, the solution side must provide both adequate heat and mass transfer, and the cooling-
water side good heat transfer. On the other hand, the pressure drop on both sides has to be

as low as possible to minimize parasitic electrical power (according to Garimella at al., 2011).

Within this work there were no restrictions concerning the pressure drop on the cooling water
side, as the power consumption of the external circulation pumps was not taken into account.
The main objective of the absorber construction was to provide adequate heat and mass
transfer on both sides and to get proper wettability on the solution side when operating with
the working mixture NH;3 / H,O with and without NaOH.

Basically, there are two types of absorbers that are used in conventional AHP: falling film and
bubble absorbers. The falling films absorbers, have relatively high U-values and are stable
during operation. However, the design of the liquid distributor at the poor solution inlet to the
absorber is crucial to ensure proper wettability of the solution side surface. The bubble
absorbers have very high U-values and proper wettability. However, to achieve good mixing
between the poor solution and refrigerant vapor, a distributor for refrigerant vapor is

necessary (according to Kang et al., 2000).

Within this work the vertical falling film absorber with optical access to the absorption process

was chosen for the AHP test rig.

A schematic of the realized falling film absorber is shown in Figure 4-3. The construction of
this absorber consists of three vertical pipes inserted one into another: the external pipe of

@ 60.3 x 3 mm and two internal pipes of @ 33.7 x 3.2 mm and @ 21.3 x 3.2 mm.

Cooling water is introduced at the bottom of the absorber. It flows through four openings
(6.0 mm) and then upward between two internal pipes and leaves at the top of the
absorber. The regulation of the cooling water flow rate occurs by means of the regulation
valve. As there were no restrictions on the cooling water pressure drop, a wire (9 2.5 mm)
with a pitch angle of 20°was installed along the c ooling water flow, to enhance the cooling-

water side heat transfer.

The NH; / H,O poor solution is introduced at the top of the absorber through the pipe of @
8.0 x 2.0 mm to the header. As it flows through the header, the flow is distributed in parallel
through the openings of the distribution device (see Figure 4-4) on the surface of the first
internal pipe (@ 33.7 x 3.2 mm). In order to provide proper wettability of the absorber surface,
the wire mesh (see Figure 4-4) with a mesh diameter of @ 0.1 mm and a mesh width of

0.265 mm was welded to the surface of the first internal pipe and is additionally fixed by a
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wire (@ 1.5 mm) with a pitch angle of 16° The gravity-driven NH; / H,O solution, with a
negligible absorption-side pressure drop, flows in the falling-film mode counter-current to the
cooling water and NH; vapor. The absorption of NH; vapor by NH; / H,O solution takes place
on the surface of the first internal pipe (@ 33.7 x 3.2 mm). The heat of absorption is conveyed

to the cooling water.

Optical access to the absorption process was provided by installing five sight glasses along

the height of the absorber as is shown in Figure 4-3.

It is important to note that the following changes to the absorber construction were made
during the development phase in order to increase its capacity, to improve the wettability of

the absorber surface and to achieve better optical access to the absorption process:

the wire mesh was installed;

the diameter of the cooling water side wire was increased from 2.0 mm to 2.5 mm,;

the pitch angle of the cooling water side wire was decreased from 21°to 16

an additional sight glass in the lower part of the absorber was installed.

The solution-side heat transfer analysis was made according to Niebergall (1981)

(see Eg. 4-1) and on the cooling water side according to VDI Waermeatlas (2006).

015, fy—0.065 . 3

Afquiing fitm aps = K - Re®S - Pr 41

The UA-values and the absorber capacities calculated at typical boundary conditions are
shown in Table 4-1. The properties of the NH; / H,O mixture were calculated by means of
ASPEN Plus. The logarithmic temperature difference in the absorber was calculated using
inlet and outlet temperature on the solution and cooling water sides. The NH; mass
concentration in the solution in the absorber is the arithmetic mean value of the NH; mass

concentrations in the rich and poor solution.

As can be seen, the UA-values of the absorber vary from 143 to 202 W-K™ and the absorber
capacities from 1000 to 1400 W. When comparing these calculated results with those
calculated using the experimental data (see Figure 5-14) it can be inferred that the predicted
heat capacities at 1100 W have been achieved. However, the absorber efficiency was
somewhat lower than predicted. The reason for this is the sub-cooling of the rich solution at
the outlet from the absorber and, therefore, a decrease in the absorber efficiency. A detailed
analysis of the operation of the absorber based on the experimental results will be given in
Chapter 5.2.3.
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Figure 4-3: Schematic of the falling film absorber: left — operating principle; center — design detalils;
right — photograph of the installed absorber
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Figure 4-4: Schematic of the poor solution distribution device of the absorber (left), photograph of the

installed wire mesh (right)

Table 4-1: Calculated absorber capacities and UA-values

Operation conditions and calculated

Value Units
values

Falling film area 0.191 m?

Cooling water mass flow rate 220 220 220 kg-h

Low pressure 4 4 3.5 bar

Cooling water inlet temperature 32 32 23 T

Cooling water outlet temperature 36.2 37.5 27.8 T

Poor solution inlet temperature 45 60 57 T

Rich solution outlet temperature 35 34 25 T

Average_NH? mass concentration in 47 48 41 WE-%

the solution in the absorber

Solution mass flow rate 11.3 6.7 4.6 kg-h'!

Logarithmic temperature difference 5.3 8.2 9.5 K

VI—\IIZ?etrt)ransfer coefficient (cooling 4383 4444 3957 W (m2K)

Heat transfer coefficient (falling film) | 851 658 531 W-(m*K)™*

Absorber U A-value 202 171 143 WK™

Absorber capacity 1075 1405 1363 W
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4.2 Evaporator

Nowadays two types of evaporators are used in conventional AHP: flooded and falling film
evaporators. According to Gonzalez et al. (1992) the use of the falling film evaporators has

several advantages in comparison to the flooded ones:

— reduction in the refrigerant charge;
— more uniform U-value along the falling film;
- smaller temperature difference between the refrigerant and tube;

- high heat transfer performance.

The main drawback of the falling film evaporator, is that they require good distributors for the
NH; / H,O mixture at the inlet to the evaporator. Successful designs for falling film
evaporators must, apart from the requirement of permitting good NH; / H,O distribution, also
address the requirements of providing adequate heat and mass transfer and low pressure

drop on both the refrigerant and brine sides.

Within this work, the vertical falling film evaporator has been designed and built. Its
construction is similar to the above described absorber construction (see Chapter 4.1) and is
shown in Figure 4-5. It consists of three vertical pipes inserted one in another: the external

pipe of @ 48.3 x 3 mm and two internal pipes of @ 21.3 x 2.0 mm and & 10.0 x 2.0 mm.

The brine is introduced at the bottom of the evaporator. It flows through four openings
(@ 4.0 mm) and then upward between two internal pipes and leaves at the top of the
evaporator. For an enhancement of the brine-side heat transfer a wire (& 2.5 mm) with a slop

of 30 mm was installed along the brine flow.

The refrigerant is introduced at the top of the evaporator through the pipe of @ 10.0 x 2.0 mm.
To ensure uniform distribution along the height of the evaporator, the refrigerant flows to the
header and then is distributed in parallel through the openings of the distribution device. To
perform an adequate wetting of the evaporator surface, a wire (3 1.5 mm) with a pitch angle
of 35° was welded to the surface of the first inter nal pipe. The gravity-driven NH; / H,O
solution flows in the falling-film mode counter-flow to the brine. Its evaporation occurs on the
surface of the first internal pipe (@ 21.3 x 2.0 mm) and the heat of evaporation is supplied

from the brine.

Five sight glasses were installed along the height of the evaporator to provide optical access

to the evaporation process (see Figure 4-5).
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Figure 4-5: Schematic of the falling film evaporator: left — operating principle; center — design detalils;

right — photograph of the installed evaporator
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It must be noted that following changes were made to the evaporator construction in order to

increase its capacity from approximately 700 W to 1000 W:

- the diameter of the brine side wire was increased from 2.5 mm to 3.0 mm;

- the pitch angle of the brine side wire was decreased from 35°to 205

— an additional sight glass was installed in the lower part of the evaporator.
In order to evaluate the evaporator capacity and the UA-values of the evaporator, a heat
transfer analysis was conducted. The calculation of the heat transfer on the refrigerant side
was made according to the work of Niederhauser und Trepp (1994) (see Eq. 4-2), and that

on the brine side according to VDI Waermeatlas (2006).

Nu- A
Afalling film EVA = 1 4-2

(5)

g

The calculation results for typical boundary conditions are shown in Table 4-2. The properties
of the refrigerant were calculated using ASPEN Plus. It was assumed, that the NH;
concentration in the refrigerant vapor is 100% and therefore it evaporates at constant

temperature. The logarithmic temperature difference in the evaporator was calculated using

refrigerant temperature and cold water inlet and outlet temperatures.

As can be seen, the UA-values of the evaporator range from 99 to 105 W-K™* and the
evaporator capacities from 400 to 950 W. The measurement results presented in Chapter 5
show that evaporator capacities as high as 850 W were achieved when operating at a
generator capacity of 1300 W, corresponding to a refrigerant mass flow rate of 2.5 kg-h* to
3.0kg-h™.

Table 4-2: Calculated evaporator capacities and UA-values

Value Operation conditions and Units
calculated values

Falling film area 0.100 m?

Brine mass flow rate 290 kg-h?

Low pressure 3.5 4 4.5 bar

Brine inlet temperature 6.0 6.0 6.0 T

Brine outlet temperature 2.5 3.5 4.6 T

Refrigerant temperature -5.3 -1.8 1.6 T

Logarithmic temperature difference 9.4 6.5 3.6 K

Refrigerant mass flow rate 3 1.5 1 kg-h

Heat transfer coefficient (cold water) | 1530 1547 1564 W-(m?*K)™*

Heat transfer coefficient (falling film) | 6287 7669 8685 W-(m*K)™*

Evaporator UA-value 99 103 105 W-K™?

Evaporator capacity 935 667 382 W
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4.3 Rectification column

The rectification column aims to provide the highest possible concentration of NHj
(approximately 99.9 wt.-%) in the generated vapor. The construction of the rectification
column designed for the AHP test rig is shown in Figure 4-6. It consists of the following
components: the stripping section, rectification section, dephlegmator and droplet separator.
This design of the rectification column was chosen in order to enable two operating modes

namely, with and without the stripping section.

When operating with the stripping section, the rich solution is introduced to the rectification
column (@ 48.3 x 2.8 mm) between both sections through the pipe with @ 10.2 x 2.0 mm. The
NH; / H,O vapor generated in the generator is introduced at the bottom of the rectification

column (@ 10.2 x 2.0 mm), flows upward and condenses at the top.

In the stripping section, the rich solution and the NH; vapor are in counter-flow to each other,
so that the vapor is cooled and a certain part of the H,O condenses. The condensed H,O
then mixes with the rich solution and flows back to the generator. Both the stripping and
rectification sections have a height of 30 cm and are filled with Rashig rings (4 6.0 x 0.3 mm,
height — 3 mm) placed over the sieve plate (d 42.7) (see Figure 4-7). The construction of the
sieve plates reduces the cross-section of the column as low as possible, in order to prevent

the flooding of the rectification column.

The NH; / H,O vapor leaving the stripping section enters then the rectification section and
flows to the dephlegmator, where it is cooled by rejecting the heat to the cooling water. In
evaluating the measurement results, it has been shown that the NH; mass concentration in
the generated vapor ranges from 0.994 to 0.999 when operating with the stripping section
(see Chapter 5.2.5). At the outlet from the dephlegmator, the droplet separator
(@ 88.9 x 2.0 mm), which consists of the rolled wire netting (h = 150 mm), is installed. In
order to reduce the flow velocity entering the droplet separator and to increase the

separation rate, there is a free space of ca. 130 mm in front of the rolled wire netting.

During the operation with the bypassed stripping section of the rectification column, the rich

solution enters through the bottom of the column and the NH; vapor between both sections.

Note that the previous droplet separator had the following dimensions: @ 88.9 x 2.0 mm, with
a height of 50 cm. The reason for the construction changes was the presence of droplets in

the generated vapor.

The number of stages was determined by means of thermodynamic simulations in ASPEN

Plus.
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Figure 4-6: Schematic of the rectification column and dephlegmator: left — operation with the stripping

section; center — operation without the stripping section; right — construction scheme
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Figure 4-7: Rashig rings of the rectification column

The main requirement for the design of the rectification column is to ensure the operation
with a comfortable margin of safety with regards to flooding. The calculation model used by
Moser (2008) and based on his experimental data with water and air has been used for the
prediction of the flooding area. It is based on the calculation of the dimensionless empty tube

velocity of the vapor and liquid phase according to Eq. 4-3 and 4-4.

0.5

. Pv 4-3
o=y
v <(Pz —pv)'g-D>

0.5

v Py 4-4
=N -
oA <(Pz —pv)'g-D>

Where,
v o J1 — empty tube velocity of the vapor (v) and liquid (I) phase, m-s*
Pv Pl — density of the vapor (v) and liquid (I) phase, kg-m®
g — free fall acceleration, m-s”
D — hydraulic diameter, m

The empty tube velocity of the vapor and liquid phase in Eq. 4-3 and 4-4 is the ratio of the
volumetric flow rate of the vapor (Vy, m®s™) or liquid (V,, m®s™) phase to the area of the

section (Agec, mz) of the rectification column:

, Y
Jo» =
v AREC

4-5
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. Vi
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The calculation results are shown in Figure 4-8. On the X-axis the square root of the empty
tube velocity of the liquid phase is shown while on the Y-axis the square root of the empty
tube velocity of the gas phase is visible. The expected hydraulic boundary conditions in the
rectification column were calculated for the stripping section, rectification section and for the

rectification section with total condensation.

All required properties of the NH3 / H,O solution and NH3 vapor, as well as mass flows, have
been taken from the thermodynamic simulations made in ASPEN Plus. As one can see in

Figure 4-8 the calculated hydraulic boundary conditions are within the operational area.
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Figure 4-8: Comparison of the calculated flooding border with the expected hydraulic conditions in the

rectification column

4.4 Other components and infrastructure

Apart from the above described absorber, evaporator and rectification column the AHP test
rig consists of the following components: condenser (CON), generator (GEN), solution heat
exchanger (SHX), solution pump (PUMP), refrigerant accumulator (RAC), solution
accumulator (SAC), refrigerant throttle valve (RTH), solution throttle valve (STH) (see
Figure 4-1). The operating principle of these components and of the external loops will be
described below.
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Condenser (CON)

The condensation of the NHs-vapor coming from the rectification column occurs in the
condenser (CON) by rejecting heat to the cooling water loop. In order to reduce the heat
losses and therefore possible condensation of the NHs-vapor in pipes, the condenser is
installed directly above the rectification column. It is a plate heat exchanger of the type Alfa
Nova 14-20H (“Alfa Laval’). The NHs-vapor enters the condenser in the upper part,
condenses there and flows to the evaporator from the lower part. The cooling water flows in

counter flow to the refrigerant.

Generator (GEN)

In the generator (GEN), the NHs-vapor is generated by supplying heat from the hot water
loop to the rich solution. The rich solution and the hot water are in counter flow to each other.
Thereby the two-phase mixture consisting of the poor solution and NHs-vapor exits the
generator. The two phases are separated from each other in the solution accumulator (SAC).
The poor solution flows back to the absorber, and the NHs-vapor to the rectification column.

The generator is a plate heat exchanger of the type Alfa Nova 14-28H (“Alfa Laval”).

Solution heat exchanger (SHX)

In the solution heat exchanger (SHX), the poor solution is cooled by rejecting heat to the rich
solution. The solution heat exchanger is a counter-flow plate heat exchanger, as well as the

generator, of the type Alfa Nova 14-28H (“Alfa Laval”).

In order to analyze the influence of the SHX on the process efficiency and influence of use of
NaOH on its operation, two bypasses, as is shown in Figure 4-1 were installed, in order to

allow the operation to be conducted with or without the SHX.

Solution pump (PUMP)

The solution pump (PUMP) aims to increase the pressure of the rich solution from the low to
the high pressure level. For the test rig, the plunger-membrane solution pump has been
chosen (see Figure 4-9). The pressure on the oil side is built-up by means of a reciprocating
motion of the plunger. It leads to the sucking and pumping of the rich solution to the

chamber, which is separated from the oil side by means of a membrane.

The membrane is a PTFE-disc with a thickness of 0.5 mm, which separates the oil from the
rich solution and acts as a seal. The main advantage of the plunger-membrane solution
pump is that the plunger part of the pump does not come in contact with the NH;z / H,O
solution, the pump operation is leak-free and possible contaminations from oil can be

avoided.
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The flow rate is regulated by means of the electronic frequency converter (ABB 1P20,

0-500 Hz), which allows flow rate regulation independent of the pressure ratio.

For the pump operation the minimum pressure of 3 bar on the oil side is necessary. This
means that the operation of the test rig is possible at evaporator temperatures higher than -
9<C.

The test on the AHP test rig showed that for the considered PTFE membrane, the bolts of
the flange have to be torqued with 35 Nm. If the torque is lower, the solution pump becomes

loose; if higher, damage to the membrane can be expected (see Figure 4-10).

Suction

m VVOutIet

Plunger . Membrane

Pumping

~_Rich
solution
3

Figure 4-9: Plunger-membrane solution pump: left — operating principle; right — pump installed in the
AHP test rig

Figure 4-10: PTFE-membrane of the solution pump: left — before installation; right — damaged

membranes
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Refrigerant (RAC) and solution (SAC) accumulators

The refrigerant (RAC) and solution (SAC) accumulators are shown in Figure 4-11. The
refrigerant accumulator is situated between the refrigerant throttle valve and condenser. This
means that the NHs-liguid coming from the condenser is sub-cooled in the refrigerant

accumulator.

The solution accumulator is situated between the generator and rectification column. The
two-phase mixture coming from the generator enters the solution accumulator in the upper
part and is separated into NHs-vapor and poor solution. The NHs-vapor flows back to the
rectification column and the poor solution to the absorber. The installed refrigerant and
solution accumulators have a volume of 1.5 | and for temperature measurement thermometer

pockets with PT100 are used.

RAC SAC
_p1143
. $106.3
NHs-liquid 10 NHs-vapor
inlet :‘6 outlet -
\
\ i
| h e
2 | Two-phase | 9
N | mixture N
i pocket 5
NHs-liquid ¢ | poor solution .~ 4
outlet 1 outlet I
| $1083 | $108.3

Figure 4-11: Schematic diagram of the refrigerant accumulator (left) and solution accumulator (right)

Refrigerant (RTH) and solution (STH) throttle valves

The refrigerant throttle valve regulates the mass flow of the NHs-liquid coming from the
refrigerant accumulator, as well as the temperature difference of the NH; between the inlet
and outlet of the evaporator. For the AHP test rig, the electronic expansion valve type
AKVA 10-1 (“Danfoss”) was installed. Valve regulation occurs by means of pulse-width

modulation with in intervals of 6 sec. The valve regulation area lies between 5-100%.

For the AHP test rig, the smallest electronic expansion valve suitable for NH; applications
has been used. However, its K,-value is too high and, therefore, a manual throttle valve Type
SS-1RS6MM (“Swagelok”) has been installed in series after the electronic expansion valve

(see Figure 4-12).
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The solution throttle valve is installed between the solution heat exchanger and absorber and
reduces the poor solution pressure to the low pressure level. The solution throttle valve,
SS-31RS6MM (“Swagelok”) has been used.

Rich solution accumulator with position sensor

In front of the solution pump, a rich solution accumulator (RSAC) with position sensor (PS;
Temposonics G-Series) was installed. The position sensor measures the level of the solution
in the accumulator; the measured value is used afterwards for the regulation of the speed of

the solution pump (see Chapter 4.5).

Heat sources and heat sink

For the operation of the AHP test rig, the following external loops have been used: a hot

water loop, a cooling water loop and a brine loop.

The hot water loop aims to supply heat at a high temperature (ca. 80-130C) to the
generator. The schematic diagram of the hot water loop is shown in Figure 4-12. The heating
medium is distilled water, which is heated via an electric heating element with a heat capacity
of up to 3500 W. The water circulation occurs by means of the circulation pump. The water
mass flow is regulated by means of a regulation valve and measured by means of the coriolis

mass flow meter (“Micro-Motion”). Additionally an expansion tank was installed in the loop.

To ensure heat rejection from the absorber, condenser and the dephlegmator, the central
cooling water system of the institute has been used. To regulate the flow of this cool water, a
regulating valve has been installed. The volume flow was measured by means of a magnetic

inductive flow meter (“ABB”).

As the heat source for the evaporator the “mobile” heat source of the institute has been used.
As a heat carrier a mixture of Glysantin and water (43 Vol.-% / 57 Vol.-%) was used. The
required brine flow has been regulated by means of a control valve and measured by means

of a magnetic inductive flow meter (“ABB”).

4.5 Control concept

In this chapter the control concept of the AHP test rig will be discussed. First, installed
measurement equipment will be described. Afterwards experimental uncertainties will be

discussed. Finally, control of different process parameters will be analyzed.

4.5.1 Installed measurement equipment

In order to measure all necessary state variables of the AHP test rig different measurement

devices have been installed. The schematic diagram of the installed equipment is shown in
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Figure 4-12. Further, when analyzing the experimental results (see Chapter 5), the

abbreviations shown in Figure 4-12 will be used.

Temperature measurement

The temperature measurement within the AHP test rig has been made by means of

thermocouples and platinum resistance thermometers Pt100.

The thermocouples were used for the measurement of the process temperatures of the AHP
test rig and were installed on the pipes outer side. In order to provide better thermal
conductivity for the thermocouples a heat transfer paste was used and they were fixed to the
pipe surface using 1-mm wire. This leads to certain experimental uncertainties because of
the difference of the measured temperature and temperature of the fluid in the pipe. In further
calculations (see Chapter 5) these experimental uncertainties have not been taken into

account.

The platinum resistance thermometers Pt100 were used for the measurement of the external
temperatures (hot water, cooling water and brine) as well as for measuring the temperatures
in the solution and refrigerant accumulators. They were installed directly inside of the pipes

of external loops using thermometer pockets in the solution and refrigerant accumulators.

Pressure measurement

For the pressure measurement, three pressure transmitters “Alphaline” of the company
“Rosemount” were installed. Two of them are absolute pressure transmitters and were used
for measuring the high (PT_HP) and low (PT_LP) pressures. They were installed between
the position sensor (PS) and electric conductivity sensor and between the refrigerant throttle
valve (RTH) and refrigerant accumulator (RAC) (see Figure 4-12). The third one is a
differential pressure transmitter which was used for measuring the pressure difference before
the solution throttle valve. It was thought to use the measured pressure difference for the
calculation of the poor solution flow rate. However, in the first experiments it was shown that

the relative measurement errors were very high.

Additionally, a pressure switcher (PS_HP, “Danfoss”) was installed in order to shut down the

AHP test rig, should the high pressure exceed 25 bar.

Mass and volume flow rate measurement

For the flow rate measurement in the external loops, three flow meters were used. For the
flow rate measurement of the cooling water and brine two magnetic inductive flow meters
from the company “ABB” were installed. The mass flow of the hot water has been measured

by means of the coriolis mass flow meter from the company “Schwing”.
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Figure 4-12: Schematic diagram of the installed measurement devices
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4.5.2 Experimental errors

The experimental errors of heat / cold capacities and COPs depend both on temperatures,
volume and mass flows, pressures measurements and on the calculated properties of water
and the brine medium. In order to decrease the experimental errors all measurement devices
were calibrated. For the calculation of experimental errors the normal (or Gaussian)
distribution law has been used (see Eq. 4-7). The experimental errors of the measurement

devices are shown in Table 4-3 and the properties calculation errors are shown in Table 4-4.

u(y) = i (g)z u2(x,) 47

i=1

Table 4-3: Experimental errors

Measurement value Measurement device Error

External temperatures (heat source, heat sink, | PT100 +0.05 K

brine)

External temperatures (absorption process) thermocouple +0.21 K

Mass flow of hot water coriolis mass flow meter | £0.6 %
(Schwing)

Volume flow of cooling water magnetic inductive flow meter | £0.5 %
(ABB)

Volume flow of brine magnetic inductive flow meter | £0.9 %
(ABB)

Pressure “Alphaline” (Rosemount) +36 mbar

Table 4-4: Properties calculation errors

Calculated property Error

Cooling water density +0.31 kg-m®
Brine density +2 kg-m*
Cooling water enthalpy +0.1 kJ-kg™
Brine enthalpy +0.4 kJ-kg™

Hot water specific heat capacity | +0.02 kJ-kg™-K™

4.5.3 Process control

In the following the process regulation will be explained; the given and regulated values and

the data processing will be described.

Given process values

When using a conventional AHP in a real application, the cooling water and brine
temperatures are defined according to the application area. That is why these values were

considered as given process values.
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The temperature level in the evaporator and thereby the low pressure level depend on the
given brine temperature. The high pressure level is set by the NH; saturation temperature,
which depends on the cooling water temperature. Furthermore, by setting the cooling and
cold water temperature, the amount of the NH; absorbed by the poor solution and, therefore
the NH; concentration of the rich solution, are fixed. Figure 2-1 shows that the NH;
concentration of the rich solution decreases with an increase in cooling water and decreasing

brine temperatures.

Reqgulated process values

The regulated process values of the AHP test rig are the hot water inlet temperature,
refrigerant throttle valve opening and solution throttle valve opening together with the solution

pump capacity. The correlation of these values can be described by the following equations:

Mpso = Mpso + Mger 4-8

Mgso * $rso = Mpso * $pso + MREr * SrEF 4-9

The hot water inlet temperature can be chosen manually; it defines the internal temperature
in the generator and therefore the NH; concentration of the poor solution, when the high
pressure level is defined by the cooling water temperature. Also the NH3 concentration in the
generated vapor depends on the generator temperature. It is necessary to mention that the
cooling water temperature cannot be changed manually, because the absorber, condenser
and dephlegmator are connected to the cooling water loop in series. So, the purity of the
generated vapor depends only on the generator temperature and operating mode of the

rectification column (with or without stripping section).

The refrigerant throttle valve regulates the refrigerant flow rate in the evaporator and
therefore the temperature difference in the evaporator. If the temperature difference between
trer_eva_ v AN trer eva our 1S 100 high, the throttle valve opening time increases, and if too low it

decreases.

When all above mentioned values are defined, the generator heat capacity can be regulated
only by means of the solution pump and solution throttle valve. The solution throttle valve
opening is set manually so that the level of the solution in the rich solution accumulator
remains constant at the set generator heat capacity. The solution pump capacity is regulated
by comparing the measured value of the level of the solution with its set value. If the
measured level is too low, the frequency inverter reduces the pump capacity; if it is too high,

the frequency inverter increases the speed of the pump.
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Data acquisition and processing

The data acquisition was carried out by means of 3 IMPs (isolated measurement pod) of the
type 35951J from the company “Solartron”. The regulation of the above described regulated
process values and the heating element was conducted by an additional IMP of the type
35951D. The data gathered by IMPs are sent to a PC by means of the software program
LabView and copied to a text-file with the measurement period of 2 sec. During the

experiments the measured data can be visualized in various diagrams.

The AHP test rig is controlled through the window of LabView shown in Figure 4-13. All
measured data is performed on the schematic diagram of the AHP test rig. In the upper part
of Figure 4-13 two main switches can be seen. The “Hot water”-switch is used for turning on /
off the circulation pump of the hot water loop and the “PUMP”-switch is used for the solution
pump.

In the lower part of Figure 4-13, four regulation windows are shown. The first one is used for
regulation of the brine water temperature if higher temperatures are necessary. The second
one is responsible for the solution pump regulation by regulation of the electronic frequency
converter. The third one regulates the generator heating capacity in order to keep constant a
certain hot water inlet temperature. The fourth one is used for the refrigerant throttle valve

opening regulation according to the required temperature difference in the evaporator.

For safety reasons, there is an alarm window over the fourth regulation window in which four
alarm conditions can be defined: high pressure alarm, low pressure alarm, hot water inlet

temperature alarm and refrigerant inlet temperature in the evaporator alarm.
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5 NH3/H,O/NAOH TEST RESULTS AND ANALYSIS

The experimental investigations of the NH; / H,O / NaOH AHP test rig will be analyzed within
this chapter. The measured COP¢ of the AHP test rig at different boundary conditions will be
reported. All measurements were carried out with the NHs;/H,O mixture with 0, 5 and
10 wt.-% of NaOH.

To analyze the test results, the developed thermodynamic model in ASPEN Plus will be
described as well as the simulation results in regard to the influence of NaOH on the
absorption and desorption of NHs. Finally, the outlook concerning the use of NaOH as an
additive to the working mixture NHs / H,O in the AHP-process and further work required will

be given.

5.1 Testresults

Before bringing the AHP test rig into operation, leak/tightness testing using nitrogen was
carried out. Afterwards, the test rig was vacuumed to a pressure of 0.02 bar by means of the
vacuum pump CSK DB.2 and charged with the NH3 / H,O working mixture. The quantity of
the working mixture charge (3.2 kg) and the NH; concentration (65 wt.-%) were calculated to

provide the proper functioning of the AHP test rig over the range of conditions tested.

After the tests with the working mixture NH; / H,O were accomplished, the AHP test rig was
vacuumed again to charge it with the ternary working mixture NH; / H,O / NaOH with a
charge quantity of 3.2 kg and an NH; concentration of 60 wt.-%. Depending on the tests

carried out, the working mixture had a NaOH mass concentration of 5.3 wt.-% or 9.9 wt.-%.

It should to be noted that 5.3 wt.-% NaOH was the NaOH mass concentration in the working
mixture when filling the AHP test rig. During operations, there was a slightly higher NaOH
mass concentration in the rich solution (closer to 6%), owing to a certain amount of NH;
accumulating in the refrigerant accumulator. Furthermore, the NaOH mass concentration in
the poor solution at the outlet from the generator is higher than in the rich solution and

increases with the generator temperature.

All tests with and without NaOH were carried out at the following flow rates of the external

loops:

- hot water mass flow rate (7xrc): 200 kg-h‘l;
- cooling water volume flow rate (Vsnk): 220 I-ht:

- brine volume flow rate (Venk): 270 I-h?.
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In order to conduct a measurement at certain boundary conditions a steady-state operation

of the AHP test rig has to be provided by following the next steps:

1. the hot water circulation pump and the heating element have to be turned on;

2. the heating element has to be heated up to a set hot water inlet temperature;

3. depending on the temperature lift (difference between the cooling water and brine
inlet temperatures) the generation of the refrigerant vapor starts at a certain generator
temperature. As soon as this happens the level of the rich solution in RSAC
decreases and certain amounts of the refrigerant and poor solution will be
accumulated in RAC and SAC. In order to keep the rich solution level in RSAC
constant, the regulation of the solution pump capacity must be turned on.

4. the required generator capacity has to be manually set by changing the poor solution
flow rate using STH;

5. the automatic regulation of the temperature difference between the refrigerant inlet
and outlet from the evaporator using RTH must be turned on;

6. as soon as the steady state operation is provided a measurement can be taken.
Figure 5-1 shows an example of the steady state operation with the working mixture
NH; / H,O without NaOH at tsrc in/ tsnk v/ tern v =90/ 32/ 6C, with SHX and the
stripping section of the rectification column. The steady state operation time for every

measurement was 20 min.

Capacity [W]

-500
-1000 N—N"‘"“\/—ww
MWNWM"\

-1500

208.7 213.7 218.7 223.7 228.7
Time [min]
——Q_GEN ——Q_EVA ——dQ ——Q_CON ——Q_ABS

Figure 5-1: Example of the steady state operation of the AHP test rig (at
tSRCfIN/tSNKilN/ tBRNfIN =90/ 32/ 6%T; with SHX and NH 3 / H,O Working mixture without addltlve)

The temperature difference between the refrigerant inlet and outlet from the evaporator was
set equal to 5 K. During the operation, this temperature difference ranged between 1 K and
8 K. This occurred because the electronic expansion valve type AKVA 10-1 (“Danfoss”) used

has a pulse-width modulation and thus the refrigerant flow rate was not constant. However,
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the average value of the refrigerant temperature difference in the evaporator over the period

of time chosen (20 min.) varied from 4 K to 6 K.

The minimal and maximal generator temperatures were limited due to a decrease in the
absorber efficiency and due to a low solution flow rate and difficult regulation of the generator

capacity.

The AHP test rig was operated at boundary conditions listed in Table 5-1. As was already
mentioned in Chapter 4.4, for operating the solution pump, a minimum pressure of 3 bar on
the oil side is necessary. In order to provide a low pressure higher than 3 bar during the

operation, the brine inlet temperature was set to 6<C.

Table 5-1: Boundary conditions for tests on the AHP test rig

No. | Solution Stripping | Generator | Hot  water | Cooling Brine inlet
heat section capacity, inlet water inlet | temperature,
exchanger Qsen [W] temperature, | temperature, | tsrn in [T

tsre N [T tsnk_in [T

1 With With 900 - 1300 | 105 32
: : 83 -130 23
2 With With 1300 100 - 130 32
3 With With 900 95 -130 32 6
4 With Bypassed | 1300 100 — 130 32
5 With Bypassed | 900 87 — 105 32
6 Bypassed | With 1300 83 -120 23

95 — 130 32

5.1.1 Operation experience with the AHP test rig

Generally, concerning the operation experience with the AHP test rig, it is necessary to
mention that long-term operation with the working mixture NH; / H,O and 5 wt.-% NaOH
could not be realized. Circa one week after the operation began, traces of NaOH crystals had

been observed in the evaporator and the working mixture was deemed ripe for change.

The tests with the working mixture NH; / H,O and 10 wt.-% NaOH could not be carried out,
owing to NaOH crystals which had blocked the lower part of the evaporator and the pipe
between the absorber and evaporator (see Figure 5-2). This crystallization issue was caused

by high NH3; and NaOH concentrations and the immiscibility of the NH; / NaOH mixture.
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Figure 5-2: Photograph of a sight glass in the lower part of the evaporator without (left) and with NaOH
crystals (right)

5.1.2 Operation at different generator capacities

In order to analyze the influence of the generator capacity on the COP¢ of the AHP test rig
the measurements with the working mixture NH; / H,O with and without 5 wt.-% NaOH were

carried out at the following boundary conditions:

- hot water / cooling water / brine inlet temperatures (tsrc in / tsnk n / tern i) Of
105/32/6%;

— generator capacities (Qsen) ranging from 900 to 1300 W;

— with solution heat exchanger;

- with stripping section.

The measured COP relating to the generator capacity are shown in Figure 5-3. As can be
seen, the COP. ranges from 0.50to 0.57, has a maximum at a generator capacity of
approximately 1100 W and decreases at low and high generator capacities. The measured
COP¢ of the operations without NaOH are somewhat higher than with 5 wt.-% NaOH at a
generator capacity of Qeeny = 1300 W and approximately equal at Qgey = 900 W.

The COPc decreases at low generator capacities due to the increasing impact of the heat
losses, as their ratio to the generator capacity increases with decreasing generator capacity.
At high generator capacities a decrease in the COP¢c might be caused mainly by an increase
in the solution flow rate. As will be shown in Chapter 5.2.3 the absorber efficiency decreases,
when operating at high solution flow rates, due to the poor wettability and insufficient mass

transfer area.

However, operating the AHP test rig at Qcen = 1300 W is favorable, due to low experimental
errors and easier process control (solution flow rate). For instance, the experimental error of
the COP¢ at Qsen = 900 W is about 4.8% while at Qsey = 1300 W this is only about 3.7%.
Such experimental data with low experimental errors is useful for the analysis by means of

thermodynamic simulations in ASPEN Plus.
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Figure 5-3: Measured cooling COP of the AHP test rig at tsrc N/ tsnk in/ tery v = 105/ 32 / 6C and
Qsen = 900 - 1300 W (with solution heat exchanger and stripping section)

5.1.3 Operation with and without solution heat exch anger

Figure 5-4a shows the COP depending on the hot water inlet temperature (tsrc_n) at cooling
water / brine inlet temperatures (tsnk in/ ternn) Of 23 / 6 and 32 /6T and a generator
capacity of 1300 W. The test results with the working mixture NH3 / H,O without NaOH are
shown as solid lines and those with 5 wt.-% NaOH as dashed lines.

The measured COP¢ at the low temperature lift (23 / 6C) varies from 0.53 to 0.60 when
operating without NaOH and from 0.56 to 0.61 with 5 wt.-% NaOH. It can be seen, that there
is a decrease in the COP¢ at low and high generator temperatures. It achieves a maximum of
0.60 at tsrc v = 100-120C when operating without NaOH, and of 0.61 at tsgc v = 88-120C
when operating with 5 wt.-% NaOH.

A decrease in the COP. at low generator temperatures is caused by an increase in the
solution flow rate and therefore a decrease in the absorption efficiency. A decrease in the
COP¢ at high generator temperatures is caused mainly by high heat losses of the generator

and solution heat exchanger.

When increasing the cooling water inlet temperature up to 32 a decrease in the COP ¢ of
5 - 9% was recorded when adding 5 wt.-% NaOH to the working mixture (see Figure 5-4a).
The main reason for this is a decrease in the absorber efficiency, which will be analyzed in
detail in Chapter 5.2.3.

In order to reduce the solution flow rate and to evaluate its influence on the COP¢, the
generator capacity was reduced to 900 W. The test results at cooling water / brine inlet
temperatures (tsnk in/ tern ) Of 32 / 6T are presented in Figure 5-4b. These r esults show

that the change in the COP¢ when using the working mixture with and without 5 wt.-% NaOH

97



5NH;/ H,O / NaOH TEST RESULTS AND ANALYSIS

iIs within experimental error and therefore can be neglected. When comparing the
experimental results presented in Figure 5-4a with those in Figure 5-4b, it can be seen, that
there is no decrease in the measured COP. when adding NaOH and the COP. are

approximately the same at Qgeny = 900 W for both operating modes.
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Figure 5-4: Measured COP. of the AHP test rig operated with solution heat exchanger and stripping
section: a — at tSNKﬁIN/ tBRNfIN =23/6 and 32/ 6T, éGEN =1300 W; b — at tSNKﬁIN/ tBRNfIN =32/ 6<T,
Q@ cen =900 W
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Figure 5-5: Measured COP. of the AHP test rig operated with bypassed solution heat exchanger and
with stripping section at tsyk in/ tsrn v = 23 / 6 and 32 / 6T, Qcen=1300 W

As the analysis of the influence of NaOH on the components of the AHP test rig by means of
thermodynamic simulations using ASPEN Plus was found to be easier when operating with
bypassed solution heat exchanger, the tests with the bypassed SHX were carried out (see

Figure 5-5). In regard to the influence of NaOH on the COPg, its values are similar at the
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operation with and without 5 wt.-% NaOH. Finally, it has to be mentioned that when
comparing the results presented in Figure 5-4 with those in Figure 5-5, a decrease in the

COP¢ of approximately 25% can be seen when the solution heat exchanger is bypassed.

5.1.4 Operation with and without stripping section

For the analysis of the influence of the stripping section on the COP. the tests with a
bypassed stripping section were carried out. Figure 5-6 shows the test results at a generator
capacity of 1300 W. As expected, there is a large decrease in the COP. at high hot water
inlet temperatures when the stripping section is bypassed. The NHjs.concentration in the
vapor at the outlet from the rectification column decreases with the increasing generator
temperature and therefore less NH; / H,O mixture can be evaporated in the evaporator. This

results in a decrease of the evaporator capacity and of the COPc.

0.7
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32/6°C | With stripping section |

N

0.5

COP_ [-]

0.4

Bypassed stripping
section

0.3

With SHX
Qe = 1300 W

0.2
80 90 100 110 120 130 140

Hot water inlet temperautre, g, [°C]

Figure 5-6: Measured COP. of the AHP test rig operated with and without stripping section at
tSNK_IN/ tBRN_lN =32/ 6((:, OGEN =1300 W

A decrease in the NHs-concentration in the generated vapor can be also seen when
comparing the absorber, condenser, evaporator and dephlegmator capacities (see
Figure 5-7). There is almost no change in the condenser capacity for both operating modes.
Meanwhile, there is a decrease in the evaporator capacity at high hot water inlet
temperatures when the stripping section is bypassed. The non-evaporated part of the
NH; / H,O mixture is not absorbed by the poor solution. Therefore, a decrease in the
absorber capacities also decreases (Figure 5-7). Furthermore, it is necessary to reject more
heat from the dephlegmator in order to condense H,O present in the generated vapor. This
increase in the dephlegmator capacity is roughly linear with the increasing hot water inlet

temperature and is also disadvantageous for the process performance.
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It is necessary to note, that all measurements were carried out at the constant temperature
glide in the evaporator (5 K). When increasing this temperature glide while operating with the
bypassed stripping section, an increase in the evaporator capacity could be expected.
However, this would lead to a decrease in the low pressure level and therefore could cause
an increase in the generator and absorber capacities, due to lower NH; concentrations in the
rich solution. Generally, one can say that even when optimizing the temperature glide in the
evaporator while operating with the bypassed stripping section, there will still be a decrease

in the COP¢; however, this could be shifted to the higher generator temperatures.
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—&— QDEP incorporated stripping section —é—QDEP bypassed stripping section

Figure 5-7: Measured components capacities the AHP-test rig operated with solution heat exchanger

and with and without stripping section at tsnk_in/ tsrn v =32/ 6T, Q@ cen=1300 W

The comparison of the measured COP. when operating with and without 5 wt.-% of NaOH is
shown in Figure 5-8. It shows that the change in the COP¢ when using the working mixture
with and without 5 wt.-% NaOH is within experimental error and therefore can be neglected.
The COPc has the maximum of 0.52 at a hot water temperature of 105C with 5 wt.-%
NaOH) and of 108T without NaOH). At hot water inlet temperatures over 110C there is a
decrease in the process performance due to an increase in the H,O concentration in the

generated vapor.

The test results of the AHP test rig at the same cooling water / brine inlet temperatures, but
at lower generator capacity (900 W), are shown in Figure 5-9. Lower solution flow rates
enabled the AHP test rig to operate at lower, hot water inlet temperatures (87-105<C).
However, as well as during the operation of generator at a capacity of 1300 W, a change in

the COPc when adding 5 wt.-% NaOH was within measurement uncertainties.
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Figure 5-8: Measured COP. of the AHP test rig operated with SHX and with bypassed stripping
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Figure 5-9: Measured COP. of the AHP test rig operated with SHX and with bypassed stripping
section at tSNK_IN/ tBRN_lN =32/ 66(:, QGEN =900 W

5.2 System analysis using ASPEN Plus

This sub-chapter is dedicated to the system analysis by means of the developed

thermodynamic model, using ASPEN Plus. The quality of the simulation results will be

evaluated and the operation of the components of the AHP test rig will then be analyzed. The

main focus will be on the influence of NaOH on the operation of the absorber and generator.
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5.2.1 Simulation model

The calculation of the binary parameters of the mixture NH; / H,O / NaOH is presented in

Chapter 3.1.3. Using the calculated data the thermodynamic model was developed in
ASPEN Plus for the analysis of the test results. The schematic of the AHP test rig in ASPEN

Plus is presented in Figure 5-10. The components are specified as follows:

1.

Absorber (ABS): The absorber consists of three components ABS, ABS-Mix and ABS-2.
ABS consists of the ASPEN-model “RadFrac” and is specified as a plate column with 4
theoretical stages. The absorption heat is rejected uniformly from each stage. The rich
solution at the saturated state leaves ABS in the lower part. In the upper part of ABS a
negligible quantity (about 0.01% of the rich solution flow rate) of NHs; / H,O solution
leaves the absorber and is mixed with the rich solution in ABS-Mix. This is necessary
due to the fact that for the ASPEN-model “RadFrac” both products top and bottom must
be defined. The sub-cooling of the rich solution occurs in the heat exchanger ABS-2
(ASPEN-model “Heater”). The advantage for such a specification of the absorber is that
it allows for the possibility to calculate the temperature profile along the falling film and to
calculate the absorber UA-value and the sub-cooling of the rich solution.

Condenser (CON): The condenser consists of the ASPEN-model “Heater” and at its
outlet the refrigerant has a vapor fraction of 0.

Generator and the rectification column (GEN and REC): The generator consists of the
ASPEN-model “RadFrac” with 4 theoretical stages (dephlegmator, rectifying section,
stripping section and generator). The rich solution enters the rectification column
between the rectifying and the stripping section (operation with the stripping section) or
goes directly into the generator (operation without the stripping section). The reflux ratio
is set in order to achieve a certain NHs-concentration in the vapor leaving the
rectification column, which corresponds to the measured temperature and pressure at
the outlet from the rectification column. Furthermore, the vapor fraction at the outlet from
the rectification column was set equal to 1. It is assumed that there are no H,O droplets
in the generated vapor leaving the rectification column.

Expansion valves (STH and RTH): both expansion valves are specified as the ASPEN-
model (“Valve”). At the outlet from the expansion valve the pressure is equal to the
measured low pressure level.

Solution pump (PUMP): The solution pump (ASPEN-model “Pump”) increases the
pressure of the rich solution to the measured high pressure level.

Evaporator (EVA): For the specification of the evaporator (ASPEN-model “Heater”) the
temperature difference between the refrigerant inlet and outlet was defined as being

equal to the measured one.
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7. The heat losses in the pipes of the rich and poor solution were taken into account by
means of measured temperature differences. For this, 4 ASPEN-Models “Heater” were
specified (SHX-1, SHX-2, SHX-3 and SHX-4).

Additionally, the following assumptions were made:

— The heat losses in the rest of the components, as well as the pressure drops were not
taken into account.

— The condenser and generator capacities were set equal to the measured values.

— The refrigerant at the outlet from the condenser and the poor solution at the outlet from
the generator had a vapor fraction of 0.

— For the analysis of the test results with NaOH, its mass concentration in the rich solution

was set equal to 6%.

5.2.2 Quality of the simulation model

In order to evaluate the quality of the simulation model the calculated and measured
evaporator and absorber capacities were compared to each other (see Figure 5-11). For the
capacities measurement, the flow rates and temperatures in the external loops (brine and

cooling water) were used.

The comparison of the calculated and measured evaporator capacities is shown in
Figure 5-11a. As can be seen, the difference between the calculation and measurement is
positive over the range of conditions tested and varies from +2% to +11%. As the calculated
capacities are higher than the measured ones, a certain part of these calculation

uncertainties may be caused by heat inputs in the evaporator.

Figure 5-11b compared the calculated and measured absorber capacities. The difference

between the calculation and measurement is within +5%.

From the analysis of the quality of the simulation model, it can be concluded that the
developed thermodynamic model in ASPEN Plus is suitable for the test results evaluation.

However, this analysis has a certain level of uncertainties.

Over the following sections, the influence of NaOH on the components of the AHP test rig is

analyzed for the operation with the bypassed solution heat exchanger.
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Figure 5-11: Comparison of the measured and calculated evaporator (a) and absorber (b) capacities

5.2.3 Analysis of the influence of NaOH on the oper  ation of the absorber

In order to evaluate the operation of the absorber, the absorber efficiency (nass), sub-cooling
of the rich solution (ATrso) and product of the heat transfer coefficient and area (UA-values)
of the absorber were calculated and analyzed.

According to Niebergall (1981) the ideal absorption takes place at the saturation pressure of
the rich solution. It is assumed that the absorption mass and heat transfer areas are infinitely
large.

In reality, these areas are limited and a driving force (pressure or concentration difference) is
necessary for the mass transfer. This means that the absorption of the refrigerant vapor
occurs at a pressure (p.-Ap) lower than the saturation one (p.) (Figure 5-12). Due to this (that
the rich solution temperature is defined by the cooling water temperature and the low
pressure by the brine temperature) the rich solution concentration (érso) is lower than its
theoretical value (¢rso THEOR)-

Commonly the sub-cooling (ATrso) is used instead of the low pressure decrease for the
evaluation of the operation of the absorber. It is equal to the difference between the
saturation temperature of the rich solution, calculated using thermodynamic equilibrium at the
low pressure (p.) and rich solution concentration (érso), and the measured temperature of the

rich solution:

ATgso = trso_tHEOR — RSO 5-1
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Figure 5-12: Sub-cooling of the rich solution and required partial pressure difference for the absorption

of the refrigerant vapor in pressure / temperature diagram

Within this work, the temperature of the rich solution (trso) was measured at the outlet from
the absorber (trso ass out, See Figure 4-12). Its theoretical value (trso tHeor, RSO-1, see
Figure 5-10) was calculated in ASPEN Plus using the measured value of the low pressure
(pLp, See Figure 4-12) and calculated concentration of the rich solution (égso, RSO-1, see
Figure 5-10).

The mass concentrations of the non-subcooled (¢rso Theor) rich solution were calculated
using the measured temperature and pressure of the rich solution (trso ass our and pp, see
Figure 4-12).

If the real and theoretical concentrations of the rich solution are known, the absorber

efficiency can be calculated as follows:

fRSO - fPSO

NaBs = 5-2

fRSO_THEOR - fPSO

For the heat transfer analysis in the absorber, the UA-values (product of the heat transfer
coefficient and heat transfer area) were calculated using Eg. 5-3. As can be seen from
Figure 5-13, the temperature profile on the solution side in the absorber is non-linear with
respect to the absorber capacity. The UA-values were calculated using the ASPEN model
“RadFrac” consisting of 4 theoretical stages with the same capacity and the ASPEN model

“Heater”, in which the sub-cooling of the rich solution was simulated.

It has to be noted, that as the real temperature profile cannot be analyzed, owing to a lack of
measurement data, and the UA-values depend on the combined heat and mass transfer in
the absorber, from the simulation results, it is rather impossible to draw any conclusion about

the reason for changes in the UA-value.
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Figure 5-13: Temperature profile in the absorber at tsgc N/ tsnk in/ tern v =100 / 23 / 6C and
Qgeny = 1300 W

The calculated absorber efficiency, sub-cooling of the rich solution and UA-value of the
absorber are discussed for the operation with the bypassed solution heat exchanger and

shown in Figure 5-14.

Figure 5-14a shows the absorber efficiency relating to the hot water inlet temperature
(tsrc ). At cooling water / brine inlet temperatures of 23 / 6T it is relatively constant over
the range of conditions tested and is approximately 0.94 when operating without NaOH
decreasing to approximately 0.77 when adding 5 wt.-% NaOH to the working mixture.
Concerning operation at higher cooling water inlet temperature (32<C), a decrease in the
absorber efficiency from approximately 0.95 (without NaOH) to 0.82 (with 5 wt.-% NaOH)

was calculated.

The influence of NaOH on the sub-cooling of the rich solution is shown in Figure 5-14b. It is
obvious that the sub-cooling for the operation without NaOH is relatively constant and varies
from 1 K to 2 K. When adding 5 wt.-% NaOH the sub-cooling increases roughly linearly with
the generator temperature and varies from 4 K to 10 K at a cooling water inlet temperature of
23T and from 2 K to 6 K at 32<C.

The calculated UA-values of the absorber are presented in Figure 5-14c. It can be seen, that
the UA-value decreases with the increasing generator temperature. Furthermore, the

UA-values for the operation without NaOH are higher than those for the operation with
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5wt.-% NaOH. For instance, at tsyk v / tern v =23 / 6T the UA-value decreases from

approximately 115 W-K™ to 70 W-K™.
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Figure 5-14: Influence of NaOH on the absorber efficiency (a), the sub-cooling of the rich solution (b)

and the UA-value of the absorber (c)

In order to analyze the change in the temperature profile in the absorber when adding NaOH,

Figure 5-15 shows the operation with O (a) and 5-wt.% (b) NaOH. Apparently, the logarithmic

temperature difference in the absorber is higher when operating with 5-wt.% NaOH (18.6 K)
than without (11.8 K). This means, that the UA-value is lower: 61 W-K* (with 5-wt.% NaOH)

and 87 W-K™* (without NaOH).
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Figure 5-15: Simulated temperature profile in the absorber at tsrc N/ tsnk v/ tern v = 110 / 23 / 6C
and Qsen = 1300 W: a — without NaOH; b — with 5 wt.-% NaOH

Based on the simulation results, it is possible to conclude, that the use of NaOH as an
additive to the NH;3 / H,O working mixture affects the absorption of the refrigerant vapor

negatively.

The use of NaOH leads to a decrease in the NH; mass concentration in the rich and poor
solutions. As the NH; mass concentration in the rich solution decreases more than that of the
poor solution, the difference between both concentrations (Aéwns) becomes smaller in
comparison to the operation without NaOH (see Figure 5-16a). As a consequence, the

specific solution flow rate increases when using NaOH (see Figure 5-16b).

Generally, this increase in the specific solution flow rate must improve the heat transfer in the

absorber and therefore its efficiency. However, in reality it constitutes a penalty to absorption.

The viscosity and surface tension of the NH; / H,O working mixture with NaOH are higher
than those of the NH3 / H,O mixture without. This means, that a possible reason for the
decrease in the absorber efficiency could be the insufficient mass transfer area and poor

wettability of the absorber, when operating with NaOH.
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Figure 5-16: Difference between the NHz; mass concentration in the rich and poor solution (a) and
specific solution flow rate (b) depending on the hot water inlet temperature for the operation with and
without 5 wt.-% NaOH

5.2.4 Analysis of the influence of NaOH on the oper  ation of the generator

In order to analyze the influence of NaOH on the heat exchange in the generator, the UA-

values of the generator were calculated using the following equation:

QGEN
UA = :
GEN ATi,log 5-4
Qeen ... Calculated generator capacity [W];
AT ... logarithmic temperature difference between the hot water side and the solution

side.

The calculated UA-values of the generator are shown as they relate to the hot water inlet
temperature in Figure 5-17. It is obvious, that for the majority of tests with 5 wt.-% NaOH
higher UA-values were obtained in comparison to those operations without NaOH. It can be
also seen that the calculated UA-values decrease with the decreasing generator

temperature, due to an increase in the solution flow rate (see Figure 5-16).
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Figure 5-17: Influence of NaOH on the UA-values of the generator

Figure 5-18 compares the calculated temperature profile in the generator of the operation
without NaOH and with 5 wt.-% NaOH. It is visible, that both temperature profiles are roughly
linear with respect to the generator capacity. When using NaOH, the logarithmic temperature
difference in the generator decreases from 11.7 K to 8.8 K. This leads to an enhancement of
the heat transfer in the generator: the UA-value is 113 W-K™ for the operation without NaOH
and 152 W-K* for the operation with 5 wt.-% NaOH.
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Figure 5-18: Simulated temperature profile in the generator at tsgc N/ tsnk in/ tsrn v = 100/ 32 / 6C
and Qsen = 1300 W: a — without NaOH; b — with 5 wt.-% NaOH
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5.2.5 Analysis of the influence of NaOH on the oper ation of other

components

The analysis of the influence of NaOH on other components of the AHP test rig such as the
evaporator, solution heat exchanger and the rectification column has not shown significant
changes in their operation when adding NaOH.

The evaluation of the experimental results concerning the NH; mass concentration in the
generator vapor has shown that they vary from 0.994 to 0.999. The vapor fraction of the

refrigerant vapor at the outlet from the evaporator ranges from 0.994 to 1.

For the analysis of the heat exchange in the solution heat exchanger, the UA-values for the
operation with the solution heat exchanger at a generator capacity of 1300 W were
calculated in ASPEN Plus. From the calculation results shown in Figure 5-19, it can be
inferred that there is a slight change in the UA-value of the solution heat exchanger when
adding 5 wt.-% NaOH. Furthermore, the UA-value decreases with the increasing hot water
inlet temperature.
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Figure 5-19: Influence of NaOH on the UA-value of the solution heat exchanger at
tSNKﬁIN/ tBRNfIN =23/6and 32/6T and QGEN =1300 W
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6 SUMMARY AND CONCLUSIONS

The purpose of this work was to analyze innovative absorption heat pumping (AHP)
processes found in related literature in order to find an alternative to a conventional ammonia
/ water (NH3; / H,O) AHP that is capable of performing at a higher COP (coefficient of

performance) and is potentially competitive with it in cost, operating life and reliability.

From the analysis of the development of the use of renewable energies over the past years,
continuous growth of the renewable energy market is to be expected. Apart from
conventional applications, new markets, e.g. solar cooling and gas-driven AHP for heating
and cooling, will be developed. This makes the use of absorption technologies attractive, first
of all in combination with other renewable energy sources, e.g. HVAC-systems consisting of
AHP and biomass boilers or solar panels, AHP driven by waste heat, etc. Nowadays, AHP
with cooling capacities ranging from 10 kW to 500 kW are available on the market and can

be used for different applications.

The majority of produced AHP operate either with the working mixture H,O / LiBr or
NHs/ H,O. Attempts at bringing new refrigerants onto the market have until now not been
successful. The reason for this is that the use of organic refrigerants in AHP, save methanol,
is disadvantageous owing to their high specific heat capacity, low heat of evaporation and
high solution mass flow rate. The properties of conventional working pairs can be greatly
improved either by use of new additives for H,O / LiBr or NHz / H,O or new absorbents
instead of LiBr and H,O.

Thermodynamic analysis of innovative AHP-processes

A detailed survey of related literature on the following innovative AHP-processes was
presented within this work and they were analyzed by means of thermodynamic simulations
using ASPEN Plus:

1. NHs;/ H,O AHP-process using strong bases as additives;
2. AHT-process using partially miscible working mixtures;
3. AHP-processes using a condensable auxiliary fluid (Rojey cycle and Einstein-Szilard
cycle);
4. AHP-processes using ionic liquids as absorbents.
NH; / H,O AHP-process using NaOH as additives: From the simulation results, it can be
inferred that the COP¢ of a conventional NH; / H,O AHP can be increased and at the same

time, the required generator temperature decreased, if NaOH is added. For instance, at

tass out/ teva out = 45/ 5T the COP ¢ was 0.53 at a generator outlet temperature of 125°C.
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When operating with 5 wt.-% NaOH in the rich solution the generator outlet temperature

could be reduced to 112 achieving the same COP .

It is necessary to mention, that the temperature difference between the rich solution inlet
temperature to the solution heat exchanger and the poor solution outlet temperature from the
solution heat exchanger was set equal to 5 K. When using NaOH, the specific solution flow
rate increases and therefore there is an increase in the ratio of the solution heat exchanger
capacity to the generator heat capacity (Qsx / Qsen). In real applications it means that the
solution heat exchanger with the higher capacity has to be used when using NaOH as an
additive. Furthermore, an increase in the solution flow rate requires greater heat and mass
transfer area in the absorber. The use of the same absorber for both processes with and
without NaOH might cause a decrease in the absorber efficiency. However, it was set equal

to 100% in all simulations.

NHs / IL AHP-processes: Thermodynamic simulations of the investigated NHs / IL AHP-
processes showed that their efficiencies at certain boundary conditions are higher than those
of a conventional NH; / H,O AHP. However, the COP¢ of the investigated NH; / IL AHP-
processes decreases more in comparison with a conventional NH3/ H,O AHP when the
temperature lift increases. The reason for this is a low difference between the NH; mass
concentration in the rich and poor solution and therefore a high solution flow rate. The best
simulation results were obtained for the AHP-process using the working mixture
NHs/ [bomim][PF¢]. It is more efficient than a conventional NH; / H,O AHP at
tass out/ teva our =25/5T and 35 / 5T if tgen our is higher than 75T and 115C

respectively.

Concerning the costs of the NH; / IL AHP-process, no rectification column is necessary,
however, to achieve the same cooling capacity in the evaporator, the “larger” components of
the sorption cycle, i.e. absorber, generator, solution heat exchanger and solution throttle

valve, are necessary.

AHT-process using partially miscible working mixture of water / furfural: Concerning the AHT-
process with water / furfural as a working mixture, it can be concluded, that this is currently
not competitive compared to a conventional H,O / LiBr AHT. Even if alternative working
mixtures are found, which enable the process operation at lower temperature levels with
higher efficiency, its application in practice will be rather difficult, owing to the high
temperature glide in the condenser and the fact that the temperature lift of this process

depends only on the shape of the dew-point curve of the working fluids.

Rojey cycle: The theoretical investigation of the Rojey cycle with 2-stage absorption and the

working mixture NHs/ H,O/C4H;o showed that it is promising for applications at high
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generator temperatures and low temperature lifts. For instance, the calculated COP. of the
Rojey cycle at tags our/teva toc = 25 / 1.7C was higher than that of a conventional
NHs/ H,O AHP at generator outlet temperatures higher than 70C. When increasing the
absorber outlet temperature to 45T the Rojey cycle had a similar COPc to a conventional
NHs/ H,O AHP but required a generator temperature of 165C instead of 120<C.

Concerning further research on the Rojey cycle, it must be noted that the NH;3/ C4Hjo
concentration in the evaporator was set equal to the composition of the azeotropic mixture.
When changing the C4H;0 concentration in the evaporator, evaporation will occur at gliding
temperature. On the one hand, the comparison of the Rojey cycle with a conventional
NH3;/ H,O AHP will be difficult, on the other hand, new application areas for the cycle could

be found.

Einstein-Szilard cycle: Within this work the 2-stage absorption for the Einstein-Szilard cycle
was suggested. The simulation results showed that the COP¢ of this cycle was still much
lower than that of a conventional NH; / H,O AHP. For instance, at tags out / teva=25 / 1.5T
the Einstein-Szilard cycle has a COP¢ of 0.19 and a conventional NH3/ H,O AHP of 0.75.
Thus, to improve the efficiency of the Einstein-Szilard cycle new working mixtures must be

investigated.

NH; / H,O / NaOH AHP test rig

The AHP test rig developed within this work for the experimental investigations with the
working mixture NH;3 / H,O using NaOH as an additive consists of the following components:
the absorber (ABS), condenser (CON), generator (GEN), rectification column with stripping
section (STR), rectification section (REC) and dephlegmator (DEP), solution heat exchanger
(SHX), rich solution (RSAC), poor solution (SAC) and refrigerant (RAC) accumulators and
throttle valves (STH and RTH). Furthermore, there are two bypasses to enable operation
with or without SHX. The design of the rectification column also permits the operation use of

both the rectification and stripping sections, or only the rectification section.

The absorber and evaporator are designed as vertical falling film components. The predicted
absorber capacity is up to about 1400 W and that of the evaporator is up to about 950 W.
Optical access to the absorption and evaporation processes is provided by the installation of

five sight glasses in each component.

The condenser, generator and solution heat exchanger are plate heat exchangers from the
company “Alfa Laval’. For the solution pump, a plunger-membrane pump with a PTFE
membrane was used. The installed refrigerant and solution accumulators have a volume of

1.5 | and for temperature measurement thermometer pockets with PT100 were installed.
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The electronic expansion valve type AKVA 10-1 (“Danfoss”) with a regulation area ranging
from 5% to 100% was installed as the refrigerant throttle valve. An additional manual throttle
valve Type SS-1RS6MM (“Swagelok”) was installed in series after the electronic expansion
valve. For the solution flow rate regulation the valve type SS-31RS6MM (“Swagelok”) was

used.

In order to regulate temperature levels of the high temperature heat source, heat sink and
low temperature heat source the hot water, cooling water and brine loops were used. Hot
water loop aims to supply heat to the generator at a temperature level from 80C to 130C.
The heating medium is distilled water, which was heated by an electric heating element with
a heat capacity of 3500 W. To reject heat in the absorber, condenser and the dephlegmator,
the cooling water loop of the institute was used. The mobile unit of the institute was used as
a low temperature heat source. The brine medium is a mixture of Glysantin and water
(43 Vol.-% / 57 Vol.-%).

For the needs of temperature measurements thermocouples and platinum resistance
thermometers Pt100 were used, and for the pressure measurement three pressure
transmitters “Alphaline” from “Rosemount” were installed. The flow rates in the external loops
are measured by means of three flow meters: magnetic inductive flow meters from the
company “ABB” for the cooling water and brine and the coriolis mass flow meter from the
company “Micro-Motion” for hot water. All measurement devices used in the AHP test rig
were calibrated.

The regulation of the AHP test rig occurred by means of the software program “LabView".
The data acquisition was provided by means of 3 IMPs (isolated measurement pod) of the
type 35951J from the company “Solartron”. For the regulation of the regulated process
values and that of the heating element, an additional IMP of the type 35951D was installed.
All gathered data by IMPs were sent to a PC by means of the software program “LabView”

and copied to a text-file with the measurement period of 2 sec.

Test results and system analysis using ASPEN Plus

The test results on the NH; / H,O / NaOH AHP test rig were reported and analyzed by means
of thermodynamic simulation using ASPEN Plus. The tests were carried out at different
cooling water and hot water inlet temperatures and different generator capacities. The test rig
operation with and without solution heat exchanger as well as stripping section of the

rectification column was analyzed

From the test and simulation results the following can be concluded:
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1. Technical feasibility of the NH; / H,O AHP-process using 5 wt.-% NaOH as an
additive was proven. However, due to the presence of NaOH crystals in the
evaporator the working mixture had to be regularly changed and the test rig had to be
purged with water.

2. Operation at higher NaOH concentrations could not be realized. The tests with
10 wt.-% NaOH in the working mixture failed, because of the crystallization issues in
the lower part of the evaporator and in the pipe between the absorber and
evaporator.

3. An increase in the COP¢ predicted by the simulations (see Chapter 3.1.4) could not
be proven. The evaluation of the test results in ASPEN Plus showed that this was due
to decreased absorber efficiency. This penalty to absorption was imposed, on the one
hand, by the higher viscosity and surface tension of the working mixture with NaOH
and, on the other hand, because of the higher solution flow rate when using NaOH as
an additive.

4. The use of NaOH as an additive to the working mixture NH; / H,O leads to a
moderate increase in the UA-value coefficient of the generator.

5. From the analysis of the influence of NaOH on the evaporator, solution heat
exchanger and rectification column, it can be concluded that there are no significant

changes between the operation with and without NaOH.

Generally, the presented results show that NH; / H,O absorption is hard to best due to the
reasons discussed above. Thus, further research and development of the NH; / H,O
AHP-process using NaOH as additive with regard to the absorber design, which can provide
adequate mass transfer areas and thus higher absorber efficiency when operating with
NaOH, is necessary. Finally, an additional challenge with NaOH is that the design of the AHP

test rig has to be modified, to prevent the presence of NaOH in the refrigerant circuit.

Conclusions and further work required
The following research and development of the NH; / H,O AHP-process using NaOH as an

additive is needed:

1. The absorber design has to be improved to ensure adequate mass and heat transfer
area and, therefore, higher absorber efficiencies when operating with NaOH. For
instance, the absorber for the operation with NaOH could be improved by increasing
the diameter of the first internal pipe (falling film) and decreasing the pitch angle of
the wire installed on it. The tests must be carried out with two different absorbers: one

designed for operation with NaOH and another without NaOH. Both absorbers must
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have the same absorber efficiency during the operation, to allow for the fair
comparison of the test results.

To ensure the long term operation of the test rig, its construction has to be modified,
to prevent NaOH entering the refrigerant circuit during the operation. For this, the
improvement of the droplet separator construction is necessary. Before installation of
the rectification column in the AHP test rig, different types of droplet separators (e.g.
a droplet separator with bigger diameter or several droplet separators installed in
parallel) have to be experimentally investigated with the working mixture
NH; / H,O / NaOH.
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