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God does not play dice with the universe.

- Albert Einstein

Happiness can be found, even in the darkest of times, if one only remembers to turn on the
light.

- Albus Dumbledore



Summary

Excessive consumption of non - renewable resources in the recent times has negative effects on
the environment, one of the important of which include global warming. This suggests an urgent
need for adaption to the sustainable use of the resources, for which the thermal technologies show
a lot of scope. Absorption heat pump is a type of heat pump which uses a thermal compressor
instead of a mechanical compressor as in the case for the conventional heat pumps. Thus, such
heat pumps are indeed an alternative energy conversion technology. This thesis focuses on the
use of an inventive fluid as an absorbent in the absorption thermodynamic cycles : ionic liquids.

In this thesis, the process of absorption of NH; into an NH3 + ionic liquid solution is studied.
[emim][SCN] was selected as the ionic liquid to be used as an absorbent based on it’s efficiency,
availability and the beneficial economic factors. In the first part of this thesis, an existing numer-
ical vapor - liquid equilibrium model for the working pair of NH; - [emim][SCN] developed by Wang
(2019) was validated. This is done by comparing the results of the model with the experimental
data obtained by Yokozeki and Shiflett (2007) for the same working pair.

The second part of this thesis includes experimental and numerical studies of the absorption
process in question. For the experimental study, the absorption setup located in Process and En-
ergy laboratory at TU Delft was used. This setup does not accommodate the complete absorption
heat pump thermodynamic cycle, but just the absorption process. Firstly, H,O - H,O convective
heat transfer experiments were performed inside the setup, for both the lower range Reynolds
numbers (40-140), and for the higher range Reynolds numbers (150-360). It was ascertained
that the derived correlations governing the heat transfer for both of these ranges, along with the
average correlation covering all the ranges of the Reynolds number, agree with the previous lit-
erature, to ascertain that the setup worked correctly. Consecutively, the absorption experiments
were performed with NH; - [emim|[SCN] working pair. The amount of vapor flow recorded during
these experiments was quite low (maximum upto 0.1%), suggesting that most of the heat was
transferred to the cooling water by means of the sensible heat transfer.

A numerical model for the absorption + sensible heat transfer process developed by Wang
(2019) was used as a reference to design a similar numerical model in the present work. The
data obtained from the experiments was used as an input to the numerical model. It was ob-
served that the overall heat transfer coefficient for the absorption process is indeed more than
that for the convective heat transfer process. The numerical results agree with the experimen-
tal results including a moderate error margin. Therefore, the numerical model was considered
validated. The conceptual reasoning behind the error margin between the numerical and the
experimental results are also presented. Little can be said about the validity of the empirical
correlations governing the absorption process estimated by Wang (2019), since absorption only
took place during a small part of the length of the absorber (maximum 10.5%). However, it is ex-
pected that these correlations work satisfactorily for those cases where the solution is subcooled
before entering the absorber. It is concluded based on the numerical results that the correlation
governing the convective heat transfer derived from the water - water experiments is considered
acceptable for the present case.

Finally in the last part of this thesis, an attempt was made to predict the accurate value for the
viscosity of NH; + [emim][SCN] solution by an experimental study. A separate set of convective
heat transfer experiments was performed with NH; + [emim|[SCN] solution and the cooling water.
The experimental data obtained was analyzed using the correlations obtained from the H,O -
H,O convective heat transfer experiments. The results of this analysis were compared with the
solution viscosity values predicted by Wang (2019) with a logarithmic correlation, wherein the
solution viscosity is a logarithmic function of the viscosities of the individual fluids present in the
solution. The reasonable agreement (with on an average 32.05 % accuracy, as was estimated by
Wang (2019)) between the viscosity values obtained by the analysis and the values predicted by
Wang (2019) confirmed the validity of this logarithmic function. Recommendations are presented
in the last part of this thesis for future studies.
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Introduction

1.1. Background

About 50% of the total energy demand in Europe falls into heating and cooling sector. Heat
pumps are conventional means to create and exploit heat. Most usage of the heat pumps lies in
industrial sector as well as in the residential energy sector. There is a wide variety of heat pumps
that can satisfy the need of space heating and cooling, whether in industrial or residential sector.

A heat pump functions based on a well known thermodynamic concept of the transfer of
the thermal energy from a source of the system to the sink of the system. A heat pump cycle
makes use of a compressor and an expansion valve in order to achieve the required pressure and
temperature gradients. Working fluid is passed through a compressor. Thus the fluid at high
pressure passes to the condenser where it gives off the heat and cools down. It is then passed
through the expansion valve to relieve it’s pressure, and then, gets heated up in the evaporator
thus consuming the heat from the surroundings. Thus, useful thermal energy is collected at the
condenser.

Figure below shows the simple outline of the working of a heat pump.

| — |
Compressor —‘—{ -
¢ Condenser Useful heat
¢ |+

Inlet Heat Source
|

i é_ Evaporator
—Ppg¢—

Expansién Valve

I |
I I
I I
I |
I Regenerator |
I I
I I
I |
! |
I |

Figure 1.1: Schematic of the working of a heat pump (Images.google.com. (2019))

A heat pump cycle is displayed in figure 1.2, in terms of a Pv diagram.
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Figure 1.2: A heat pump cycle : Pv diagram (Images.google.com. (2019))

1.2. Why absorption heat pumps?

Every action of humankind has consequences on the environment, either beneficial or de-
structive. Excessive consumption of non renewable resources has negative effects on the en-
vironment, one of the important ones include global warming. A research conducted by the
NASA’s Goddard Institute for Space Studies (GISS), states that the average global temperature of
the Earth has increased by about 0.8 °C since 1880. This global temperature mainly depends on
how much the energy does the Earth receive from the Sun, and how much does it radiate back.
This radiation of the energy by the Earth depends on the chemical composition of the atmosphere
around it, and hence, on the amount of the greenhouse gases around the Earth that trap this
energy. These greenhouse gases around the Earth’s atmosphere mainly include water vapor,
carbon dioxide, methane, nitrous oxides and ozone. There is no doubt that human activities
have a huge contribution to the increase of carbon dioxide in the atmosphere.

Alarge amount of the atmospheric carbon dioxide emissions are caused due to the combustion
of the fossil fuels, mainly oil, coal and natural gas. Human activities like the deforestation, change
in the use of the land and industrial processes also contribute to the carbon emission. A carbon
footprint is defined as the amount of the greenhouse gases emitted into the atmosphere to suit
human activities, usually also represented in tons of carbon dioxide. It is of utmost importance
to take the necessary measures in order to reduce the carbon footprint to help slow down or curb
the climate change that is progressing rapidly as a result of the human activities. One of the
important ways to achieve this is to replace the usage of non renewable resources with the usage
of the renewable ones. It is only fair that the future generations of humankind should get to
exploit the natural resources as the current generations do. All this dictates the urgent need to
use resources like fossil fuels sparingly. This would in turn reduce the risk of the global warming
by reducing the emission of greenhouse gases.

There is a great potential in the thermal energy sector to achieve the goal of sparing the
consumption of natural resources. Figure 1.3 shows the thermal energy consumption in the
Netherlands for space heating an space cooling purposes. In 2015, in the Netherlands, the
thermal energy used was about 939 PJ (about 45 %) of the total energy consumption of the
Netherlands in 2015 (Wang, 2019). This usage is expected to be reduced to 867 PJ by 2030

(Wang, 2019). It is clear from figure 1.3, that this reduction is expected to be achieved mainly by
the built environment.
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Figure 1.3: Thermal energy used in 2015 and expected to be used in 2030 in the Netherlands (Wang, 2019)

So, thermal technologies show a lot of scope for a sustainable design to be used in the build-
ings, in order to achieve the goal of the energy conservation. Absorption heat pump is a type of
heat pump which produces heat output on being given heat input, using a thermal compressor
instead of a mechanical compressor as in case of the conventional heat pumps. Thus, such heat
pumps are indeed an alternative energy conversion technology. Most of such absorption heat
pumps use NH; - H,O or H,O - LiBr as a working pair. Functioning of such absorption heat
pumps is described below.

1.2.1. Vapor Absorption Heat Pump (VAHP) cycle
Principle

Absorption cycles of the type Vapor Absorption Heat Pump (VAHP) are considered and studied
in this work. The working fluids in such cycles are a refrigerant and an absorbent fluid. Figure
1.4 displays the schematic of a VAHP cycle. As shown in figure 1.4, the pure refrigerant vapor
from the evaporator (EVA) is absorbed in the absorbent fluid in absorber (ABS), thus making
the solution in the absorber the strong solution. This strong solution passes through the heat
exchanger (SHX), thus taking up the heat from the hot weak solution passing through the ex-
changer. This strong solution then enters the generator (GEN), where some heat is provided to
it thus making the refrigerant in the solution to evaporate and be sent to the condenser (CON)
where it gets cooled. The weak solution that comes out of the generator passes back to the
heat exchanger and gets cooled, after which it enters the absorber again and the cycle contin-
ues. After the condenser, refrigerant is throttled and enters the evaporator (EVA) where it cools
the surroundings. Thus, the cooling effect is achieved at the evaporator. When the refrigerant
vapour is absorbed into the solution inside the absorber, temperature of the solution increases.
This heat can be transferred to the coolant and used. Also, at the condenser, the refrigerant gives
off heat. Thus, in the overall cycle, heating effect is achieved at the condenser and absorber.
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Figure 1.4: Vapor Absorption Refrigeration cycle (Wang, 2019)

Single effect VAHP cycle is considered in this work. Coefficient of performance of such a cycle
is calculated as follows

Qabs + Qcon _ Qeva + Qgen =1+ Qeva

Qgen Q gen Q gen

Thermodynamic PT diagram of this cycle is shown in the figure 1.5.

COP =

(1.1)

Figure 1.5: PT diagram of Vapour Absorption Heat Pump cycle (Wang, 2019)

Advantages of Vapour Absorption Heat Pump (VAHP) cycles over Vapour Compression Heat Pump
(VCHP) cycles
1. In VAHP cycles, use of a mechanical compressor is avoided and it is replaced by the use of
thermal compression. The driving force of this type of cycles is the heat that is provided to
the generator. Thus, all the input needed is the heat input needed for the generator.

2. Coefficient of Performance (COP) of the overall cycle when this thermal compressor is used
in the heat pump cycle, is found to be comparable with that obtained when a mechanical
compressor is used.

3. Degradation of the cycle performance due to the damage to a mechanical compressor can
alltogether be avoided when a thermal compressor is used in it’s place.

Working fluids

The performance of such VAHP cycles depends highly on the choice of the working fluids.
Thus, making an appropriate choice of the refrigerant and the absorbent fluid is of utmost im-
portance, taking into the consideration the physical and thermodynamic properties of both. In
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most cases, water or LiBr is used as the absorbent fluid in VAHP cycles. NH; - H,O or H,O - LiBr
perform considerably good in such cycles. However, there are some disadvantages associated
with the use of these working fluid pairs.

1. Water cannot be cooled below O ° C.

2. Use of H,O - LiBr pair has a risk of corroding the equipment.

3. When the temperature window of PT diagram is high, H,O - LiBr pair may solidify.
4

. The boiling point of NH; is close to that of water, so the vapour stream may contain some
water as well. This will negatively impact the performance of the cycle. This implies that in
order to remove water vapour from ammonia vapor, a rectifier should be used, which makes
the system bulky, and reduces it’s efficiency.

Use of ammonia in refrigeration cycles dates way back. Ammonia has a low freezing point (-33
° C). It has relatively high latent heat, which justifies it’s use in the refrigeration and absorption
cycles. It also has low viscosity. Thus, it is of utmost importance to choose an absorbent fluid
which has high affinity with ammonia. Some of such fluids include salts such as NaSCN and
LiNO;. However, such salts have high viscosities. These salts can also crystallize during the
operation.

When it comes to the exploration of the concept of the use of the ionic liquids as a substitute
for water or LiBr in VAHP cycles, it is seen that the high viscosity of ionic liquids can be considered
against the use of them in absorption heat pump cycles. However, some other properties like
hydrophilic nature, and low melting points of ionic liquids also make them attractive for their
use in heat cycles. Since the ionic liquids have low melting point, they remain in liquid state
at normal working temperatures. Hence, this property works in favour of their selection for the
absorption processes. Ionic liquids also have negligible vapour pressures, making them further
practical for use in absorption processes.

1.3. Research questions

This work focuses on the following research questions,

1. Estimation of the validity of the thermodynamic properties of the fluids in question.

For this purpose, the vapour liquid equilibrium model designed by Wang (2019) is tested
in comparison with the experimental data by Yokozeki and Shiflett (2007). It is found out
whether or not the VLE model in question comes close to this experimental data. By doing
this, further use of this VLE model in this work is justified.

2. Estimation of the validity of the relation used by Wang (2019) for the viscosity of the ammo-
nia + [emim][SCN] solution as a logarithmic function of the individual fluid viscosities.

For this purpose, the logarithmic viscosity relation in question is tested with help of exper-
imental data. For this purpose, a separate set of sensible heat transfer experiments was
performed with ammonia + [emim]|[SCN] solution being cooled by water. Accuracy of the
viscosity calculated by the logarithmic relation in question is determined, with the help of
the values of the solution viscosity obtained from the experiments.

3. Validation of the heat and mass transfer model developed by Wang (2019) for the absorption
+ convective heat transfer process in a plate heat exchanger.

For this purpose, the experimental results are used as input values to a numerical model
developed in Matlab, in order to obtain the output conditions of the absorber.

(a) A setup at the Energy and Process department of the Delft University of Technology
is used for the experiments. Firstly, two sets of water-water experiments without a
phase change are performed, and an empirical correlation governing the convective
heat transfer is derived. This correlation is a function of Nusselt, Reynolds, and Prandtl
numbers.
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Afterwards, the setup is made ready for the absorption experiments using ammonia
+ [emim]|[SCN] solution in one side of the absorber and water on the other side. Ab-
sorption experiments are performed with appropriate operating conditions and output
values are recorded. The operating conditions under which the experiments are per-
formed, are given as an input to a numerical model. The results obtained by the model
are compared with the actual experimental results. By making this comparison, an
attempt is made to validate the heat transfer correlations for the absorption process
derived by Wang (2019).

Also, these results of the numerical modelling are used to acertain that the empiri-
cal correlation governing the convective heat transfer obtained from the water - water
experiments can be trusted to yield accurate temperature outputs.

Results obtained by the numerical model are studied in order to get a sound knowl-
edge of the absorption + convective heat transfer process that took place during the
experimentation, and to identify the limitations of both the experimental setup and the
numerical model. Based on this study, some recommendations are made for the future.

1.4. Approach towards the goal

Figure 1.6 displays all the steps followed during this research, in order to address the research
problems. These steps include the literature review, experimental work, numerical analysis, and
the validation of the numerical model.

Establishment of the
research problems

¥

Literature review

. v

L
4 )

Validation of the VLE
model by Wang (2019) to
be used in further analysis

. | vy
{ '
Experimental analysis ] Exper.lmental re-_f,ullts as the ( Numerical analysis
J input conditions L
1 |
4 N
Comparison and
validation
. v
4 1 N
V'SCO_S'W check Conclusions and future
experlmepts and recommendations
reflections \ y

Figure 1.6: Outline of the present research



Literature review

Not a lot of literature is available currently to make a perfect choice of the ionic liquid and
the refrigerant. However, some works present and compare the transport and thermodynamic
properties of different ionic liquids. Similarly, some works are available which analyze the use
of such ionic liquids in absorption thermodynamic cycles, both experimentally and numerically.
These literature studies help in making an optimum choice of the materials to be used in the
cycle.

2.1. Thermodynamic equilibrium

Domanska et al. (2010) determined the phase diagrams of 1-ethyl-3-methylimidazolium thio-
cyanate ([emim][SCN]) or 1-ethyl-3-methylimidazolium tosylate ([emim]|[TOS]) + water, or + an al-
cohol at atmospheric pressure. It was observed that the water showed a complete miscibility with
[emim][SCN]. Liquid-liquid and liquid-solid phase equilibria involving the miscibility in the liquid
phase region were observed for the systems involving alcohols and [emim|[SCN] or [emim][TOS].
NRTL method is used to obtain the PTx trend. This paper was referred in the present work to get
a better understanding of the thermodynamic equilibrium of the working pairs involving ionic
liquids.

Vatasc¢in and Dohnal (2017) studied the thermodynamic behaviour of the aqueous solutions
of two ionic liquids - [emim][SCN] and [emim|[DCA]. Properties like the conditions for the vapor
liquid equilibrium, excess enthalpy, density and viscosity were recorded in the whole range of the
composition at different temperatures, and the results are compared. NRTL type of model was
used to calculate the equilibrium conditions from the previously available experimental data. Ex-
cess volumes and the viscosity of the solution were correlated as functions of the composition and
temperatures. It was seen that the aqueous solutions of both the [emim]|[SCN] and [emim][DCA]
exhibit similar behaviour energetically. This paper is referred in the present work to compare the
transport properties of pure [emim][SCN] to be used in the calculations.

Wang (2019) considered and analyzed different models to calculate the equilibrium conditions
for the vapor liquid equilibrium of different ionic liquids with ammonia vapor. The analysis
performed is as follows :

1. Vapor-liquid equilibrium relations for different models are used to predict the performance of
the system at desired conditions of temperature. These predicted trends are compared with
the results of experimental analysis for the same working pair and in the same conditions.
Both these trends are plotted together. The validity of the model is determined using the
root mean square deviation (RMSD) of the predicted values from the experimental ones. The
most suitable model is the one which has least RMSD.

2. To avoid repeatibility error in the measurement and comparison, experimental data for the
same conditions from different sources are considered.

3. Further, enthalpy of mixing is calculated for each of these models in order to analyze heat
and mass transfer equations.
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PRVdAW, PRWS, RK, NRTL and UNIFAC models are considered for a comparison of the predic-
tions of VLE data. Of these, the NRTL model was seen to predict the vapour liquid equilibrium
behaviour with least mean deviation from experimental results when a graph of equilibrium pres-
sure versus temperature is plotted. The enthalpy of mixing is found out in this work using three
different methods, Equation of State (EOS), Excess Gibb’s energy (G¢) method, and Clausius-
Clapeyron method. The results obtained using these three methods are compared in his work.
A generic RK - EOS model is used to calculate the mixing enthalpy by Wang, 2019, referred from
Kim et al. (2012), and Yokozeki and Shiflett (2007).

Yokozeki and Shiflett (2007) measured the solubilities of ammonia in different ionic liquids at
room temperature. These ionic liquids include 1-ethyl-3-methylimidazolium acetate, 1-ethyl-3-
methylimidazolium thiocyanate, 1-ethyl-3-methylimidazolium ethylsulfate, and N,N-dimethyletha
nolammonium acetate. Six different mixture compositions of each of the binary systems were
taken into account and pressure - temperature - molar composition (PTx) data were measured
at different temperature conditions. A generic RK model was used to calculate the equilibrium
conditions and the plots so obtained were compared with experimental results and negative de-
viation from the ideal solution behaviour was found. This paper is referred in the present work,
in order to check the temperature dependent equations for the thermodynamic properties of the
pure ionic liquid.

2.2. Transport properties

Gao and Wagner (2016) proposed a logarithmic relation in order to calculate the viscosity of
the solution of ionic liquid + water. According to them, the solution viscosity is a logarithmic
function of the individual fluid viscosities.

Valkenburg et al. (2005) encouraged the use of the ionic liquids for heat transfer applications
and for the heat storage in power plants with the help of parabolic trough solar collectors, and
analyzed the effect of impurities on the thermal and transport properties of ionic liquids. They
selected [emim]|[BF,], [bmim]|[BF,] and [DMPI|Im for the analysis. Thermal properties of the three
chosen ionic liquids like the melting point, boiling point, liquidus range, heat of fusion, heat
capacity, vapor pressure and thermal conductivity, and other properties like the density, vis-
cosity and chemical compatibility with certain metals are either measured or collected from the
literature, and analyzed. They also estimated the effect of various impurities on these properties.

They concluded, that these three ionic liquids have a potential to be used in heat transfer
applications, based on their thermal and transport properties, and that in many ways, they are
superior to the present heat transfer fluids. They also concluded that the contamination of these
ionic liquids by water, metal cations and chlorine has a negative effect on their transport and
thermal properties. Also, they identified the high cost and less availability of the ionic liquids as
hindrances of their use as commercial heat transfer fluids.

Wang (2019) suggested the use of the logarithmic relation of the solution viscosity (Gao and
Wagner, 2016) for the working pair of ammonia - ionic liquid in the absorption process. In this
logarithmic relation, the excess viscosity term is neglected, the effect of which was to have a max-
imum of -90% deviation of the calculated viscosity values from the actual viscosity values. Based
on the calculated deviations between the actual values of the viscosity and the logarithmically
calculated values of the viscosity, Wang (2019) concluded that this logarithmic approach was
a better approach to calculate the solution viscosity as compared to the linear weight average
method.

An attempt is made in the present work, to check the validity of this logarithmic relation.

2.3. Heat and mass transfer during the absorption process

Cerezo et al. (2009) studied the absorption process of NH; in water in the bubble mode both
experimentally and numerically. An iterative control volume method was used to model the bub-
ble absorption process. They noted the effect of the variations of the operation parameters on
the absorber thermal load and the mass absorption flux. For this bubble absorption, they report
that the numerical results were well in accordance with the experimental ones. They report that
the increase in the cooling water flux has a positive effect on the absorption performance, but
increase in ammonia concentration in the solution stream, increase in the solution temperature
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and increase in the coolant temperature affected the absorption performance negatively.

Kang et al. (2000) analyzed the combined heat and mass transfer for an ammonia- water ab-
sorption process for two different absorption modes - falling film absorption and bubble absorp-
tion, using a plate heat exchanger. Their work concludes that the local coefficient of absorption
was always larger in the bubble mode as compared in the falling film mode, the result of which
was the fact the overall effective heat transfer area of the exchanger was much smaller (about
48 %) for the bubble absorption mode. Concentration and temperature profiles are plotted for
both the modes throughout the length of the absorber for a general counter current absorption,
wherein the solution and the vapor flow in one direction and water flows in the opposite direction.
These overall temperature and concentration distributions are shown in figure 2.1. It can be seen
generally that temperature of bulk liquid is a bit lower than that of the interface. This suggests
heat transfer resistance at the liquid side is low. Also, the concentration in the bulk liquid is
reasonably lower than that at the interface, which suggests that the mass transfer resistance is
considerable at the liquid side. So, these two facts lead to the conclusion that the resistance to
the mass transfer is dominant on the liquid side.

Apl Ay

R e

/74 Wall

Figure 2.1: Temperature and concentration profiles for the absorption process (Kang et al., 2000).

At the vapor side, the heat transfer resistance is considerable, as the bulk vapor temperature
increases a fair amount from the bottom of the absorber. There is also a substantial concentration
difference in the concentration at the bulk vapour side, which indicates a considerable mass
transfer resistance. Some aspects of the temperature distributions vary for the falling film mode
and the bubble mode. Graphs of both these modes are shown in figures 2.2 ans 2.3 respectively.

In figures 2.2 and 2.3, the lines representing the interface temperature (T;) and the liquid bulk
temperature (Tj,) seem to be very close together (overlapped in the falling film absorption, figure
2.2) thus indicating negligible heat transfer resistance between the interface and the bulk liquid,
as compared to the heat transfer resistance from the bulk liquid to the wall. It should be noted
here that the interface temperature (T;) is the equilibrium temperature at a particular concen-
tration and pressure. Temperature curves for the falling film mode (figure 2.2) corroborate the
general assumption made from the overall temperature and concentration distributions (figure
2.1), that only the mass transfer resistance is considerable at the liquid side, whereas both heat
and mass transfer resistances are considerable at the vapor side.
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Figure 2.2: Temperature distribution for falling film absorption (Kang et al., 2000), Wherein T; = Interface temperature; T}, = Liquid
bulk temperature; T, = Vapor bulk temperature; T, = Coolant temperature
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Figure 2.3: Temperature distribution for bubble absorption (Kang et al., 2000), Wherein T; = Interface temperature; T\, = Liquid bulk
temperature; T,,, = Vapor bulk temperature; T, = Coolant temperature

It can be seen from figure 2.3 that in the bubble absorption mode, the temperature of the
vapor increases rapidly until it reaches the interface temperature. Thus, in the bubble mode,
the resistance to the heat transfer from the interface to the vapor is considerable near the bot-
tom of the absorber, till the vapor temperature stabilizes near the interface temperature. The
difference in the temperature profiles of the vapor in the falling film and the bubble absorption
can be because of the fact that in the bubble mode, the vapor and the solution are well mixed
with each other, thus the vapor temperature rises rapidly and then stabilizes near the interface
temperature. On the other hand, in the falling film mode, the vapor and the solution are not
mixed as well with each other, thus exhibiting significantly higher heat transfer resistance to the
vapor side than that in the bubble absorption. So, the vapor temperature remains well below the
interface temperature. Also, the difference in the vapor profiles can be due to the fundamental
differences between the geometry of a bubble and that of a film. They also concluded that the
vapor phase flow rate was the dominant parameter for heat transfer, and the solution flow rate
was the dominant parameter for the mass transfer during the absorption.
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Khan et al. (2010) experimentally studied the effect of the geometry of heat exchanger on the
Nusselt number, and effectively, on the heat transfer coefficient. They conducted water-water ex-
periments in a corrugated cross flow plate heat exchanger for different plate geometries (Chevron
angle, corrugation depth) and developed a Nusselt-Reynolds-Prandtl relation for equal Reynolds
number on either side of the exchanger. They also validated these results with the help of the
previously published literature on the topic.

Wang et al. (2019) studied absorption of ammonia in NH; + IL solution. Experimental data
are used to find out the unknown parameters in the transfer equations and a numerical model
is constructed to solve heat and mass transfer equations to find the outlet properties.

Wang (2019) modelled numerically the heat and mass transfer during absorption of ammonia
in ammonia + LiNO3 solution. A detailed numerical procedure is performed to calculate the
overall heat transfer coefficient of the absorption cycle for ammonia as a refrigerant, and the
fluid NH; —LiNOj; as the absorbent fluid. A semi- empirical model is developed in Matlab for the
absorption process. It uses several of the already established theories regarding heat and mass
transfer, including the void fraction theory, two resistance theory and Chilton- Colburn analogy.
It also uses heat and mass transfer equations to establish the balance. The outline of this work

performed by Wang (2019) is shown in figure 2.4.

_,// Semi-empirical heat & mass iransfer model
To explore tha absorption

for absorption in a plate heat exchanger
behaviar of NHyinta NHy/IL fluids
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Figure 2.4: Outline of Wang'’s (2019) approach to develop a numerical model for the absorption process

Absorption takes place in a plate heat exchanger where the heat due to the absorption is taken
by the circulation of cooling water. The efficiency of this cycle is calculated in terms of the heat
transfer coefficient. This absorption model is displayed in figure 2.5.
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Figure 2.5: Theoretical absorption model with a detail of a single control volume (Wang, 2019)
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The blue stream in figure 2.5 represents the stream of cooling water going from the top to
the bottom of the heat exchanger. Adjacent to it, is the wall of the plate heat exchanger. The
layer adjacent to the wall displayed in yellow colour represents the absorbent solution going from
bottom to the top of the heat exchanger. Layer adjacent to it is the interface between solution
and the ammonia vapor. The last layer displayed in the red colour is the bulk vapor stream, also
going from the bottom to the top. It is through this interface that the absorption of ammonia
vapor into the bulk absorbent solution takes place.

Following assumptions are made in order to analyze the cycle.

1. The system operates in a steady state.
2. Thermal losses are neglected for the ease of calculation.

3. Thin film assumption is made at the interface. The liquid film is thin and symmetrical with
the plates.

4. Interface is at equilibrium.

5. Thermal boundary layers between the single phase and two phase regions show a smooth
transition.

6. Transverse and longitudinal heat conduction at the plates of heat exchanger is neglected.
7. A uniform distribution is assumed along the width of the plate.
8. Absorbents are considered non volatile, so there is no absorbent in the vapor phase.

The volume of the heat exchanger is discretized in small control volumes. Available input
conditions are given to the control volume at the bottom, assuming that the cooling water en-
ters from the top and the solution enters from the bottom. Further, vapour liquid equilibrium is
established in the control volume, and the equilibrium conditions are calculated at a particular
temperature and mass concentration ratio of ammonia in the absorbent solution. These condi-
tions are used to calculate the enthalpy of the solution. This enthalpy is used to establish the
heat and mass transfer balance in the control volume, thereby calculating the outlet conditions
of the control volume. These outputs are given as inputs to the next control volume and the
procedure is repeated. Finally, the end pressure and temperature conditions are calculated for
the last control volume at the top of the absorber. A more detailed explanation and some crucial
technical details of this numerical modelling are presented in chapter 6 of the present work, as
this numerical model is used as a basis to develop the model used in the present work.

The end results are then used to calculate the heat transfer coefficient, and thus the perfor-
mance of the system and that of the ionic liquid are evaluated. Empirical correlations of Nusselt-
Prandtl-Reynolds, that govern the absorption heat transfer, have been derived by Wang (2019)
using the experimental data by Amaris Castilla (2014). From this analysis, it was observed that
the use of [emim]|[SCN] as an absorbent does not show the highest overall heat transfer coefficient.
However, it still shows higher overall heat transfer coefficient than the reference pair.

Block diagram of this process is shown in figure 2.6.
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Figure 2.6: Block diagram for the numerical process used by Wang (2019)

2.4. Analytical and numerical studies regarding the absorption cycle
performance

Amaris Castilla (2014) reported experimental data for an absorption heat pump cycle for the
working pair of ammonia- LiNO3. This data has been numerically analyzed by Wang (2019) in a
numerical heat and mass transfer model to predict the performance of the absorption cycle. Us-
ing the experimental data by Amaris Castilla (2014), Wang (2019) validated his numerical model
for the absorption process.

Triché et al. (2017) made a comparison of results of the numerical analysis of the falling
film absorber with the results of experimentation, using ammonia-water as the working pair.
Maximum of 15% deviation was found when the comparison was made. They defined the mass
effectiveness as the ratio of the actual absorbed mass flow rate in the absorption process, to the
maximum vapor mass flow rate that can be absorbed for an infinite counter flow absorber. The
comparison between the numerical and experimental results for mass effectiveness, absorbed
mass flow rate and the heat rate (the rate of the heat exchanged) is shown in figures 2.7, 2.8 and
2.9 respectively.
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Figure 2.7: Comparison between numerical and experimental results for mass effectiveness (Triché et al., 2017)
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Figure 2.8: Comparison between numerical and experimental results for absorbed mass flow rate (Triché et al., 2017)
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Figure 2.9: Comparison between numerical and experimental results for heat rate (Triché et al., 2017)

They particularly studied the effect of variation in the coolant mass flow rate on various pa-
rameters. They concluded that in an absorption process like this, the mass transfer resistance is
dominant for the falling film mode at the liquid side as the heat transfer resistance at the liquid
side is almost negligible. It was also found that the mass effectiveness is directly proportional to
the coolant mass flow rate. The overall low mass effectiveness calculated during this analysis,
can be linked to the fact that water evaporates in some amounts along with ammonia. Thus
there is water vapor left in some fraction in the ammonia vapour, thus reducing the overall mass
effectiveness of the absorption process.

Wang and Infante Ferreira (2017) studied the performance of nine NH; - IL pairs and com-
pared these pairs in terms of their applications in the single effect heat pump absorption cycle.
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Coefficients of performance (COP) for these pairs were also calculated and it was seen that COP
of NH3-[mmim]|[DMP] pair was highest. Coefficients of performance of these pairs were compared
with that of ammonia-water pair and it was found that quite a lot of them had higher coefficient
of performance than that of the ammonia- water pair. Also, a model of an optimized NH; - IL
pair was developed with highest optimized COP.

Wang (2019) compared different ionic liquids based on different criteria, including the co-
efficient of performance of the absorption cycle, and the circulation ratio achieved when that
particular fluid is used along with ammonia. Also, the performances of different pairs contain-
ing different ionic liquids are compared with that of ammonia- water pair, calculated using the
same method. Simple refrigeration and absorption cycle calculations are used to calculate these
parameters. These calculations are made at Ty /Taps / Teva = 45/45/10 ° C. From the analysis,
it is seen that NH;-[mmim|[DMP] has the highest COP for the absorption cycle (1.79). Also, NH;-
[bmim]|[BF,], NH;-[emim]|[Tf,N], and NH;-[emim]|[SCN] all show COP higher than that of NH;-
H,O pair. This analysis is shown in figure 2.10.
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Figure 2.10: Comparison of COPs of different ionic liquid pairs (Wang, 2019)

For the functioning of the cycle, it is clear that lower the circulation ratio, the higher will be
the COP of the cycle. Different ionic liquid pairs are also compared on the basis of the circulation
ratio. Same operating conditions as those used in the analysis of COP are used for calculating
the circulation ratio. This comparison is shown in figure 2.11.

All this literature was helpful to make an educated choice of the ionic liquid that has been used
in this research. All the previously recorded readings were guidelines in understanding the trend
of the absorption cycle and it gave the knowledge of what to expect in the actual experimentation.
Wang (2019), decided to use [emim][SCN] as absorbent in his setup at the Delft University of
Technology. The experiments are carried out on this setup as a part of the present work. Same
choice of the ionic liquid, [emim][SCN], is made for these experiments based on the availability,
economic factors, and the performance enhancement.
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Figure 2.11: Comparison of circulation ratios of different ionic liquid pairs (Wang, 2019)



Thermodynamic and transport properties
of the selected working pair

Based on the literature survey, the estimated heat transfer coefficients, the absorption cycle
performance, the economic factors, and the availability of the ionic liquids, NH3-[emim][SCN] is
selected as the working pair for the absorption system in the present work.

It is of crucial importance to use the accurate values for the physical, transport and thermo-
dynamic properties of the selected working pair in the analysis of the data obtained, in order to
yield the results within an acceptable range of accuracy. The sources and the method of calcu-
lation of various properties of the selected working pair that are used in this work, are presented
in this chapter.

3.1. Properties of the pure fluids

3.1.1. Ammonia

For the analysis of the experimental data, the thermodynamic and physical properties of am-
monia at the saturated conditions are obtained from Refprop (Lemmon et al., 2010) at particular
state points.

3.1.2. [emim][SCN]
Physical and chemical information of the selected ionic liquid ([emim]|[SCN]) is displayed in
table 3.1.

Table 3.1: Details of [emim][SCN] (Yokozeki and Shiflett, 2007, Wang,2019)

[emim][SCN]]
IUPAC name 1-ethyl-3-methylimidazoliumthiocyanate
Chemical formula C;H;;N3S
CAS Number 331717-63-3

As for the ionic liquid [emim][SCN], the temperature dependent equations proposed by Wang
(2019) were used for the numerical and experimental analysis in the present work. He referred
to various papers from the literature to check these equations for the transport properties of
pure [emim|[SCN] as a function of temperature. The equations used for the thermodynamic and
transport properties for pure [emim][SCN] are displayed in table 3.2. The literature from which
the properties of pure [emim][SCN] are studied for the present work are listed in the rightmost
column of table 3.2.

It should be noted here, that the equation for the density from table 3.2 applies to pure
[emim][SCN], without any impurities. If [emim][SCN] to be used contains any amount of im-
purities, there may be a need to check the validity of this equation (described in chapter 7).

Wang (2019) correlated the experimental data of the viscosities and the thermal conductivities
of pure [emim]|[SCN], [bmim][BF,] and [emim]|[Tf,N], to obtain the trends with a change in their
temperatures.

17
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Table 3.2: Thermodynamic and transport properties of pure [emim][SCN] as a function of the solution temperature (Wang, 2019)

[emim][SCN]] References

My, 169.25 -

CplL (KJ/kg-K) CplL = 0.6882 + 0.0032T -
Tenney et al. (2014)

AL (W/m-K) 0.21 Valkenburg et al. (2005)
Fréba et al. (2010)
Salgado et al. (2014)

e (Pa-s) In py = —7.839 + 20— Hofmann et al. (2015)
Ficke et al. (2010)
Paulechka et al. (2010)

o (kg/m3) oL = 1296 — 0.602T Ficke et al. (2010)
o (N/m) oL =7926+10"2-8.709 10757 Almeida et al. (2012)
*TinK

Viscosity

High viscosity of the ionic liquids can be considered their limitation, which might prevent the
ionic liquids to be used in heat transfer applications. The trend obtained by Wang (2019) by
correlating the experimental data for the viscosity values of [emim|[SCN] is shown in figure 3.1
with a line of the cyan color.
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Figure 3.1: Viscosity as a function of temperature for pure [emim][SCN], [omim][BF,] and [emim][Tf,N] (Wang, 2019) (Wang, 2019)

Thermal conductivity
Similar to the case for the viscosity, the trend obtained by Wang (2019) for the change in

thermal conductivity of pure [emim|[SCN] with temperature is shown in figure 3.2 with a line of
the cyan color.
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Figure 3.2: Thermal conductivity as a function of temperature for pure [emim][SCN], [bmim][BF,] and [emim][Tf,N] (Wang, 2019)
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3.2. Properties of the solution

3.2.1. Density

Density of the solution of NH;+[emim][SCN] is calculated using the density of pure [emim]|[SCN]
and that of pure ammonia at a particular temperature and pressure (operating conditions), based
on a linear weight average method.

Psol = WiLP1L + WNH, ANH, (3.1)

It is observed that addition of ammonia to [emim][SCN] reduces its density.

3.2.2. Thermal conductivity

Equation for the thermal conductivity of the solution (NH;+[emim][SCN]) is the same one used
by Wang (2019). As expected, this relation shows a linear trend, as the thermal conductivity of
the solution is calculated using the linear weight average method.

Asol = WiLArL + Wnm, Ang, (3.2)

3.2.3. Specific heat capacity
Similar to that of the thermal conductivity, the equation for the specific heat capacity of the
solution (NH3+[emim]|[SCN]) is the same one used by Wang (2019).

C = WILC + WNH3C (33)

Psol PIL PNH,
3.2.4. Viscosity

Viscosity of the solution is calculated based on the mole fraction and not the mass fraction
like the other properties. Also, unlike other properties of the solution, there exists a logarithmic
relation between the viscosity of the solution and the viscosities of the pure substances (Gao and
Wagner, 2016, Wang, 2019).

Inpsor = xpLlnum, + x nu, g, (3:4)
The validity of this relation for this particular solution of (NH;+[emim][SCN]) is tested in this work
with the experimental observations.

A separate set of experiments was performed for the convective heat transfer between ammonia
+[emim]|[SCN] solution and water. The process followed to perform these experiments and the
results obtained are explained in the upcoming chapters. As in case of the density of the solution,
it is observed that the viscosity of [emim][SCN] reduces with the addition of ammonia to it (Cera-
Manjarres, 2015).

3.2.5. Surface tension

Like for thermal conductivity, the surface tension of the solution is obtained based on the
weight average of the two individual fluids. As in case of the density, thermal conductivity and
the specific heat capacity, this relation shows a linear trend.

Osol = WILOIL T WNH, ONH, (3.5)

3.2.6. Mass diffusivity

Considering the fact that [emim]|[SCN] is a newly put-forth fluid for the absorption cycles, the
relation for the mass diffusivity of ammonia in it remains unknown. However, the relation of it
with the viscosity can be used in order to make a rough estimation. In the work of Wang (2019),
the relation developed from the theory of the Stokes- Einstein equation, is used to calculate the
mass diffusivity. This correlation permits the calculation of the mass diffusivity of ammonia
(solute) based on simple property like the viscosity of the ionic liquid (solvent). This equation is
displayed in equation 3.6, for solvents A and B.

HiL,B

Dyp, i = (=) " Dy, A (3.6)
HiLa

Since the mass diffusivities of ammonia into other ionic liquids are more or less known, equation
3.6 can be used to determine the mass diffusivity of ammonia into [emim][SCN] (Bedia et al.,
2012, Wang, 2019).

Thermo-physical properties of pure [emim|[SCN] are used during the calculation of the thermo-
physical properties of the solution. As displayed in table 3.2, the properties of pure [emim][SCN]
are calculated taking into the consideration the dependence on the operating temperature.
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3.3. Vapour-liquid equilibrium
A vapour-liquid equilibrium model was developed by Wang (2019) for the estimation of the
thermal properties during absorption.

3.3.1. Construction of the VLE
Non random two - liquids (NRTL) model was used in order to describe the relationship be-
tween the thermodynamic parameters - PTw, for the ammonia - [emim|[SCN] working pair. The
equations for the VLE are described below and the values of the NRTL parameters used are stated.
In the case of ammonia + [emim]|[SCN] working pair, owing to the negligible vapor pressure
of the ionic liquid, it is assumed that there is no [emim][SCN] in the vapor stream. Following
simplified equilibrium criterion is used to calculate the equilibrium pressure.

P = yu, N1, A, (3.7)
Where, the activity coefficient of NH; is calculated using the NRTL model, as per equation 3.8.

G2y P G12712

— .2
i, x2T21(x1 + %562 (22 +x1G12)? (38)
Where,

Gy = exp(—artqy) (3.9)
Gy1 = exp(—aty;) (3.10)

_ o, T2
le—T12+_ (311)

T

T%1
Ty1 = Tgl + T (312)

Where, the components of the solution are denoted as component 1 and component 2, and the
equilibrium temperature is denoted as T.

The NRTL coefficients used by Wang (2019) to construct the VLE are shown in table 3.3
(referred from figure 30, Appendix A).

Table 3.3: Values of the NRTL used for the working pair of ammonia - [emim][SCN] (Wang, 2019)

NH; + [emim][SCN]] NRTL parameters

0 T 0 T
a T12 T12 T21 T21

-0.27082 -10.66 3120.01 5.6 -1967.71

Critical conditions for [emim|[SCN] and it’s molecular weight is taken from figure 29, Appendix
A (Wang, 2019).

3.3.2. Validation of the VLE model

The VLE model developed by Wang (2019) (see figures 25 and 26, Appendix A) is compared
with the previously published experimental data by Yokozeki and Shiflett (2007) (see figure 31,
Appendix A), and its further use in the numerical model of the absorption model is justified. It is
important to note here, that the VLE model by Wang (2019) is derived using those values of the
NRTL coefficients that are displayed in table 3.3.

A set of experimental data for the ammonia + [emim]|[SCN] working pair reported by Yokozeki
and Shiflett (2007), is used for the validation. These data are shown in table 3.4.

Procedure for the validation

The concentrations and the temperatures for each of the six data sets are used to calculate
the equilibrium pressure using the VLE model developed by Wang (2019). These obtained pres-
sures are plotted along with the temperature and the concentrations in a Pressure- Temperature-
Concentration (PTw) plot, where w is the mass concentration of ammonia in the solution. Fur-
ther, pressures measured in each of the data sets for each condition, along with the operating
temperatures are plotted in these figures using markers. The distance of each of these markers
for the particular equilibrium concentration saturation line represents the deviation of the VLE
model in question from the model established by Wang (2019).
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Table 3.4: Experimental data for the Vapor Liquid Equilibrium (Yokozeki and Shiflett, 2007)

NH3(1) + [emim][SCN](2)
T(K) P(MPa) 100 x; (mol)
283.2 0244 451%+0.7%
283.2 0364 652%+05%
283.2 0447 731%+04%
283.2 0502 786%+02%
283.2 0547 819%+02%
283.2 0590 876%+0.1%

2981 0.307 444%+09%
2981 0536 642%+0.7%
2981 0.672 723%+05%
298.1 0.747 781%+04%
2981 0815 815%+03%
2981 0.911 874% +0.1%

3226 0535 416%+16%
322.6  0.961 618% +1.4%
3226  1.241 704% +1.1%
3226 1420 766%+08%
3226 1562 804%+06%
3226 1777 869%+03%

348.0 0840 378%*+27%
348.0 1553 581%+26%
348.0 2045 67.3%+22%
3480 2419 741%+17%
348.0 2.711 784% +1.4%
348.0 3.774 858% +0.8%

3728 1149 340%+44%
3728 2144 542%+41%
3728 2958 633%+35%
3728 3576 708% +32%
3728 4120 754% +28%
3728 5007 839%+1.7%

2981 0.314 443%+09%
2981 0540 642%+0.7%
298.1 0.666 724%+0.5%
2981 0772 780% +04%
2981 0.831 81.5% +0.3%
2981 0930 874%+01%

Six separate plots were made for each of the six data sets from table 3.4. These plots are
displayed in figures 3.3 to 3.8.
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Figure 3.3 shows the plot made to correlate the data from data set 1 in table 3.4.
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Figure 3.3: PTw plot for data set 1 (Temperature = 283.2 K)

Figure 3.4 shows the plot made to correlate the data from data set 2 in table 3.4.
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Figure 3.4: PTw plot for data set 2 (Temperature = 298.1 K)
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Figure 3.5 shows the plot made to correlate the data from data set 3 in table 3.4.
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Figure 3.5: PTw plot for data set 3 (Temperature = 322.6 K)

Figure 3.6 shows the plot made to correlate the data from data set 4 in table 3.4.
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Figure 3.6: PTw plot for data set 4 (Temperature = 348 K)
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Figure 3.7 shows the plot made to correlate the data from data set S in table 3.4.

PTw diagram for data set 5
5000 ‘

Ammonia mass fraction %
3500 — *  0.0493

3000 — 01064 B
2500 ¥ 01479 |
*  0.1981
1800 — 0.2357
0.3440

Pressure(kPa)
g
=]
|

Ll

Ul |

t 1 I
250 256 263 270 278 286 294 303 3125 322.5 333 345 357 370 384
Temperature(K)

IS
1=}
IS}

Figure 3.7: PTw plot for data set 5 (Temperature = 372.8 K)

Figure 3.8 shows the plot made to correlate the data from data set 6 in table 3.4.
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Figure 3.8: PTw plot for data set 6 (Temperature = 298.1 K)

The pressure sensor that was used in the experiments had an accuracy of +5% of the full
scale (0-7 MPa) (Yokozeki and Shiflett, 2007).

It should be noted that, the value of concentrations of the equilibrium lines and the markers
are shown in the legend box in each diagram in the same color as that of each of the markers
in the diagram. Pressures measured experimentally by Yokozeki and Shiflett (2007) differ from
the ones calculated from the VLE model of Wang (2019) by a small amount. Still, it can be seen
from the plots of the six data sets, that the vapor - liquid equilibrium model developed by Wang
(2019) matches reasonably with the experimental data by Yokozeki and Shiflett (2007) with an
acceptable deviation. Since the vapor liquid equilibrium was established using the NRTL model
(Wang, 2019), it is validated that the NRTL coefficients used in this VLE model for the working pair
of ammonia - [emim|[SCN] (table 3.3), work well for calculating the thermodynamic equilibrium
at the vapor - liquid interface in the absorption process.

This validation of the VLE model by Wang (2019) justifies its further use in the numerical
modelling of the absorption process in the present work.



Experimental analysis

4.1. Experimental setup

An absorption system is designed in the lab of TU Delft Process and Energy. The whole heat
pump cycle is not studied experimentally, instead just the absorption process is studied. The
picture and a schematic sketch of the experimental setup are displayed in figure 4.1 and 4.2
respectively.

Figure 4.1: Experimental setup for the absorption process at the Energy and Process department at TU Delft

25
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Figure 4.2: Schematic of experimental setup before being modified (Schilperoort et al., 2019)

Experiments are performed in two stages. Water- water experiments are performed initially
to obtain and validate the heat transfer correlation. Later, the system is filled with 0.30 kg of
ammonia and 4.70 kg of [emim][SCN] for stage 1 experiments and the actual absorption process
is carried out and studied.

4.1.1. Working of the setup

The absorber is a plate heat exchanger in which cooling water flows through a total of seven
channels and ammonia + [emim][SCN] solution flows through a total of six channels, in the oppo-
site direction to that of the cooling water (counter-current flow). In the absorber (ABS), ammonia
vapor is absorbed into the solution, thus releasing heat. This released heat is exchanged with the
cooling water, which gets heated up. After absorbing ammonia vapor in the absorber, the strong
solution that has higher weight concentration of ammonia, is pumped to the generator pressure
by a pump (PUMP). This strong solution at high pressure passes through two consecutive heat
exchangers (HEX) where it gains heat from the hot weak solution coming out of the generator.
After the heat exchanger, the strong solution enters the generator (GEN). Heat is provided to the
generator with the help of a thermostatic bath (T'SB) operating within the temperature range of 90
° C- 120 ° C. In the generator (GEN), due to the heat provided, ammonia vaporises as it’s boiling
point is reached. It should be noted here that it is assumed in this study, that [emim][SCN] does
not vaporise since it has negligible vapor pressure. The vaporized ammonia is throttled and then
is sent back to the absorber (ABS) to be absorbed in the solution.

The weak solution that comes out of the generator (GEN) is passed through two heat exchang-
ers (HEX), where it exchanges heat with the strong solution going into the generator (GEN), and
cools down. This weak solution then passes through two precoolers (PC) and cools down further.
After the precoolers (PC), it is passed through a valve (VALVE) to get throttled to the absorber
pressure. This weak solution at the absorber pressure enters the absorber (ABS) along with
the throttled ammonia vapor from the generator, also at the absorber pressure. This process
constitutes one absorption cycle, and this whole cycle is repeated.

The sensors denoted by ‘TI’ in figure 4.2 represent the temperature sensors, those denoted by
‘PI’ are the pressure sensors and the ones denoted by ‘FI’ are the flow meters. With the help of
these various sensors, pressure, temperature and the flow at various points in the system can be
measured and recorded with the help of a data logger. These results are further used to calculate
the heat transfer coefficient of the system.

Table 4.1 lists the locations of various sensors in the experimental setup.
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Table 4.1: Locations of the sensors used

Location of the sensors used
Sensor Type of the sensor Location

Fl-1 Density meter Before ABS at the absorber side

Fl-2 Gas flow meter After the separator along the pipeline that connects to ABS inlet
FI-3 Volume flow meter At the inlet to ABS at the coolant side
PI-1 Pressure sensor In between the inlet and outlet of ABS
PI-2 Pressure sensor At the outlet of ABS at the absorber side
PI1-3 Pressure sensor At the outlet of GEN

TI-1 Temperature sensor At the inlet of GEN

TI-2 Temperature sensor At the outlet of GEN

TI-4 Temperature sensor At the inlet of ABS at the absorber side
TI-5 Temperature sensor At the outlet of ABS at the absorber side
TI-8 Temperature sensor At the outlet of ABS at the coolant side
TI-9 Temperature sensor At the inlet of ABS at the coolant side

Table 4.2 lists the models of the various sensors and other equipment used in the experimental
setup.

Table 4.2: models of the various sensors and other equipment used in the experimental setup

Models of the equipment used

Sensor Type of the sensor Model

Fl-1 Density meter Endress + Hauser Proline Promass 80 A
Fl-2 Gas flow meter Bronkhorst Flow Controller F - 201AV - 50K - RAD - 44-V
FI-3 Volume flow meter Siemens SITRANS F M MAG 5000

Pl-1 Pressure sensor Siemens Sitrans P500 HART

PI-2 Pressure sensor Siemens Sitrans P - DS3 HART

PI-3 Pressure sensor Wika Pressostat PSD - 30

TI-X All temperature sensors Pt - 100 precision temperature sensor
GEN side TSB Thermostatic bath Lauda ECO -RE2025S

CW sside TSB  Thermostatic bath Lauda Proline Kryomat RP3050C

PC Precoolers Lauda RC20

PUMP Pump Siemens ILA7070 - 2AA1

Table 4.3 lists the functions performed and the accuracies of the sensors used in the experi-
mental setup.

Table 4.3: Accuracy of the sensors used

Accuracy of the sensors used

Symbol  Function Accuracy

Fl-1 Measurement of the flow of the solution going into ABS +0.5kg/m3

Fl-2 Measurement of the vapor flow going into ABS +0.5% RD + +£0.1% FS
FI-3 Measurement of the cooling water going into ABS 04 % FS

Pl-1 Measurement of the pressure drop across ABS <0.03%FS

PI-2 Measurement of the solution pressure coming out of ABS < 0.065 % FS

PI-3 Measurement of the pressure at GEN < 0.065 % FS

TI-X Measurement of the temperatures +1% 0.01 K after calibration

4.2. Geometry of the absorber : PHX

The absorber is a counter- flow plate heat exchanger. Plate heat exchangers exhibit higher
efficiency of the heat transfer owing to higher heat transfer area and the added swirl to the flow
due to the currugations as compared to other types of heat exchangers. The heat exchanger in
question has corrugations on the surface, in order to increase the effective heat transfer area.
Schematic of the PHX cross section is shown in figure 4.3.
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Figure 4.3: Cross section of the plate heat exchanger (Khan et al., 2010)

The geometric parameters of the PHX used in the experimentation are listed in table 4.4.
Hydraulic diameter of the channel is calculated using equation 4.1, as proposed by Bell (2019).

2L W,
dy = —2 P
Lg+ W

Table 4.4: Details of the PHX geometry

(4.1)

Details of the PHX geometry

Parameter Symbol Value Unit
Number of plates np 14 -
Number of channels Neh 13 -
Thermal conductivity of plates 4, 16.3 W/m-K
Corrugation depth b 0.00188 m
Corrugation pitch P 0.00348 m
Thickness of the plate tp 0.0004 m
Length of the plate Ly 0.467 m
Width of the plate W 0.114 m
Total heat transfer area At 0.71 m?
Volume per channel "4 0.00010 m3
Plate spacing Lgp 0.002 m
Plate gap Lg 0.0018 m

® from equation 4.1 is the surface enlargement factor which is the ratio of total effective heat
transfer area to the planar plate area. It is calculated as

Ant

o=
12W,L,

(4.2)
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4.3. Processing of the experimental data

4.3.1. Water - water experiments
In this case, the fluid at both sides of the heat exchanger is water. No phase change is involved.

Low Reynolds number experiments

Water- water experiments are performed in order to test the setup and to obtain the trend of
the heat transfer in case of water. This experimentation is performed for different flows of both the
cooling water and the absorber side water flow. Flows are varied for every reading. Temperature
conditions are as follows - Tyen, /Teon /Tabs / Teva = 95/45/45/10 ° C. These temperature conditions
are maintained for every reading of the low Reynolds number experimental data points. The low
Reynolds experiments are to be performed with equal Reynolds number at the absorber side and
the coolant side. Thus, the heat transfer coefficient on each side is equal in this case. To achieve
the condition of equal Reynolds numbers, the flows on the coolant and absorber sides are taken
in the ratio of 7:6, owing to the fact that there are seven channels in the coolant side and six on
the absorber side in the plate heat exchanger in the setup. The procedure followed is discussed
in the next paragraphs.

The heat transferred at both the coolant and the absorber side are equated. For this, the heat
transferred at the cooling water side is determined using the temperature readings.

mabscp,abs(AT)abs = Qabs (4.3)

Further, using the known heat transfer area and the Logarithmic Mean Temperature Difference
(LMTD), the overall heat transfer coefficient is calculated. LMTD is calculated as

_ (Tabs,in - Tcw,out) - (Tabs,out - Tcw,in)
LMTD - ln (Tabs,in_Tcw,out) (44)
(Tabs,out_Tcw,in)

The overall heat transfer coefficient (U) is

U= Qabs

"~ ApLMTD (4.5)

Where Ay, is the total heat transfer area. Using the heat network relation for the system, we can
calculate the absorber side heat transfer coefficient as follows
1 1 1 t

= 4 + — 4.6
U Aew Tabs /1p ( )

Further, heat transfer coefficient on the coolant side is calculated using equation 4.7, as both
coefficients are equal in this particular case.

2

(4.7)

Aew =

L
Z

1
U 4

Using this coefficient and the known Reynolds number, a graph of f(Nu,Pr) versus Reynolds
number can be plotted, and an empirical correlation can be obtained.

Higher Reynolds number experiments

Due to the fact that there is limitation to the speed of the pump on the absorber side of the
heat exchanger, in order to obtain the experimental data for higher Reynolds numbers, a different
procedure than the one described above is followed.

In this case, speed on the absorber side is kept constant, and the coolant speed is varied.
The temperature conditions are kept same as above. Again, the heat transfer coefficient on the
coolant side is calculated as per equation 4.6; as in this case the two heat transfer coefficients
are not the same. Heat transfer coefficient on the absorber side can be found out using the
previously developed empirical relation for the low Reynolds number (listed asequation 4.8).

The data obtained from both these cases are plotted in the graph to obtain the overall empirical
correlation.
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4.3.2. Viscosity check

After the water-water experiments have been performed, a separate set of experiments was
performed wherein the convective heat transfer between ammonia + [emim][SCN] solution and
water was measured and recorded experimentally in order to attempt to predict the behaviour of
the viscosity of ammonia + [emim][SCN] solution with changes in the operating conditions.

These experiments were performed to attempt to validate the viscosity of the solution as a
logarithmic function of the viscosities of the individual fluids. There is no absorption of ammonia
vapor in the ammonia + [emim]|[SCN] solution in this set of experiments. Just the fluid-fluid
convective heat transfer experiments were performed with ammonia + [emim][SCN] solution and
cooling water. The pump that pumps the solution in the experimental setup has a higher limit to
which it can pump the solution, thus restricting the speed of the solution in the setup. As a result,
the data points obtained were in a low range of Reynolds numbers. The empirical correlation as
obtained from the Nusselt-Reynolds-Prandtl plot, as a result of the water - water experiments for
the low Reynolds numbers is solved for the value of the viscosity. This equation is mentioned
below.

Nu = 0.275Re%68*pr0333 (4.8)

This equation was obtained from the experimental readings of the water - water experiments for
Reynolds numbers in the range between 48 and 140. Since this correlation was obtained for
water-water convective heat transfer experimentation, it can also be considered to govern the
convective heat transfer between the ammonia + [emim]|[SCN] solution and water.

In order to check for the value of the viscosity, the thermophysical properties of the solution
[emim][SCN]+ammonia at the operating conditions used are used in equation 4.9.

0_275C0.333A(S).c)6i6660.684

psol sol _1_
u=( - ) 0351 (4_9)
aabsdg'316

The absorber side heat transfer coefficients, temperatures and the flow rates are obtained from
the fluid-fluid heat transfer experiments. Equation 4.9 is solved for the value of the viscosity
for five data points and a comparison is made between the values of viscosity obtained from
equation 4.9, and those obtained from equation 3.4, which depicts the viscosity of the solution
to be a logarithmic function of the individual fluid viscosities. Along with the logarithmic relation,
a linear relation is also used to calculate the viscosity values for comparison. This linear equation
is as follows.

Hsol = WILMUIL + WNH, UNH, (4.10)

A Matlab code is designed for this purpose. The equation for the viscosity of [emim]|[SCN]+
ammonia solution - both in logarithmic and the linear forms- are checked, and the deviation of
those values from the actual rough estimate of the viscosity as from equation 4.9. The method-
ology of these experiments is explained in the following sections.

4.3.3. Ammonia- ionic liquid experiments

In this case, the fluid at absorber side is [emim]|[SCN] and ammonia, whereas coolant is water.
Of the total amount of fluid ([emim|[SCN]+ammonia), the mass of ammonia was to be 6%. Weak
solution enters the absorber, absorbs ammonia, and leaves as a strong solution. In the generator,
ammonia vaporizes and the vapour stream is separated from the weak solution. Using the density
meter before the entrance of the absorber in the setup, the concentration of ammonia in the weak
solution can be derived. This calculation is shown in equation 4.11.

PIL — Psol

4.1
PIL — PNH, ( )

WNH,,weak =
Thermodynamic and transport properties of ammonia at the saturated conditions are obtained
from Refprop (Lemmon et al., 2010). Literature review is used to calculate the thermo-physical
properties of [emim][SCN]. Further, the mass concentration of ammonia in the strong solution is
calculated as per equation 4.12.

mv + WNH3,weakaL
m, + my,

WNH3,strong = (412)
After obtaining both the concentrations, the PTw diagram of this mixture can be used to check
the experimental pressure and temperature readings. The cycle followed in stage 1 of ammonia-
ionic liquid experiments is as shown in figure 4.4.
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Figure 4.4: PTw diagram of [emim][SCN]+ammonia for initial (stage 1) experiments

As in the previous case, the overall heat transfer coefficient can be determined using equa-
tion 4.5. To calculate the absorber side heat transfer coefficient, equation 4.6 is used. The
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coolant side heat transfer coefficient can be calculated using previously derived empirical Nu-
Re-Pr relation for water. Again, using this heat transfer coefficient, the Nu-Re-Pr correlation for

[emim][SCN]+ammonia solution can be plotted.

4.4. Methodology : Water water experiments

To test the system, water water experiments are performed on the system and overall as well

as the absorber side heat transfer coefficients are calculated. The following procedure is followed.

1. The system is emptied and vacuumized properly.

2. After this, water is filled into the system from the bottom, making use of the vacuum in the
system, till half the level in separator (generator) is reached.

3. Later, nitrogen in gaseous state is filled into the system from the top of the setup, in order

to pressurize the system.

4.4.1. Low Reynolds number experiments

Both the coolant side and the absorber side flows, in the ratio of 7:6, are varied from the lowest
flow rate to the highest possible. Temperature and pressure conditions used are listed in table

4.5.

Table 4.5: Temperature and pressure conditions for low Reynolds number water-water experiments

Water-water experiments

Parameter Value Unit

Tew,in 20 °C

Pabs,in 6 bara

Flow rates used are listed in table 4.6.
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Table 4.6: Flow rates for low Reynolds number water-water experiments

Water-water experiments
Flow rates Value
Mmaps(kg/hr) 429 67.6 89.1 113.2 1264
Vo (I7hr) 50.9 79.7 106.1 1319 1498

4.4.2. Higher Reynolds nhumber experiments
For this case, absorber side flow rate is kept constant, and the coolant side flow is varied in
steps. Temperature and pressure conditions applied follow.

Table 4.7: Temperature and pressure conditions for high Reynolds number water-water experiments

Water-water experiments
Parameter Value Unit
Tewin 20 °C

Pabs,in 6 bara

The results obtained for these conditions are enlisted in the following chapter. The plots
obtained are also included.

4.5. Methodology : Viscosity check

These experiments were performed with the gas valve completely closed, so as to prevent any
absorption of the ammonia vapour into ammonia - [emim][SCN] solution. Flow rate of cooling
water was kept constant as well as the temperature of the generator side thermostatic bath.
Temperature of the cooling water entering the absorber was varied gradually and the tempera-
ture of the solution going into the absorber was adjusted accordingly for each variation of the
cooling water temperature. The flow rate of the solution at which the absorber pressure could
be stabilized, for each range of the solution temperature, was chosen. It should be noted that
the maximum flow rate for a particular range of solution temperature is the one at which the
generator side pressure and the temperature start to drop.

The experiments were performed for five such cases. The values of different parameters for
these four data points are displayed in table 4.8.

Table 4.8: Temperature and mass flow values for viscosity check experiments

Viscosity check parameters

Case Tcw,in Tabs,in Tabs,avg TTSB,gen mabs mcw
(‘C) (C) (C) (°C) (kgthr)  (kg/hr)
1 2494 3461 29.84 87.76 92.23 201.44
2 2494 4598 35.59 85.25 101.43 201.83
3 3497 5571 4544 87.15 100.00 202.11
4 40.00 59.87 50.08 91.45 76.27  202.09
5 50.11 64.24 57.20 90.91 4549  200.77

Results obtained from these experiments are analysed with the help of a Matlab code and are
presented in chapter 7.

4.6. Methodology : Ammonia- ionic liquid experiments

4.6.1. Ammonia- ionic liquid experiments stage 1

For the experimental validation of the numerical model, same setup as shown in figure 4.2 is
used.

The system needs to be prepared before filling it with [emim]|[SCN] and ammonia. After the
water-water experiments, the system is emptied from the bottom while being pressurized with
the nitrogen from the top. To remove all the water that is inside the system, an extra nitrogen
duct is connected from bottom of the system (from nitrogen supply) to the top of the system. The
nitrogen that comes to the top of the system through this duct blows the system and the rest of
the water comes out of the system from the bottom.
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After this, the system is vacuumized for 24 hours to remove all the stray water vapor inside
the system. Later, the system is kept under vacuum for 48 hours and checked if it retains it’s
pressure. This confirms that there is no leak in the system. This was an important step to be
followed, considering the toxicity of ammonia.

First, about 4.70 kg of [emim][SCN] is sucked into the system from the valve at the bottom
making use of the vacuum in the system. This task is performed making sure that no air enters
the system. While filling the system, [emim]|[SCN] is weighed with the help of a scale. Later,
0.30 kg of ammonia is filled into the system from the bottom with the help of a vacuumized tube
that is connected to a pressuarized ammonia tank. Thus, the mass concentration of ammonia
in the solution being injected into the system is about 6 %. Once both the fluids are into the
system, the pump is started to ensure their mixing and distribution in the system. In this case,
the cooling water flow is kept constant and the absorber side flow ([emim|[SCN] + ammonia) is
varied. Results obtained from the system for this stage are shown in the following chapter.

4.6.2. Ammonia- ionic liquid experiments stage 2

After stage 1 experiments, the system was emptied of ammonia and [emim]|[SCN]. However,
the system could not be emptied completely, and about 1 kg of [emim][SCN] was still remaining
in the system. Some mechanical changes to the connections were made in order to gain better
accuracy. Absorber side pressure sensor was placed after the valve. Gas flow meter at the
generator side was changed and fixed. The system was re-insulated and was filled with 3.92 kg
of [emim]|[SCN] and 0.32 kg of ammonia the same way as was done previously. So, the mass
concentration of ammonia in the solution in the system just after filling the system was around
6.1 %.

A sketch of the setup as it was modified is shown in figure 4.5.

Preliminary experiments were run on the newly prepared system. Finally, stage two ionic
liquid- ammonia experiments were performed. Coolant flow rate was kept constant and the
absorber side solution flow rate was gradually increased. Readings were taken once the steady
state was achieved for each individual absorber side flow rate, after all the temperatures are
stabilized. 19 data points were obtained by these experiments. The temperature and pressure
conditions listed in table 4.9 were maintained.

Table 4.9: Temperature conditions for ammonia- ionic liquid stage 2 experiments

Ammonia- ionic liquid experiments: Stage 2
Parameter Value Unit
Tcw,in 45 0C
TrsB,gen 95 °C
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Figure 4.5: Experimental setup after the alterations used for stage 2 experiments



Experimental results and discussions

This chapter lists and explains the experimental results obtained in various sets of experi-
ments.

5.1. Water water experiments

5.1.1. Low Reynolds number experiments

Water- water experiments were performed with the flow rates mentioned in section 4.4.1 and
the results of the experimentation were evaluated with the help of a Matlab code designed to find
out the overall heat transfer coefficient and also the absorber side heat transfer coefficient. Also,
the Nusselt number as a function of the Prandtl number is plotted on a graph with the Reynolds
numbers using the data points marking the flow rates mentioned in section 4.4.1. The correlation
thus obtained closely resembles the ones previously obtained in various literature (Khan et al.,
2010, Yan and Lin, 1999, Winkelmann, 2010, Donowski and Kandlikar, 1999, Amaris Castilla
et al., 2014, Kuikhoven, 2019, Towler and Sinnott, 2013). This shows that the setup is working
satisfactorily. The graph as plotted and the relation as obtained in Matlab are shown in figure
5.1.
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Figure 5.1: Empirical correlation obtained for low Reynolds number

The graph of coolant side heat transfer coefficient and the Reynolds number in the low ranges
was plotted on a log-log scale and is displayed in figure 5.2.
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Figure 5.2: Relation between coolant side heat transfer coefficient and the low range Reynolds number

It can be seen that, as expected (Mills, 2015), the heat transfer coefficient on the cooling water
side increases exponentially with the Reynolds number, and thus, the flow of the cooling water.
Figure 5.3 shows the variation of the heat transfer coefficient on the coolant side with time.
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Figure 5.3: Plot of coolant side heat transfer coefficient for low Reynolds numbers versus time
It can be seen that &, increases as the cooling water flow is increased with time.

5.1.2. Higher Reynolds number experiments

Experiments were performed for higher flows of water as mentioned in section 4.4.2. A relation
between f(Nu-Pr) and the Reynolds number was obtained for these higher Reynolds numbers in
the same way as that for the low Reynolds number. This obtained relation and the plot of the
f(Nu-Pr) and the higher range Reynolds numbers are shown in figure 5.4.
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Figure 5.4: Empirical correlation obtained for higher Reynolds numbers

Also, with the help of the same code, a relation between the coolant side heat transfer coeffi-
cient and the Reynolds number over all ranges is plotted on a log-log scale. This graph is shown
in figure 5.5. It is observed from figure 5.5, that, again, as expected (Mills, 2015), it is observed
that the heat transfer coefficient on the cooling water side increases almost linearly with the flow
of the cooling water.
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Figure 5.5: Relation between coolant side heat transfer coefficient and the higher range Reynolds number

Figure 5.6 shows the variation of the heat transfer coefficient with the time.
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Figure 5.6: Plot of coolant side heat transfer coefficient for higher Reynolds numbers versus time
It can be noticed here as well, that a.,, increases with the time, as the cooling water flow is
increased. Overall plot of f(Nu-Pr) and the Reynolds number was plotted for all the ranges of
Reynolds number, with the help of the Matlab code. This graph is displayed in figure 5.7.
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Figure 5.7: Overall convective heat transfer correlation obtained

The relation at the bottom right corner represents the overall f(Nu-Pr) and the Reynolds num-
ber empirical relation for water. It is listed as equation 5.1.
Nu = 0.25Re?738pr0333 (5.1)

In the numerical modelling of the absorption process, these derived correlations will be used
to get the temperature outputs, as the correlation that governs convective heat transfer between



5.2. AMMONIA-IONIC LIQUID EXPERIMENTS 39

the cooling water and the [emim][SCN] solution. As equation 5.1 yields reasonably close outputs
from the experimental data, it can be safely said, that it is acceptable.

5.2. Ammonia- ionic liquid experiments
5.2.1. Stage 1

As explained in section 4.6.1, the flow rate of the cooling water is maintained constant and
that of the solution going into the absorber is gradually increased. Four such data points, or
cases, were obtained. The values of various properties obtained at these data points are shown
in tables 5.1, 5.2 and 5.3.

Table 5.1: Steady state readings for ammonia- ionic liquid stage 1 experiments

Case Pabs,in Mabs My
(kPa)  (kg/hr)  (I/hr)

1 487.4 584  59.7

2 480.1 78.7  58.1

3 511.8 103.9 60.0
4 490.60 1311 61.9

Table 5.2: Steady state temperature readings for ammonia- ionic liquid stage 1 experiments

Case Tgen,out Tabs,in Tabs,out Tcw,out Tcw,in
(°C) (°C) (°C) (°C)  (C)
96.1 60.0 42.9 50.4 42.8
96.4 60.2 43.6 53.3 42.7
95.9 60.4 44.7 55.0 42.8
91.9 60.8 45.6 56.8 42.7

P ODN-

Table 5.3: Steady state heat transfer parameters for ammonia- ionic liquid stage 1 experiments

Case Q Qabs LMTD U
(W) (W/m2K)  (°C)  (W/m? K)
1 524.7 406.1 24 306.2
2 688.1 449.3 29 330.4
3 854.0 505.6 3.3 362.8
4 1029.0 645.7 3.3 433.7

However, during these stage 1 experiments, the gas flow meter on the generator side was
found to be faulty. Thus, the gas flow rate readings are not shown here. Also, it was noticed
that the pressure sensor that measures the pressure drop across the absorber (PI-1) was placed
before the throttling valve, thus not recording the correct value for the pressure drop across the
absorber. It was also seen that the pressure sensor measuring the generator pressure (PI-3) was
not functioning as expected.

So, a decision was made to replace the faulty gas flow mater, and the generator side pressure
sensor (PI-3) and repeat the ammonia - [emim|[SCN] experiments in order to improve the accuracy
of the calculations. In addition to this, some mechanical changes were made in the system
connections that placed the pressure sensor measuring the pressure drop across the absorber
(PI-1), after the throttling valve, so as to get accurate pressure drop readings.

5.2.2. Stage 2

During the experimentation, the ammonia gas flow from the generator and going back into the
absorber was measured separately in a different software, and the rest of the data was recorded
separately in the same data logger as used for stage 1 experiments. All the other readings other
than the gas flow, were updated after every 10 seconds. However, the gas flow rate readings were
recorded with the time interval of 1 second. Thus, these readings are averaged every 10 seconds
to correspond them with the rest of the readings. For recording the gas flow rate, a Bronkhorst
gas flow meter was used. This flow meter was originally calibrated for hydrogen. So, a correction
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factor had to be applied to the recorded values of the gas flow rate for the working fluid (ammonia).
Using the online calculator by the company, the conversion factor of 1/1.39 was calculated for
ammonia, and applied to the readings obtained from the gas flow meter. Solution and gas flow
rates, originally measured in different units into the software are converted to kg/h for the ease
of the calculations.

The pump has a limit on the highest value of the speed it can attain, which in turn, puts a
restriction on the maximum solution velocity that can be set. Solution flow into the absorber
was gradually increased from a low value to the highest possible one. Data points were recorded
when a steady state was seen to be attained by the system for every flow rate of the solution into
the absorber, ie, when absorber pressure attains a steady value. 19 such data points at different
flow rates were obtained. Gas flow rate values were correlated with these data points.

Table 5.4 shows the calculations performed to obtain the pressure of the solution going into the
absorber, as the absorber side pressure sensor is placed after the absorber (PI-2). The pressure
loss in the absorber as recorded by the sensor PI-1 is to be added to the value of pressure of the
solution coming out of the absorber.

Table 5.4: Calculation for the Pressure of the solution going into the absorber

Case Pabs,out APgps Pabs,in
(kPa) (KPa) (kPa)
2396 2.81 2424
506.5 536 511.9
496.4 580 502.2
5014 581 507.3
386.2 539 391.6
365.3 535 370.7
2944 497 2994
2839 512 289.0
260.7 733 268.0
2225 1717 2297
2163 718 2235
2652 10.04 275.2
263.0 10.03 273.0
3429 1522 358.1
330.1 10.72 340.9
239.5 19.06 258.6
2355 18.64 254.2
340.0 15.20 355.2
3359 15.16 351.1

23IaianisorNoaseN

Table 5.5 below shows the shortlisted experimental readings from stage 2 experiments. The
values represented in this table are the ones that are given as inputs to the numerical model
developed for the absorption process. Complete experimental data for stage 2 experiments is
displayed in figure 32, Appendix A. In figure 32, the first five data points have a different back-
ground color than the rest, which is a representation of the lower mass flow rates of the cooling
water (FI -3) that were set for these first five data points.
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Following observations could be made from the experimental results.

1. First five readings were taken with the cooling water flow rate of about 55 kg/h, and the
rest were taken with the flow rate of about 100 kg/h. It can be seen that the overall heat
transfer coefficient is larger for a lower flow rate of the cooling water. This results from
the fact that the logarithmic mean temperature difference is larger for the higher flow rate
of the cooling water. Also, the fact that the readings that were taken with the higher flow
rate of the cooling water were also taken with the higher absorber side solution flow rate,
contributes to this observation.

2. It comes to the notice, that the concentration of ammonia in ammonia + [emim][SCN] solu-
tion going into the absorber is very low in all the 19 cases (around 2.5 %), considering that
originally about 6.1% of ammonia was filled in the system. It could have been due to one of
the following reasons, or a combination of these reasons.

(a) During the execution of the experiments, ammonia vapor accumulates in the separator,
owing to a low level of the solution in the separator. So, the vapor flow was also low and
the weight percent of ammonia in the solution recorded before entering the absorber,
was low. This would mean that the assumption of the vapor - liquid equilibrium at the
outlet of the generator, is not valid.

(b) WNH,weax is calculated with the value of the density as displayed by the density me-
ter, as per equation 4.11. This density meter is placed before one of the precoolers,
in which ammonia + [emim][SCN] solution gets cooled down. The temperature sensor
(TI-4) is placed after the precooler. Thus, the temperature displayed by this sensor is
the temperature of the solution just before entering the absorber. However, the density
meter shows the density of the solution before it enters the second precooler. Thus,
there is a discrepancy in the temperature and density readings recorded. The densities
of the individual fluids to be used in equation 4.11 are calculated at the temperature
displayed by TI-4. Thus, the actual density of the solution entering the absorber would
be lower than the one displayed by the density meter. So, the concentration of ammo-
nia in that solution would be slightly higher than the one calculated from the current
density readings obtained from the density meter. However, this would contribute in
a very small amount to the total error in the calculated value of the concentration of
ammonia in the solution.

(c) the ionic liquid ([emim][SCN]) that was used for the experimentation is about 98% pure.
The impurities present in the ionic liquid may introduce an error in the equation used to
calculate the density of the pure ionic liquid (see table 3.2), thus leading to an increased
prediction of the value of concentration of ammonia in ammonia + [emim]|[SCN] solution
going into the absorber. This can be quite a large contributing factor to the error in the
calculation of wyn, weak-

(d) Another possible reason for the low vapor flow, and hence, low concentration of ammo-
nia can be the fact that the generator side thermostatic bath has a lower limit on the
temperature that it can attain, thus putting a restriction on the generator equilibrium
temperature, and inevitably, equilibrium pressure. It is possible that a temperature
higher than 95 °C is required for all of the ammonia in the solution to vaporize (see
figure 2.11).

A study made to find the reason behind the low concentration of ammonia and the results
obtained from this study are reported in chapter 7 of the present work.

3. It can be seen from the obtained readings shown in table 5.5, that the equilibrium pressure
of the solution corresponds to the operating temperature in the generator.

4. Itis also clear that after a particular flow rate of the solution into the absorber, the generator
side pressure suddenly starts to drop. This suggests that the system has a highest flow rate
of the absorber it can endure without failing to attain steady state.

5. The values for the vapor flow obtained in this set of experimentation are quite low. This
suggests that quite a low amount of ammonia gets vaporized in the generator, despite the
high temperature at which the generator side thermostatic bath is operating (95 °C). This
fact suggests that not a lot of ammonia vapor is getting absorbed into the solution. So, it
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can be predicted that a large amount of the total heat transferred to the cooling water is
just due to the sensible heat transfer.






Numerical model for the absorption
process

6.1. Numerical model of the absorption process

The numerical model developed by Wang (2019) is used as a basis to build a numerical model
for the present work. Block diagram of this model is given in figure 2.6 in chapter 2 of this work,
where the model by Wang (2019) has been introduced.

Assumptions made while modelling the absorption process (Wang, 2019) are listed in section
2.3. Experimental readings taken by Amaris Castilla et al. (2014) are used by Wang (2019) for
numerical modelling of the absorption process. These experimental readings were taken for the
working pair of ammonia- LiNO;. Fourteen such data points with different absorber side flow
rates were used. During the numerical modelling, the length of the plate heat exchanger (PHX)
is divided into control volumes as per equation 6.1.

Loy = 2 6.1

o= (6.1)

Where n., represents the number of control volumes and L., represents the length of a single
control volume.

6.1.1. Modelling of an individual control volume

A control volume is designed as described in section 2.3, in figure 2.5. A single control volume
contains half the flow of the cooling water in a single channel, and half of the flow of the solution
and the vapor in a single channel, both adjacent to a plate of the absorber. Heat and mass
transfer take place across the vapor-liquid interface and only heat transfer takes place across
the wall of the PHX. The heat and mass transfer is modelled for each individual control volume.
The algorithm represented in figure 2.6 is the structure of the central simulation code designed
for the absorption process in Matlab. All the aspects of the absorption process are modelled
in separate Matlab functions. Matlab functions for the heat and mass balances, calculation
of the thermodynamic properties at the vapor- liquid temperature, calculation of the interface
temperature are embedded into the central Matlab code designed for a single control volume.

Input conditions to the central code represented in figure 2.6 are the operating conditions at
the bottom of the heat exchanger, ie, outlet of the cooling water and the inlet of the absorbent
solution and ammonia vapour. These input conditions to the first control volume include the tem-
perature, pressure and the mass flow of the solution going into the absorber, the temperature,
pressure and the mass flow of the cooling water coming out of the absorber, and the tempera-
ture, pressure and the mass flow of the vapour going into the absorber. Mass concentration of
ammonia in the solution stream going into the absorber is also inputted.

Film thickness is calculated using the void fraction and the gap between the plates of the heat
exchanger as per equation 6.2.

5= 1-e)lg

- (6.2)
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Void fraction is calculated as per equation 6.3.

e=1+-—"(

- (6.3)

1-q) pv )2/
pPL
Where g is the vapor quality.

Equilibrium is assumed at the interface of the solution of [emim][SCN]+ammonia and the
ammonia vapor. Matlab functions are designed to calculate the pressure, temperature and the
concentration at the equilibrium according to the PTw correlation developed using NRTL model
(Wang, 2019).

Heat and mass transfer equations representing the absorption + convective heat transfer pro-
cess for a single control volume are determined. An initial guess at the vapor - liquid interface
temperature is put into the heat and mass transfer equations, in order to satisfy the overall energy
balance.The actual value of the interface temperature is calculated iteratively. That value which
satisfies the heat and mass balance of the cell, is chosen to be the actual value of the temperature
of the interface. In order to calculate the accurate heat transfer coefficient and the mass transfer
coefficient, two Nusselt numbers are taken into account, one between the bulk liquid and the wall
of the PHX (Nuy, w), and the other between the bulk liquid and the liquid-vapour interface (Nuy, i)
(Grossman, 1983, Wang, 2019). The coefficients of these Nusselt number correlation with the
Reynolds number and the Prandtl number of the bulk liquid are optimized using equation 6.4.
The objective function of the optimization is the minimization of the following function.

Q exp 2 sim Uex _Usim
P = (2o~ @eim o )) (6.4)

(%)exp UCXP

% is used as an indicator of the energy balance and U is used as an indicator of the heat transfer
performance. A broader framework of this numerical analysis that contains the optimization
process of the Nusselt numbers as well is shown in figure 6.1.

—P( Choosing a condition )

Framework lllustrated in Fig.2.6
With undetermined variables

'
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Figure 6.1: Broader framework for the numerical analysis (Wang, 2019)

The optimized correlations are in the form of equation 6.5.
Nu = aRebPr% (6.5)

In equation 6.5, a and b are the optimized coefficients. This process is repeated for each control
volume of each of the fourteen experimental data points (Amaris Castilla et al., 2014), having



6.2. MODELLING OF THE ABSORPTION PROCESS IN THE PRESENT WORK 47

different flow rates on the absorber side, and the values of the Nusselt number as a function
of the bulk liquid Prandtl number are plotted against the values of the Reynolds numbers of
the bulk liquid for each of the data points. This is done for both the Nusselt numbers- the one
between the bulk liquid the wall of the PHX (Nuy, ), and the other between the bulk liquid and
the liquid-vapour interface (Nuy ). These plots provide the estimated empirical correlations
between these Nusselt numbers, the bulk liquid Prandtl numbers and the bulk liquid Reynolds
numbers for this absorption process. These correlations obtained by Wang (2019) are displayed
in figure 6.2, and have also been assumed to apply for the absorption with NH; - [emim][SCN]
working pair.
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Figure 6.2: Bulk liquid-wall and bulk liquid-interface correlations (Wang, 2019)

Equations 6.6 and 6.7 show the correlations obtained by Wang (2019).

Nuy w = 0.1372Re®***°Pr3 (6.6)

Nuy jne = 0.9077Re®338! pr3 (6.7)

6.2. Modelling of the absorption process in the present work

The process of the numerical modelling used by Wang (2019) as described in section 6.1
is used as a basis to design a numerical model for the absorption of ammonia in ammonia +
[emim][SCN] solution in the present work.

Assumptions made during the modelling of the absorption process are as follows

1. The setup operates in steady state.
2. Uniform distribution is assumed along the width of the plate of the absorber.

3. Any thermal losses in the piping, from the equipment and from the thermostatic baths are
neglected.

4. Thin film assumption is made at the interface. The liquid film is thin and symmetrical with
the plates.

S. Interface between vapor and the solution is assumed to be at equilibrium. Vapor liquid
equilibrium modelled by Wang (2019) is used to calculate the thermodynamic properties at
the interface.

6. Thermal boundary layers between the single phase and two phase regions show a smooth
transition.

7. Transverse and longitudinal heat conduction at the plates of heat exchanger are neglected.

8. Considering negligible vapor pressure of [emim]|[SCN], it is assumed that it does not evapo-
rate and the vapor stream is pure ammonia.

9. Ammonia already present in the solution at the inlet of the absorber is in liquid state.
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In order to validate the experimental results in this work, a similar Matlab code to the one
explained in section 6.1 is designed for the working pair of [emim|[SCN]+ammonia. The length of
the plate heat exchanger is divided into 600 control volumes. The nature of a control volume is
selected as suggested by Wang (2019) (figure 2.5). This control volume consists of half the total
space in each channel on either side of the wall of the PHX.

6.2.1. Modelling of an individual control volume

An individual cell or a control volume is modelled using a similar framework as displayed in
figure 2.6. The input conditions are at the bottom of the heat exchanger, ie, inlet of the solution
and the vapor streams into the absorber, and the outlet of the cooling water from the absorber.
The input conditions used for the numerical model, as given to the first control volume at the
bottom of the PHX are shown in table 6.1.

Table 6.1: Input conditions to be given to the numerical modelling

Serial Number Input condition  Description

1 Maps.in Mass flow rate of the absorbent solution going into ABS

2 Paps,in Pressure of the absorbent solution going into ABS

3 Tabs,in Temperature of the absorbent solution going into ABS

4 WNH, weak Mass concentration of ammonia in the absorbent solution going into ABS
4 Mow,out Mass flow rate of the cooling water stream coming out of ABS

5 Pow.out Pressure of the cooling water stream coming out of ABS

6 Tow,out Temperature of the cooling water stream coming out of ABS

7 My in Mass flow rate of the vapor stream going into ABS

8 Pin Pressure of the vapor stream going into ABS

9 Tyin Temperature of the vapor stream going into ABS

Experimental data obtained from the stage 2 ammonia - [emim]SCN] experiments (table 5.5)
is used for the values of the input operating conditions.

The thermophysical properties of the cooling water, solution of [emim|[SCN]+ammonia and the
ammonia vapour are calculated from these input conditions. For the calculation of the values
of thermophysical and the transport properties of the cooling water and the ammonia vapour
Refprop (Lemmon et al., 2010) is used. For the solution, correlations of the thermophysical
properties of the individual fluids as explained in chapter 3 are used. These correlations relate a
solution property to the same property of the individual components of the solution of ammonia
+ [emim][SCN].

After the extraction of these properties, film thickness is calculated using the void fraction and
the gap between the plates of the heat exchanger, as per equation 6.2. Void fraction is calculated
as per equation 6.3.

A guess is made at the interface temperature and the one that satisfies the heat and mass bal-
ances of the entire cell is chosen. An iterative process is opted for this purpose. For establishing
the heat and mass balance, the heat and mass transfer equations used are listed below.

1. Energy balance of the cooling water stream :
Qw,cw + Mew outhew,out = Mew,inflew,in = 0 (6.8)
2. Energy balance of the solution (absorber side fluid) :
Ginthynm, + Qintabs — Qabs,w + Mabs infabs in — Mabs outMabs out = 0 (6.9)
3. Energy balance of the vapor :
Ginthyn, + Oy int + Ty inhy in — My outhy.out = 0 (6.10)

4. Energy balance across the wall of the HEX :

(a) Equation regarding the conduction of heat across the wall :

Qabs,W = QW,CW (6-11)
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(b) Amount of energy passed from the wall to the cooling water :
Qw.cw = aw.cw(Tw — Tew.in)Aint (6.12)
() Amount of energy passed from the solution to the wall :
Qabs,w = &abs,w(Tabs,in — Tw)Aint (6.13)
5. Energy balance across the vapor - liquid interface :

(a) Energy balance across the interface :
Ginthynu, Aint + Qvint = GintALNu, Aint + Qintabs (6.14)
(b) Energy into the liquid across the interface :
Qint,abs = @int,abs (Tint — Tabs,in)Aint (6.15)
(c) Energy into the vapor across the interface :
Qint,v = dint,v(Tv,in - Tint)Aint (6-16)
6. Mass balance of the solution stream :

(a) Mass balance in the solution stream :

GintAint + mabs,in - mabs,out =0 (617)

(b) Calculation of the mass flux :

Gint = My B (Cint — Cabs) (6.18)
7. Mass balance of the vapor stream :
GintAint + My in — My out = 0 (6.19)
8. NH; species balance :
GintAint + Mabs inWNH, weak — ML outWNH, strong = 0 (6.20)

It is important to note here, that the solution side is denoted as ‘abs’, vapor side is denoted
as v’ and the cooling water side is denoted as ‘cw’. It should also be noted here that the use
of the inlet temperatures of the vapor and the solution (Tp,sin and Ty j,) to calculate the heat
duty instead of the bulk temperatures is justified, owing to the fact that the size of an individual
control volume is small. Also, in the convective heat transfer region, instead of 4;,:, 4., is to be
used, because of the lack of the vapor - liquid interface in this region.

For the calculation of the heat duties across the wall of the heat exchanger and across the
interface, Nusselt-Reynolds-Prandtl correlations estimated by Wang (2019) are used. This cor-
relations are shown in figure 6.2. For calculating the heat transferred to the cooling water, the
empirical correlation linking Nusselt - Prandtl - Reynolds numbers derived from the low Reynolds
number water water experiments (equation 4.8) is used. As this correlation was derived for the
convective heat transfer in a PHX between two fluids, it is assumed that the same correlation is
valid for the convective heat transfer between ammonia + [emim]|[SCN] solution and the cooling
water. Using these correlations, the calculated interface temperature, and the heat and mass
transfer equations, a heat and mass balance for a single control volume is established. The out-
put of this balance are the enthalpies of the solution and the vapor coming out of the cell, the
enthalpy of the cooling water, and the pressures of the solution, cooling water and the vapor at
the other end of the control volume. From these enthalpies the temperatures of the solution,
vapour and the cooling water can be calculated. Similarly, mass flows at the other end of the
control volume are calculated. These calculated temperatures, pressures, concentrations and
mass flows are given as an input to the next control volume.

This process is performed on each of the control volumes and the temperatures, pressures,
concentrations and the mass flows at the top of the plate heat exchanger are obtained.
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Table 6.2 lists the outputs obtained at the top of the plate heat exchanger, ie, at the outlet of
the solution and the vapor streams, and at the inlet of the cooling water stream.

Table 6.2: Outputs obtained from the numerical model

Serial Number output obtained Description

1 Mabs out Mass flow rate of the absorbent solution coming out of ABS

2 Paps out Pressure of the absorbent solution coming out of ABS

3 Tabs out Temperature of the absorbent solution coming out of ABS

4 WNH, strong Mass concentration of ammonia in the absorbent solution coming out of ABS
4 Mew,in Mass flow rate of the cooling water stream going into ABS

5 Powiin Pressure of the cooling water stream going into ABS

6 Tew,in Temperature of the cooling water stream going into ABS

7 My, out Mass flow rate of the vapor stream coming out of ABS

8 P, out Pressure of the vapor stream coming out of ABS

9 Ty out Temperature of the vapor stream coming out of ABS

WNH, strong — WNH, weak, &S Obtained from the numerical modelling, shows how much ammonia
has been absorbed into the solution stream at the top of the PHX.

These obtained results are to be compared with the experimental readings for each of the 19
data points (cases) from stage 2 ammonia - ionic liquid experiments, and the accuracy of the
Nusselt- Prandtl- Reynolds correlations derived by Wang (2019) is to be estimated (equations 6.6
and 6.7). The temperature outputs obtained from this model are also an indicator of the accuracy
of the convective heat transfer correlation derived from the water - water experiments (equation
4.8) and used in this model for the convective heat transfer between the cooling water and the
solution.

6.3. Results of the numerical analysis
6.3.1. End results

The results obtained for each of the 19 data points from the numerical modelling are shown
in table 6.3. These results include the outlet temperature of ammonia + [emim][SCN] solution,
outlet concentration of ammonia in the absorbent solution stream, outlet pressure of the solution
stream, and the temperature of the cooling water being sent into the absorber.

Table 6.3: Results of the numerical modelling for stage 2 ammonia+ionic liquid experiments

Case Tabs,out WNH3,strong Pabs,out Tcw,in ATabs ATcw
(C) - (KPa) (°C) (°C) (°C)
44.51 0.0252 2413 4439 1043 3.19

45.51 0.0237 388.6 4499 10.00 4.83
44.86 0.0237 367.6 44.66 10.99 277
44.81 0.0241 296.7 4464 10.66 2.59
44.81 0.0242 286.3 4464 10.66 2.59
44.84 0.0243 263.2 4452 10.76 3.48
44.77 0.0246 2255 4452 10.74 3.28
44.91 0.0240 2196 4467 10.61 3.05
44.86 0.0243 2678 4428 10.87 4.46
45.20 0.0235 2656 4465 10.52 4.08
45.42 0.0230 3453 4435 10.65 5.43
44.78 0.0246 332.7 4412 11.01 4.74

45.93 0.0228 237.3 4459 1011 5.83
45.66 0.0228 3424 4463 10.38 5.23
45.66 0.0228 338.3 4463 10.35 5.20

d3lIscaronisoeNoasen

It seemed that steady state had not been attained for data points 2,3,4 and 16, when the
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experimental readings were taken. So, the results could not be obtained numerically for these
data points, as the absorber pressure recorded is too high for the recorded concentration and the
temperature. So, these data points cannot be taken into account for the study of the absorption
process.

Temperature and concentration profiles obtained for some of the data points are shown below.
Figures 6.3 and 6.4 show the temperature and the concentration profiles obtained as results of
the numerical modelling, for data case 8 (from tables 5.5 and 6.3).
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Figures 6.5 and 6.6 show the temperature and the concentration profiles obtained as the
results of the numerical modelling, for data case 10 (from tables 5.5 and 6.3).
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Figures 6.7 and 6.8 show the temperature and the concentration profiles obtained as the
results of the numerical modelling, for data case 17 (from tables 5.5 and 6.3).
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Figure 6.8: concentration profile obtained for case 17

Temperature and concentration profiles for all the data points are not displayed in this chap-
ter. The resultant profiles for all of the experimental data points can be found in Appendix A.
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6.3.2. Values of the heat and mass transfer parameters

Values of several heat and mass transfer parameters were numerically calculated both during
the absorption region and during the convective heat transfer region of the process for all the
data points for reference. Table 6.4 displays the values of the heat and mass transfer parameters
for the absorption region. These values were calculated at about half the length of the absorption
region.

Table 6.4: Values of the heat and mass transfer parameters for the middle of the absorption region

Case Re Pr Sc Sh NUL,W dL,W NuL,int dL,int B
G 6 6 ) () Wm-K) () Wm’-K) (m/s)
1 6.7 36.0 439.7 88.8 1.4 365.9 1.7 443.4 42E7°
2 - - - - - - - - -
3 - - - - - - - - -
4 - - - - - - - - -
5 112 356 4234 1297 1.9 480.1 2.6 540.6 6.3E7°
6 11.0 358 4261 1283 1.9 484.6 2.6 658.4 6.4E7°
7 10.5 35.8 4289 123.9 1.8 4711 2.5 632.5 6.1E7°
8 10.5 35.9 428.7 1249 1.9 4731 2.5 637.0 6.1E7°
9 13.8 359 4313 15635 22 561.8 3.2 803.2 7.7E7°
10 126 36.6 4455 1446 21 543.3 3.0 761.3 7.3E7°
11 123 365 4415 1408 21 521.3 29 725.6 6.9E"°
12 17.3 358 4289 1823 25 648.8 3.8 976.5 9.4E7°
13 17.3 359 4272 1815 25 630.0 3.8 948.0 9.2E7°
14 226 36.0 4259 2224 3.0 736.9 4.8 1179.0 1.1E™*
15 184 354 4212 1905 26 673.6 4.0 1028.0 9.9E7°
16 - i ; - ; - ; - -
17 259 36.1 428.2 247.1 3.3 797.7 5.4 1316.7 1.2E7*
18 225 361 4276 2216 3.0 732.0 4.8 1173.0 1.1E™*
19 225 364 4280 2215 3.0 731.8 4.8 1169.0  1.1E™*

Table 6.5 displays the values of various heat and mass transfer parameters during the con-
vective heat transfer region for all the data points. These values are numerically calculated at
about half the length of the absorber in the convective heat transfer region.

Table 6.5: Values of the heat and mass transfer parameters for the middle of the convective heat transfer region

Case Re Pr Sc Nup w aLw
() 06 () () (Wm?-K)

1 58 406 5458 3.1 189.8
2 - - - - -
3 - - - - -
4 - - - - -
5 96 40.6 526.7 44 266.5
6 92 419 556.1 43 262.0
7 89 415 5523 42 254.0
8 88 413 550.7 4.2 255.5
9 11.9 409 5416 5.1 309.3
10 111 409 5454 49 2954
11 10.6 415 5519 438 2871
12 15.0 405 5319 6.0 361.6
13 14.8 412 5376 6.1 359.1
14 195 410 5280 7.2 356.8
15 159 40.0 5240 6.2 372.2
16 - - - - -
17 227 40.7 5195 8.0 478.2
18 195 411 5282 7.2 432.3
19 195 412 5286 7.2 432.4
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6.3.3. Observations made from the results of the numerical analysis
After the execution of the central Matlab code, following facts come to the notice :

1. Reflection on the temperature profiles :

(@)

(b)

(®

The temperature profiles obtained from the numerical modelling in the present work
follow the trend of the temperature curves as predicted by Wang (2019) (See Figure 27,
Appendix A).

It can be seen that, as predicted, only a small amount of the total heat gained by the
cooling water was because of the absorption of ammonia in ammonia + [emim][SCN]
solution, for most of the experimental data points. This can be seen from the short
temperature curves of the interface (dotted blue) and the vapour (green).

These short temperature curves represent the length of the absorber (PHX) from the
bottom, upto which the absorption of ammonia into the solution took place. It can be
seen that, owing to a very low amount of ammonia vapor flow in most of the cases, all
the gas gets absorbed within a small distance from the bottom of PHX. The maximum
distance to which the absorption takes place is upto 10.5% of the length of the PHX
starting from the bottom.

Very large amount of the total heat transferred was just due to sensible heat transfer
from the solution to the cooling water. This phenomenon can be observed from the
solution curve (yellow), the wall curve (orange), and the cooling water curve (blue), after
the absorption range, ie, for the remaining length of the PHX after the absorption ends.

From the dip in the curve of the wall temperature (orange), at the end of the absorption
zone, and from the heat and mass parameters listed in tables 6.4 and 6.5, it is clear
that the heat transfer coefficient between the solution and the wall of the PHX (a;, w)
for the absorption is higher than that for the convective heat transfer. This, in turn,
means that the resistance to the heat transfer is lesser during absorption than during
the convective heat transfer. This, indeed corroborates the fact that the numerical
model takes the effect of the mass transfer on the overall energy balance during the
absorption process into account.

It can be seen from the temperature profiles obtained, that for lower flow rates of the
solution, more heat is transferred because of the absorption of ammonia in ammonia
+ [emim][SCN] solution (eg, case 1, 10, 11 etc.) as compared to that transferred for
higher flow rates (eg. case 15, 17 etc.). This observation follows from the fact, that the
amount of vapor flow for lower flow rates is higher than that for the higher flow rates,
as recorded from the stage 2 experiments.

The remaining temperature profiles obtained as a result of this central Matlab code for each
of the cases are displayed in the appendix A of this work.

2. Reflection on the concentration profiles :

(@)

Owing to a low vapor flow, the concentration of ammonia in ammonia + [emim][SCN]
solution increases very slightly. As can be seen from table 6.3, the mass concentration
of ammonia in the solution that comes out of the absorber (Wny, strong) is very slightly
higher than the mass concentration of ammonia in the solution going into the absorber,
reported in table 5.5 (Wnn, weak). Also, the values of the mass transfer coefficients (B)
reported in table 6.4 are quite low (Wang, 2019), owing to a low vapor flow. The trend
of the concentration profiles obtained is similar to that predicted by Wang (2019) (see
figure 28, Appendix A).

The remaining concentration profiles obtained as a result of this central Matlab code for
each of the cases are displayed in the appendix A of this work.

3. Pressure of the solution coming out of the absorber (P out), is certainly lower than the
pressure at which the solution enters the absorber (P, in). This fact confirms that there is
some pressure drop in the absorber, although it is a small value. Also, the value of (Pyps out)
as calculated numerically (see table 6.3) comes close to that recorded experimentally (see
table 5.5).

These results obtained are to be compared with the experimental values of the parameters, in
order to validate the numerical model used.
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6.4. Validation of the numerical model and comparison

For the validation of the numerical model of the absorption process, the results obtained from
the model for each of the 19 data points obtained (as shown in table 6.3), are compared with the
experimental data.

The temperature difference between the inlet and outlet temperatures of the solution and the
cooling water is used as a parameter for the comparison between the experimental and numerical
results. The deviation of the values obtained from the model from the experimental ones, is an
indicator of the accuracy of the Nusselt-Prandtl-Reynolds correlations used in this work. Table
6.6 displays the values of AT, and AT, obtained from the numerical model, the experimental
values of the parameters and the deviation of the calculated results from the experimental results.

Table 6.6: Comparison of the numerical results with the experimental results

Case ATaps (°C) Deviation (%) ATy, (°C) Deviation (%)
Experimental Numerical Experimental Numerical

1 10.06 10.43 -3.68 2.72 3.19 -16.92
2 10.60 - - 4.59 - -
3 10.55 - - 4.90 - -
4 10.44 - - 5.00 - -
5 10.66 10.00 6.22 5.01 4.83 3.54
6 10.89 10.99 -0.92 2.43 277 -14.02
7 10.42 10.66 -2.30 2.22 2.59 -16.35
8 10.41 10.66 -2.34 2.22 2.59 -16.50
9 10.58 10.76 -1.72 3.00 3.48 -15.80
10 10.49 10.74 -2.43 2.81 3.28 -16.88
11 10.48 10.61 -1.18 2.73 3.05 -11.89
12 10.57 10.87 -2.90 3.75 4.46 -18.71
13 10.56 10.52 0.34 3.74 4.08 -9.10
14 10.57 10.65 -0.80 4.78 5.43 -13.66
15 10.61 11.01 -3.79 3.85 4.74 -22.90
16 10.26 - - 5.5 - -
17 10.22 10.11 1.1 5.46 5.83 -6.80
18 10.56 10.38 1.70 4.89 5.23 -6.91
19 10.53 10.35 1.69 4.89 5.20 -6.99

Mean - - -0.73 - - -12.65

From the comparison of the data in table 6.6, the following facts can be reflected.

1. The values of AT, calculated numerically with the use of the model are in a reasonable
accordance with the experimental values obtained (with an average error of -0.73%). Also,
since the temperature profiles obtained in the present work follow the trend of the tempera-
ture curves as predicted by Wang (2019) (See Figure 27, Appendix A), it can be said that the
empirical correlations governing the absorption process derived by Wang (2019) (equations
6.6 and 6.7) work satisfactorily for the present cases of absorption, where the solution is
subcooled before entering the absorber. Also, considering the fact that most of the heat
transfer is because of the convection, it follows that the Nusselt- Prandtl- Reynolds correla-
tion governing the convective heat transfer derived from the water - water experiments for
low Reynolds numbers in the present work (equation 4.8), functions satisfactorily for this
absorption process.

2. The values of AT, calculated numerically with the use of the model are somewhat in ac-
cordance with the values recorded experimentally, with an average error margin of 12.65%.
This confirms the fact that there are indeed heat losses in the system.

3. It is clear, that it is crucial for the correct balances of the heat and mass transfer in this
absorption process, that the thermodynamic properties of ammonia + [emim]|[SCN] solution
calculated using the NRTL model, are correct. The close resemblance between the experi-
mental and the numerically calculated values of AT, is a further validation that the NRTL
model works reasonably well for this absorption process. It follows, that, the NRTL coeffi-
cients suggested by Wang (2019) for the working pair of ammonia + [emim][SCN] (table 3.2),
work well for this absorption process.
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6.5. Energy balance of the experimental results

Aside from the actual modelling of the absorption process, a separate Matlab code is designed,
wherein the outlet temperature of ammonia + [emim][SCN] solution is estimated making use of
a simple energy balance across the absorber. Thermodynamic properties of the solution are cal-
culated by establishing a vapor - liquid equilibrium using the NRTL model. For the NRTL model,
NRTL coefficients suggested by Wang (2019) for the working pair of ammonia + [emim|[SCN] (table
3.3) are used. The results of this Matlab code are compared with the experimental ones.

It is of crucial importance here to note that this Matlab code does not follow an iterative
procedure, so the absorber is not divided into control volumes in this case. This code simply
establishes an energy balance across the absorber; using the Equation of State (EOS) method to
calculate the total enthalpy of the solution.

6.5.1. Functioning of the Matlab code
The experimental data obtained from stage 2 ammonia + ionic liquid experiments are used in
this case as well.
The heat duty of the absorber is calculated from the cooling water properties as per equation
6.21.
Qabs = Moy Cp,ewBlew (6.21)

The thermodynamic properties of the cooling water needed to calculate the heat duty, such as
the specific heat capacity are calculated at the average cooling water temperature as per equation
6.22.

Tcw,in + Tcw,out
2

In the Matlab code, input values, such as available temperatures, pressures, concentrations
and mass flows at the bottom of the plate heat exchanger as obtained from the experimental
data are provided. Concentration of ammonia in [emim][SCN] + ammonia solution going into
the absorber and coming out of the absorber are calculated using the species balance for am-
monia across the absorber (equation 4.11, 4.12). Thermophysical and transport properties of
[emim][SCN] + ammonia solution, such as viscosity, density and the specific heat are calculated
the same way as for the numerical model. Detailed explanation of how these properties are cal-
culated for the solution is given in chapter 3. Refprop (Lemmon et al., 2010) is used to obtain
the thermophysical properties of pure ammonia, and the cooling water. Enthalpies of the cooling
water and the vapour are also calculated using Refprop (Lemmon et al., 2010). Similar to the
numerical model, this heat balance code contains separate Matlab functions for calculating the
thermodynamic properties of the solution by establishing the vapor - liquid equilibrium using
the NRTL coefficients suggested by Wang (2019).

Separate Matlab functions are also created to calculate total enthalpies at various stages
of [emim][SCN]+ammonia solution. It is important to note here, that in this work, the excess
enthalpy of the solution is considered to be negligible, and so is not included to calculate the
total solution enthalpy. Using these calculated solution enthalpies, enthalpies of the cooling
water and the vapour, and the heat duty calculated as shown in equation 6.21, an overall energy
balance is established as per equation 6.23.

T = (6.22)

habs,inmabs,in + hv,inmv,in - (Qabs + Qlosses) = habs,outmabs,out (623)

Wherein Q)osses is taken as the deviation in the energy balance obtained from the numerical model
for each of the data points. The result of this code is the enthalpy of the solution outlet at the
top of the plate heat exchanger, from which it’s temperature can be estimated.

The results obtained from this code are tallied with the experimental ones. The temperature
difference between the inlet and outlet temperatures of the solution is used as a parameter for
the comparison between the experimental results and the results of the energy balance here, too.
Table 6.7 shows the experimental values of the outlet temperature of the solution, calculated
values for the outlet temperature of the solution from the heat balance as mentioned above,
the temperature difference of the solution in both the cases, and the deviation of the calculated
values from those obtained by the experimentation.
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Table 6.7: Comparison between experimental and calculated temperature values of the solution

Case Tapsout (°C) AT, (°C) Deviation (%)
Experimental Calculated Experimental Calculated

1 44.8 44.53 10.06 10.40 -3.39
2 44.8 - 10.60 - -
3 44.8 - 10.55 - -
4 44.8 - 10.44 - -
5 44.8 44.88 10.66 10.62 0.35
6 44.9 44.89 10.89 10.96 -0.63
7 45.0 44.74 10.42 10.73 -2.91
8 45.0 44.74 10.41 10.72 -2.94
9 45.0 44.75 10.58 10.85 -2.55
10 45.0 44.64 10.49 10.87 -3.58
11 45.0 44.85 10.48 10.66 -1.67
12 45.1 44.72 10.57 11.01 -4.17
13 45.1 45.01 10.56 10.71 -1.45
14 45.0 45.47 10.57 10.60 -0.30
15 45.1 44.70 10.61 11.09 -4.46
16 45.8 - 10.26 - -
17 45.8 46.00 10.22 10.04 1.84
18 45.4 45.75 10.56 10.28 2.62
19 45.4 45.71 10.53 10.29 2.25

Mean - - - - -1.39

It should be noted here, that the deviation for the data points 2,3,4 and 16 could not be
obtained, as the numerical results are not available for these data points.

It can be seen from the values displayed in the table 6.7, that the values of AT, calculated
by the energy balance for the data points are in accordance with the ones that are recorded from
the stage 2 experiments, when the energy losses predicted by the numerical model for each of
the data points are included in the energy balance.

Limitations of this energy balance code are as listed below :

1. While making use of this energy balance, it should be noted that the excess enthalpy of
ammonia + [emim]|[SCN] solution was neglected while calculating the heat balance. Includ-
ing this excess enthalpy while calculating total solution enthalpy would impact the overall
energy balance, thus bringing the calculated values of Ty, ot Closer to the reality.

2. Like the numerical model, this energy balance also assumes that the ammonia already
present in the solution going into the absorber is in liquid state. So, it does not account for
the fact that the solution is flashed in an expansion valve before going into the absorber.
This flashing of the solution ensures that there is ammonia both in vapor and in liquid states
in the solution going into the absorber. Since this is not included in the energy balance, it
might have contributed to the slight imbalance in the overall energy balance.

So, this Matlab code can be used to get an estimate of the values of the outlet temperature of
the solution, but using the numerical model yields more accurate values of the solution outlet
temperature.



Viscosity check

The viscosity check experiments were performed at the experimental setup at TU Delft to
determine the viscosity of the solution of [emim|[SCN] + ammonia, as explained in section 4.5.
The experimental values of the viscosity of the solution were compared with those predicted by
Wang (2019) with a logarithmic correlation (equation 3.4).

It was observed during the experimental data of stage 2 experiments, and also during the
viscosity check, that the value of wy., calculated based on the reading of the density meter
placed before the absorber in the setup was very low (about 2.50%) even though about 6.10% of
ammonia was filled initially into the system. It was known that [emim][SCN] used in the system
had impurities. So, a decision was made to derive a correlation that links the density of this
[emim][SCN] with its temperature, in order to calculate the correct value of wye,1, and indeed, to
estimate experimentally the accurate value for the viscosity of the solution.

7.1. Measurement of density

Two samples of the [emim]|[SCN] were used in order to derive the density correlation. One
of the samples was taken from the used [emim][SCN] taken out of the experimental setup after
stage 1 experiments, whereas the second sample was taken from a can of fresh [emim][SCN] as
it was filled into the system before stage 2 experiments were performed.

Figure 7.1 shows these two samples.

Figure 7.1: The samples of [emim][SCN] used
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7.1.1. Procedure
Following procedure was followed :

1. Each of the samples was placed into the density meter.

2. Temperature of the sample was set for the average temperature of the solution as measured
during each of the 5 experimental data points (see table 4.8).

3. A density meter at the chemical laboratory in the TU Delft was used to measure the density
of the samples. The value of the density as given by the density meter for each of the
temperatures was recorded.

4. A graph of the density values versus the temperature values is plotted in Excel, and a
correlation is obtained for each of the samples.

Table 7.1 displays the average temperatures and the density readings obtained for each of the
two samples of [emim]|[SCN].

Table 7.1: Density values for [emim][SCN], wherein, sample 1 = unused sample; sample 2 = used sample

[emim][SCN]

Case Tapsavg PiL
“C) (kg/m?)

Sample 1 Sample 2
29.84 1134.42 1130.72
35.59 1130.90 1127.23
45.44 1124.91 1121.29
50.08 1122.11 1118.51
57.20 1117.84 1114.28

A wON -

Figures 7.2 and 7.3 display these correlations as obtained for each of the samples.
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Figure 7.2: Density correlation obtained for sample 1 (unused [emim][SCN])
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Figure 7.3: Density correlation obtained for sample 2 (used [emim][SCN])

It can be seen from figures 7.2 and 7.3, that the correlation of the density and the temperature
for an impure [emim]|[SCN] is indeed different from the one for the pure [emim|[SCN]. These
obtained correlations for each of the sample are listed in equations 7.1 and 7.2.

pL = 1318 — 0.606T (7.1)

p = 1313.5 — 0.6034T (7.2)

Where T is in Kelvin.

The correlation obtained for sample 2 (equation 7.2) was used to analyze the results of the
viscosity check, keeping in mind that stage 2 experiments were performed before the viscosity
check, and so the ionic liquid was reused in the viscosity check experiments.

7.2. Viscosity analysis

For this analysis, 5 experimental data points were taken (see table 4.8). The mass concentra-
tion of ammonia in ammonia+[emim|[SCN] solution, during each of these five experimental data
points, as determined from the density of the solution displayed by the density meter in the setup,
is displayed in table 7.2. In order to calculate this concentration, the derived equation for sample
2 (equation 7.2) was used to calculate the density of [emim][SCN]. Also, the thermophysical and
transport properties of ammonia+[emim]|[SCN] solution used to calculate the experimental values
of the solution viscosity are shown in table 7.2.

Table 7.2: Properties of ammonia+[emim][SCN] solution during the viscosity check

Case  Taps,avg Psol Wywveak Cp,sol Asol

° (kg/m?3) (-) (Jkg-K)  (W/m-K)
29.84 1094.5 0.0617 1853.3 0.2261
35.59 1092.2 0.0540 1849.2 0.2233
4544 1088.4 0.0506 1874.2 0.2211
50.08 1085.2 0.0522 1896.9 0.2207
57.20 1082.5 0.0525 1925.9 0.2198

A wON -

First five minutes of each of the five data cases are displayed in figures 33 to 37 in Appendix
A.

7.3. Results for the viscosity check

Using the values of the thermophysical properties as described in table 7.2, along with equa-
tion 4.9, experimental values of the solution viscosities were calculated for each of the five data
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points. These values of the experimental viscosity of ammonia + [emim][SCN] solution obtained
from the convective heat transfer experiments and those predicted by the logarithmic viscosity
relation (Wang, 2019) (equation 3.4) for the same operating conditions are shown in table 7.3.
Also, the viscosity values as predicted if a linear correlation (equation 4.10) is used, are also
displayed for comparison purposes.

Table 7.3: Comparison of the values of the viscosity of [emim][SCN]+ammonia solution

Case Experimental Logarithmic correlation Linear correlation

(Pa-s) (Pa-s) (Pa-s)
1 0.0041 0.0027 0.0190
2 0.0044 0.0028 0.0161
3 0.0034 0.0025 0.0124
4 0.0069 0.0022 0.0110
5 0.0086 0.0019 0.0094

It is important to note that during the last two experimental data points, the solution flow
was varying quite a lot, thus the system was not stabilized. As a result, the average viscosity
values calculated for each of these two individual data points are inaccurate, and hence cannot
be considered for the analysis.

Table 7.4 shows the deviation of the values of the viscosity calculated both by the logarith-
mic correlation and with the linear correlation with the experimental values, for the first three
experimental data points.

Table 7.4: Deviation of the values of the viscosity of [emim][SCN]+ammonia solution

Case Deviation of the logarithmic correlation  Deviation of the linear correlation

(%)
1 -33.06 368.03
2 -35.42 267.82
3 -27.68 260.85
Mean -32.05 298.9

7.4. Validation of the logarithmic correlation

Following observations were made from the results of these experiments :

1. It can be seen from the obtained values shown in tables 7.3 and 7.4 for the first three data
points, that for the given sample of [emim|[SCN], the logarithmic correlation underestimates
the value of the solution viscosity by a small and acceptable margin (about 32.05%), as
predicted by Wang (2019).

2. The linear correlation for the viscosity overestimates the viscosity of the given sample of the
ionic liquid by a large margin.

It is concluded that the logarithmic correlation gives the values of the solution viscosity much
closer to the real values, as compared to the values given by the linear correlation. So, overall,
it can be said that the logarithmic correlation linking the viscosity of ammonia + [emim][SCN]
solution to the mass fractions of the individual fluids, as suggested by Wang (2019), and Gao
and Wagner (2016) has been confirmed to predict the viscosity values with on an average 32.05%
accuracy.

This experimental study done in order to check the viscosity of ammonia + [emim][SCN] so-
lution justifies the use of the logarithmic correlation to calculate the solution viscosity (equation
3.4) for this and the future studies involving the use of [emim|[SCN] as an absorbent.



Conclusions

Following facts can be concluded after studying the process of absorption both experimentally
and numerically.

1. NRTL coefficients suggested by Wang (2019) for the working pair of ammonia - [emim]|[SCN]
lead to the calculation of the correct values of the VLE of ammonia + [emim]|[SCN] solution.
It can be concluded from comparing the VLE established by Wang (2019) to the experimen-
tal data by Yokozeki and Shiflett (2007) that the equilibrium properties calculated are in a
reasonable accordance with the experimental data. Thus, it can be said that in this work,
the VLE established by Wang (2019) for the working pair of ammonia +[emim][SCN], is val-
idated with an acceptable value of deviation.

2. In this work, an attempt was made to predict the behaviour of the viscosity of ammonia +
[emim][SCN] solution with changes in the operating conditions in the process of absorption.
This study concludes following facts:

(a) A logarithmic correlation linking the solution viscosity with the individual viscosities
(Wang, 2019, Gao and Wagner, 2016) underestimates the value of the solution viscosity
by about 32.05%, as predicted by Wang (2019).

(b) A linear correlation linking the solution viscosity with the individual viscosities overes-
timates the value of the solution viscosity by a very large margin (about 298.9%).

From these facts, it is indeed clear that the logarithmic correlation for the solution viscosity
(equation 3.4) works satisfactorily for ammonia + [emim]|[SCN] solution, thus justifying its
use in the present and potential future works. It underestimates the real values by a small
margin, nevertheless, it gives much more accurate values of the solution viscosity than the
linear correlation (equation 4.10).

3. When the results of the numerical model of the absorption process are compared with the
experimental results (table 6.6), following conclusions can be drawn.

(a) The results obtained from the water - water experiments performed at the setup at

the Delft University of Technology yield an empirical correlation for the convective heat
transfer coefficient.
This correlation for the low range of Reynolds number (equation 4.8), was used in the
numerical model, which yielded reasonable end results from the model, with a mod-
erate error margin owing to the heat losses, and uncertainty in the value of wyn, weak-
Considering the fact that a large amount of heat was transferred because of the convec-
tive heat transfer to the cooling water, it is clear that this empirical correlation obtained
from the water - water experiments for the low range of Reynolds number (equation 4.8)
is acceptable, thus leading to the numerical results close to the reality.

It also indicates that the experimental setup is working correctly.
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(b) Not much can be said regarding the exact accuracy of the empirical heat transfer cor-
relations derived by Wang (2019) for the absorption process, as a very small amount of
heat was transferred due to the absorption phenomenon in stage 2 experiments. But
based on the values of Paps out, Tabs,out 211d WNH, strong &t the end of the absorption zone, it
can be estimated that these equations governing the absorption process (equations 6.6
and 6.7) seem to work satisfactorily for the absorption process, for those cases where
the solution enters the absorber in the subcooled state.

(c) As predicted from the low gas flow recorded during the stage 2 experiments, it was
seen that of the total heat duty during this process, only a small amount is transferred
due to the absorption of ammonia into ammonia + [emim][SCN] solution, and a large
amount is transferred due to the sensible heat transfer between the solution and the
cooling water, in case of most of the experimental data points.

(d) For lower flow rates of the solution, higher amount of heat is transferred because of the
absorption phenomenon (eg, case 1, 10, 11 etc.), than that transferred for the higher
flow rates (eg, case 15, 17 etc.). This in turn suggests that, for the lower flow rates, the
ammonia vapor flow is higher than that for the higher flow rates, owing to the lower
velocity of the solution.

(e) Owing to a low vapor flow, [emim]|[SCN] solution coming out of absorber is only slightly
richer in ammonia than the solution going in, in case of the most of the experimental
data points.

(f) The vapor flow was so low during these experiments, owing to the fact, that a tem-
perature value higher than 95 °C is required at the generator thermostatic bath to
vaporize sufficient ammonia out of the solution in the generator. The restriction on the
equilibrium temperature in the generator (refer to section 5.2.2), might be a cause for
a low vapor flow. For temperatures higher than 105 °C, higher vapor flow rates can
be achieved (Wang, 2019), provided that the generator bath and its connections are
properly insulated.

4. It was observed that the density of [emim][SCN] changes depending upon its use and the
impurities present in it. Use of the density correlation for pure [emim]|[SCN] lead to an
error in the calculation of the values of wyp, weak- SO0, it is concluded that the density of
[emim][SCN] has a considerable impact on the determination of the operating concentration
making use of equation 4.11.



Future work and recommendations

In order to study the process of absorption even more thoroughly, and to get a completely
sound understanding of the working of the setup, following recommendations are made. These
recommendations include the shortcomings of the experimental setup, the shortcomings of the
numerical model for the absorption process, and some general suggestions.

1. Future work to address the shortcomings of the experimental setup :

()

As has been mentioned in section 5.2.2, in the experimental setup at TU Delft, the den-
sity meter is placed before one of the precoolers through which ammonia + [emim][SCN]
solution passes before entering the absorber. In order to get a more accurate measure
of the density of the solution entering the absorber, it is recommended that the den-
sity meter be placed after the precooler and before the expansion valve, just before the
absorber.

It is recommended that while performing a fresh set of absorption experiments at the
setup, the temperature of the generator side TSB should be maintained higher than
105 °C, to get sufficient amount of vapor flow in the system (see figure 2.11). Also, a
suggestion is made to properly insulate the generator side TSB in order to avoid large
heat losses.

For the next stages of the absorption experiments on the experimental setup, it is sug-
gested that the generator side thermostatic bath and its connections be insulated prop-
erly to avoid large heat losses.

2. Future work to address the shortcomings of the numerical model :

(@)

It is suggested that the excess enthalpy of ammonia + [emim][SCN] solution be included
while calculating the total enthalpy of the solution. This would lead to a more accurate
overall energy balance of the entire process and hence yield temperature outputs closer
to the reality.

As mentioned in section 6.5.1, the amount of ammonia present in the vapor state in
ammonia + [emim][SCN] solution due to flashing of the solution in an expansion valve
from the generator pressure to the absorber pressure, should be considered while cal-
culating the total vapor flow going into the absorber. This would help in reducing the
error in the energy balance of the overall process.

For those cases where the value of Wyg, weax is more than the saturated value at the
inlet conditions of the absorber, it is recommended that the correlations governing the
absorption (equations 6.6 and 6.7) be optimized based on the desired outlet conditions.
For this, a separate Matlab function can be added to the existing model to optimize
coefficients (a and b in equation 6.5) as suggested by Wang (2019) (see figure 6.1 for the
algorithm). This would simulate the whole process more clearly and give a clearer idea
of the desorption, absorption and the sensible heat exchange lengths in the absorber.
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3. It is strongly recommended that a small sample of [emim|[SCN] in the system be subjected
to the density measurement varying with temperature, in order to have an exact correlation
of the variation in the density of the used [emim]|[SCN] with temperature, before performing
the next stages of the absorption experiments. This is to be done in order to account for
the impurities that are present in the ionic liquid, and to estimate the exact concentration
of ammonia in the solution going into the absorber (Wyy, weax). This would help understand
the absorption process for a particular case thoroughly.
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1. Appendix A : Figures

1. Results of the numerical modelling

(a) Temperature and concentration profiles for case 1
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Figure 1: Temperature profile obtained from numerical modelling for case 1
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(b) Temperature and concentration profiles for case 5
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(c) Temperature and concentration profiles for case 6
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Figure 6: Concentration profile obtained from numerical modelling for case 6
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(d) Temperature and concentration profiles for case 7
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Figure 9: Temperature profile obtained from numerical modelling for case 9
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(f) Temperature and concentration profiles for case 11
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Figure 11: Temperature profile obtained from numerical modelling for case 11
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Figure 12: Concentration profile obtained from numerical modelling for case 11
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(g) Temperature and concentration profiles for case 12
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Figure 13: Temperature profile obtained from numerical modelling for case 12
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Figure 14: Concentration profile obtained from numerical modelling for case 12
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(h) Temperature and concentration profiles for case 13
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Figure 15: Temperature profile obtained from numerical modelling for case 13
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(i) Temperature and concentration profiles for case 14
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Figure 17: Temperature profile obtained from numerical modelling for case 14
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Figure 18: Concentration profile obtained from numerical modelling for case 14
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(j) Temperature and concentration profiles for case 15
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Figure 19: Temperature profile obtained from numerical modelling for case 15
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Figure 20: Concentration profile obtained from numerical modelling for case 15
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(k) Temperature and concentration profiles for case 18
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Figure 21: Temperature profile obtained from numerical modelling for case 18
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Figure 22: Concentration profile obtained from numerical modelling for case 18
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() Temperature and concentration profiles for case 19
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Figure 23: Temperature profile obtained from numerical modelling for case 19
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Figure 24: Concentration profile obtained from numerical modelling for case 19
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2. PTw diagram for the solution of [emim][SCN]+ammonia
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Figure 25: PTw diagram of the solution of [emim][SCN]+ammonia (Wang, 2019)

3. hw diagram for the solution of [emim]|[SCN]+ammonia
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Figure 26: hw diagram for the solution of [emim][SCN]+ammonia (Wang, 2019)

85



86
4. Temperature distribution for ammonia - [emim][SCN] working pair as predicted by Wang

(2019) :
Figure 27 displays the temperature of the solution coming out of the absorber (Taps out), from

the bottom of the PHX to the top.
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=~ 30¢] —wall
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20 - - ~interface
i vapor
10 A L : L .
1] 0.1 0.2 0.3 0.4 0.5

Position (bottom = top) [m]

Figure 27: Temperature distribution for ammonia - [emim][SCN] (Wang, 2019)

5. Concentration distribution for ammonia - IL working pair as predicted by Wang (2019) :
Figure 28 displays the mass concentration of ammonia both in the bulk solution and at the

interface, starting from the bottom of the PHX to the top.
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Figure 28: Concentration distribution for ammonia - IL working pair (Wang, 2019)
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6. Critical conditions for several different ionic liquids, and the molecular weights of these ionic

liquids.
ILs My [kg/kmol] Te* [K] Pc:* [MPa]
[mmim] [DMP] 222,18 B816.8 2.72
[emim] [BF4] 197.97 596.2 2.36
[hmim][BE4] 254.08 690.0 1.79
[omim][BF4] 282,13 737.0 1.60
[bmim][BE4] 226.02 643.2 2.04
[bmim][PFg] 284.18 7194 1.73
[emim][Tf2N] 391.31 1249.3 3.27
[emim] [EtSOy4] 236.29 1067.5 4.05
[emim] [SCN] 169.25 1013.6 2.23

Figure 29: Critical conditions and molecular weight data for several ionic liquids (Wang, 2019)

The data of [emim][SCN] as displayed in figure 29 is used in the Matlab model in the present
work.

7. NRTL coefficients correlated by Wang (2019) for different ammonia- ionic liquid working
pairs

(n Data

. (0) (L (o)
Working pairs a T L4 ¥ 21 points RMSD*

12 12 21

NH3/[mmim][DMP]! 0.24032 7.82 -2300.68 -4.43 1000.39 30 3.31%

NH3/[emim] IBF.;]2 0.99952 -0.01 236.41 -1.26 164.59 25 5.14%
NHz/[hmim] [BF4 |3 0.99994 -14.8 5081.74 -2.67 478.85 25 4.29%
NH3/[omim]|[BF4]* 0.90702 -7.01 2690.74 -2.4 283.17 25 8.71%
NH3/[bmim|[BF4]® -0.01285 -48.23 8961.06 32.62 -5490.64 30 2.62%
NH3z/[bmim] IPFﬁ,Iﬁ 0.33411 3.73 -509.57 -4.19 643.5 29 2.98%

N[[;;f[emirn]IszNl? -0.00422 -100 14710.17 7151  -9046.21 30 5.62%
NH3/[emim] [EtSO4]® 0.71604 11.17 -4089.25 -7.53 2451.46 29 4.32%
N[[:gf[emirn]ISCng -0.27082  -10.66 3120.01 5.6 -1967.71 36 4.59%
NH3/H20 10 -0.24355  24.17  -18636.43 7.26 -3370.40 111 3.24%

Figure 30: Correlated NRTL coefficients for different ammonia - ionic liquid working pairs (Wang, 2019)

The data for [emim]|[SCN] displayed in figure 30 is used in the Matlab model designed in the
present work.



8. PTx data for [emim][SCN] - ammonia working pair (Yokozeki and Shiflett, 2007)
NH; (1) + [emim[SCN](2)

TIK) P (MPa) 100x, (mol¥
283.2 0.244 45.1 £0.7
283.2 0.364 65205
283.2 0.447 73.1+04
283.2 0.502 78602
283.2 0.547 81.9+02
283.2 0.590 87.6 0.1
208.1 0.307 44409
208.1 0.536 642 £0.7
208.1 0.672 72305
208.1 0.747 78104
208.1 0.815 81503
208.1 0911 874+£0.1
3226 0.535 416 £ 1.6
322.6 0.961 6lEL£14
3226 1.241 To4+£1.1
3226 1.420 76.6 £ 0.8
3226 1.562 B4 £ 0.6
3226 1.777 86903
348.0 0.840 3TEL27
348.0 1.553 58126
348.0 2045 67.3+22
348.0 2419 74.1£1.7
348.0 2711 TE4£14
3480 1174 B58£08
37128 1.149 q0+44
37128 2144 542441
3728 2958 63.3+3.5
3728 31.576 T0.8+£132
3728 4,120 754+ 2.8
3728 5007 B39+1.7
208.1 0.314 44.3+09
208.1 0.540 64.2 0.7
208.1 01.666 724 +0.5
208.1 0.772 TRO£04
208.1 0.831 81.5+£0.3
208.1 0,930 874 +0.1

Figure 31: PTx data for [emim][SCN] - ammonia working pair (Yokozeki and Shiflett, 2007)
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DATE

INTERRUPO1: TI-1 02: TI-2 03:WB-104:WB-2 05 PI-106:PI1-2 07: FL-1 08:T1-3 09:TI-4 10:T1-5 11:TI-6 12:TI-7 13:TI-8 14:T1-9 15 FI-3 16: PI-3

°C °C °C °C kPa kPa kg'h °C °C °C °C °C °C °C I/h kPa
26-11-2019 11:36:40 FALSE 65574  87.982 0.314 0.313 14,814 146.072 92624 47539 34460 25101 25872 29467 27219 24938  200.85 656.080
26-11-2019 11:36:50 FALSE 65674  87.945 0.314 0.313 14.819 146.535 92600  47.503 34487 25101  25.872 29467 27.21% 24938  200.94 656.198
26-11-2019 11:37:00 FALSE 65574  87.982 0.314 0.313 14.818 146535 92600 47503 34460 25101 25872 29504 27183 24938 202,94 655846
26-11-2019 11:37:10 FALSE 65574  87.982 0.314 0.313 14.761 146535 92526 47503 34497 25101 25872 29504 27183 24974 20237 655454
26-11-2019 11:37:20 FALSE 65537  87.945 0.314 0.313 14.792 146.535 92502 47466 34497 25084 25872 29541 27219 24938 20156 655102
26-11-2019 11:37:30 FALSE 65637  87.945 0.314 0.313 14790 146.072 92551  47.503 34534 25101 25837 29504 27.21% 24938  202.39 655180
26-11-2019 11:37:40 FALSE 65574  87.945 0.314 0.313 14.821 146.072 92526 47503 34534 25101 25872 29541 27219 24938  203.51 654.628
26-11-2019 11:37:50 FALSE 65537  87.945 0.314 0.314 14.804 146535 92551 47503 34534 25101 25872 29541 27219 24938 20149 654945
26-11-2019 11:38:00 FALSE 65537  87.945 0.314 0.314 14.799 146.998 92502 47466 34534 25084 25872 29541 27219 24938  202.00 654945
26-11-2019 11:38:10 FALSE 65637  87.945 0.314 0.314 14.792 146.535 92478 47466 34534 25101 25872 295841 27219 24974 20041 654.710
26-11-2019 11:38:20 FALSE 65.501 87.871 0.314 0.314 14.781 146.998 92429 47466 34570 25101 25872 29577 27219 24974 20237 654.593
26-11-2019 11:38:30 FALSE 65537  &87.871 0.314 0.314 14791 147153 92478 47503 34570 25101 25872 29577 27219 24938 20321 654.671
26-11-2019 11:38:40 FALSE 65537  87.908 0.314 0.314 14.7856 146.998 92453 47503 34570 25101 25872 29577 27219 24938 20248 654593
26-11-2019 11:38:50 FALSE 65537  &87.871 0.314 0.314 14737 147153 92380 47503 34570 25101 25837 29577 27219 24938 201.62 654.240
26-11-2019 11:3%:00 FALSE 65.637  &87.908 0.314 0.314 14.758 146.998 92404 47503 34570 25064 25872 29614 27.21% 24974 202.83 654.201
26-11-2019 11:39:10 FALSE 65.501 87.871 0.314 0.314 14.759 147153 92429 47503 34534 25101 25872 29614 27219 24938 202.00 654.084
26-11-2019 11:39:20 FALSE 65.501 87.634 0.314 0.314 14774 146535 92453 47466 34570 25101 25872 29614 27219 24938 20044 654.084
26-11-2019 11:39:30 FALSE 65537  &87.871 0.314 0.314 14.7556 146.535 92429 47466 34570 25101 25872 29651 27219 24974  201.87 653.575
26-11-2019 11:3%3:40 FALSE 65.501 87.834 0.314 0.314 14.768 146.535 92453 47466 34607 25064 25872 29651 27.21% 24974 20173 653.810
26-11-2019 11:39:50 FALSE 65.501 87.871 0.314 0.314 14.806 146.535 92526 47466 34570 25064 25872 29688 27219 24974  202.02 653.927
26-11-2019 11:40:00 FALSE 65464  87.797 0.314 0.314 14.748 146535 92526 47466 34570 25101 25872 29651 27219 24938  200.72 653.810
26-11-2019 11:40:10  FALSE 65464  87.797 0.314 0.314 14778 146535 92453 47503 34570 25084 25872 29688 27256 24938  201.05 653.692
26-11-2019 11:40:20 FALSE 65.501 87.834 0.314 0.314 14771 146.535 92429 47466 34570 25064 25872  29.688 27.21% 24938  202.94 653.675
26-11-2019 11:40:30 FALSE 65464  87.797 0.314 0.314 14778 146535 92453 47466 34570 25101 25837 29688 27219 24938 20127 653.301
26-11-2019 11:40:40 FALSE 65464  87.797 0.314 0.314 14.750 146.535 92429 47466 34570 25064 25872 29688 27183 24938  201.51 653.183
26-11-2019 11:40:50 FALSE 65464  87.797 0.314 0.314 14.749 146535 92380 47466 34570 25084 25872 29725 27219 24938 20329 653.183
26-11-2019 11:41:00 FALSE 65428  87.797 0.314 0.318 14.739 146.689 92380 47429 34607 25064 25837 29726 27.21% 24938  201.56 652948
26-11-2019 11:41:10  FALSE 65464  87.797 0.314 0317 14.755 146.535 92453 47429 34717 25101 25872 29725 27219 24938  203.01 653.340
26-11-2019 11:41:20 FALSE 65464  87.797 0.314 0317 14719 146535 92453 47429 34790 25101 25837 29725 27256 24938  202.72 652948
26-11-2019 11:41:30 FALSE 65464  87.T61 0.314 0317 14737 146535 92404 47429 34790 25101 25872 29762 27256 24935 20325 652948
26-11-2019 11:41:40 FALSE 65428  87.761 0.314 0317 14.786 146.998 92380 47429 34790  25.064 25837 297256 27256 24938  200.52 652948

Figure 33: First five minutes of the experimental data used in data case 1 for the viscosity check
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DATE

INTERRUPO1: TI-1 02: TI-2 03:WB-104:WB-2 05 PI-106:PI1-2 07: FL-1 08:T1-3 09:TI-4 10:T1-5 11:TI-6 12:TI-7 13:TI-8 14:T1-9 15 FI-3 16: PI-3

°C °C °C °C kPa kPa kg'h °C °C °C °C °C °C °C I/h kPa
26-11-2019 12:35:20 FALSE 67991 86.545 0.505 0.520 13.246 328.245 99929 53223 55652 35186 35944 33879 39590 34922 20310 635996
26-11-2019 12:35:30  FALSE 68.028  86.545 0.505 0.520 13.258 328.400 100.0v52  53.187 55652 35156 35908  33.879 39590 34922 20325 636.623
26-11-2019 12:35:40 FALSE 68.028  86.581 0.505 0.521 13.2500 329.326 99953 53223 55652 35156 35908 33915 39590 34959 201.84 637327
26-11-2019 12:35:50 FALSE 68.064  86.581 0.505 0.521 13.246  328.863 100.026  53.223 55652 35156 35908 33915 39590 34959 20261 637.132
26-11-2019 12:36:00 FALSE 68.102  86.618 0.505 0.521 13.252 329172 100.026  53.223 55652 35186 35908 33915 39590 34922 20285 637367
26-11-2019 12:36:10 FALSE 68.064  86.618 0.505 0.521 13.249  329.326 100.0v5  53.223 55652 35156 35908 33915 39553  34.922  200.99 637.875
26-11-2019 12:36:20 FALSE 68.102  86.692 0.505 0.521 13.247  329.789 99977 53223 55689 35156 35908 33952 39553 34959 20213 637.719
26-11-2019 12:36:30 FALSE 68.102  86.692 0.505 0.521 13.239  329.789 100.002  53.223 55652 35156 35908 33915 39553 34922 20285 637.993
26-11-2019 12:36:40 FALSE 68.138  86.692 0.505 0.520 13.235 330253 99953  53.260 55652 35186 35908  33.952 39853 34959 20325 638228
26-11-2019 12:36:50 FALSE 68.138  86.729 0.505 0.521 13.243 330716 100.002  53.260 55652 35156 35908  33.952 39590  34.922  202.99 638.737
26-11-2019 12:37:00 FALSE 68.138  86.729 0.505 0.520 13.234 330253 99977  53.260 55652 35156 35908 33990 39553 34959  201.80 638.619
26-11-2019 12:37:10 FALSE 68.175  86.766 0.505 0.520 13.234  331.333 100.026°  53.260 55652 35156 35908 34026 39553 34959  201.87 639207
26-11-2019 12:37:20 FALSE 68.175  86.766 0.505 0.521 13.233 331179 100.026  53.296 55652 35186 35908  33.990 39553 34959 20365 639.363
26-11-2019 12:37:30 FALSE 68.175  86.302 0.505 0.520 13.231 331.333 100.002  53.296 55652 35186 35908 34026 39553 34959 20318 639.716
26-11-2019 12:37:40 FALSE 68.175  86.839 0.505 0.520 13.236 331.642 100.002 53.296 55652 35192 35908 34026 39553  34.959 20336 640.068
26-11-2019 12:37:50 FALSE 68211 86.876 0.505 0.520 13.239 331.796  100.051 53296 55652 35156 35908 34026 39590 34959 20226 640107
26-11-2019 12:38:00 FALSE 68.211 86.876 0.505 0.521 13.229 332723 99953 53296 55652 35156 35908 34100 39553 34959 20230 640459
26-11-2019 12:38:10 FALSE 68.248  86.876 0.505 0.520 13.233 333186 99953  53.296 55652 35186 35944 34100 39590 34996 20237 641.086
26-11-2019 12:38:20 FALSE 68.248  86.8976 0.505 0.520 13.237 333186 99.953  53.333 55652 35192 35908 34100 39580  34.996  202.94 641.203
26-11-2019 12:38:30 FALSE 68.248  86.913 0.505 0.521 13.233 332723 100.002  53.333 55652 35192 35944 34100 39626 34959 20288 641.086
26-11-2019 12:38:40 FALSE 68.285  86.950 0.505 0.521 13.237 333186 100.002  53.333 55689 35156 35908 34100 39590 34996 20268 641.203
26-11-2019 12:38:50 FALSE 68.285  86.950 0.505 0.521 13.239 333186 100.051 53.369 55652 35192 35944 34136 39590 34996 20354 641.556
26-11-2019 12:3%:00 FALSE 68.321 96.987 0.505 0.521 13.234 333.64% 99977  53.333 55689 35229 35944 34136 39590 34996  203.69 641.712
26-11-2019 12:39:10 FALSE 68.358  &87.023 0.505 0.521 13.224 333649 100.002  53.369 55652 35229 35944 34136 39590 34996 20349 641.830
26-11-2019 12:39:20 FALSE 68.321 87.023 0.505 0.521 13.225 334112 100.002  53.369 55652 35192 35944 34136 39626 34996  202.02 642456
26-11-2019 12:39:30 FALSE 68.358  87.023 0.505 0.521 13.236 334112 100.051 53406 55652 35192 35944 34173 39626 34996  202.06 642 456
26-11-2019 12:3%3:40 FALSE 68.394  87.060 0.505 0.521 13.232 334.730 100.002  53.406 55652 35192 35944 34173  39.626 34.996 20235 642926
26-11-2019 12:39:50 FALSE 68.394  87.097 0.505 0.521 13.229 335038 99977 53406 55689 35192 35981 34210 39663 35032 202411 642965
26-11-2019 12:40:00 FALSE 68.394  87.097 0.505 0.521 13.227 335038 99977 53443 55689 35229 35981 34210 39626 35032 204.00 643317
26-11-2019 12:40:10  FALSE 68.394 87134 0.505 0.521 13.229 335193 100.026  53.443 55689 35192 35981 34246 39663 34996 20299 643435
26-11-2019 12:40:20 FALSE 68.431 87.134 0.505 0.521 13.223 335501 100.002  53.443 55652 35192  35.9%1 34210 39663 35032 20154 643.652

Figure 35: First five minutes of the experimental data used in data case 3 for the viscosity check
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DATE

INTERRUPO1: TI -1 02:TI-2 03:WB-104:WB-2 05: PI-106:PI-2 07: FL1 08:T1-3 09:T1-4 10:TI-5 11:T1-6 12 TI-7 13 TI-8 14:T1-9 15 FI-3 16: PI3

°C °C °C °C kPa kPa kg/h °C °C °C °C °C °C °C I/h kPa
26-11-2019 13:38:20 FALSE 75.694 91153 0.607 0.592 8.019 232527  52.681 64110 64210 49908 50380 34210 51307 49805  200.94 708.033
26-11-2019 13:38:30 FALSE 75731 91.189 0.607 0.592 7.943 231.910 52657 64110  64.210 49871 50.343 34210 51307 49.805  202.09 708.033
26-11-2019 13:38:40 FALSE 78731 91.189 0.607 0.593 7.8900 234.997 51900 64110  64.210  49.871 50343 34.210 51307 489.842  200.83 707.563
26-11-2019 13:38:50 FALSE 75.731 91.153 0.607 0.592 8.213 235923 51655 64074  B4174 49871 50.343 34210 51234 49842 20235 707172
26-11-2019 13:39:00 FALSE 75.694 91153 0.607 0.593 7792 233917 51606 64074 64210 4987 50.380 34246 51271 49842  200.55 707.524
26-11-2019 13:39:10  FALSE 75694 91153 0.607 0.593 8.152) 234997 51435 64110 64210 49945 50380 34210 51.234 49880  201.03 707015
26-11-2019 13:3%:20 FALSE 75767 91.189 0.607 0.593 8.226 235923 52046 64146 64210 49945 50416 34210 51307 49916 200.37 706.663
26-11-2019 13:39:30 FALSE 75.767 91116 0.607 0.592 8.067 236.850 52046 64110 64210 49982 50453 34210 51307 49954 199.47 706.937
26-11-2019 13:39:40 FALSE 75.767 91116 0.607 0.593 8.037 231910 51753 64110 64174 50019 50489 34246 51344 49990 199.51 707.054
26-11-2019 13:39:50 FALSE 75767  91.116 0.607 0.592 7.708 233299 51240 64146 64210 50085  A0D.526  34.246  51.380  50.023 199.53 706.780
26-11-2019 13:40:00 FALSE 75767 91.153 0.607 0.592 8.179 234.380 51191 64.146  64.210 50092 50.526 34.246  51.344  50.064  200.68 706.076
26-11-2019 13:40:10 FALSE 75.767 91116 0.607 0.591 8.091 232218 51240 64146 64210 50129 50562  34.246 51380  50.064  200.70 706.545
26-11-2019 13:40:30 FALSE 75.767 91153 0.607 0.592 8.107 237313 51.240 64184 64174 50129 50635 34283 51418 50101 20057 705.801
26-11-2019 13:40:40 FALSE 75767  91.116 0.607 0.592 7941 234997 51240 64184 64210 50203 50635  34.283 51454 B01TE 20246 706.076
26-11-2019 13:40:50 FALSE 75767 91.079 0.607 0.592 8.093 238.0856 51216 64184 64174 50203 50.708 34.246 51454 50176 20171 706.545
26-11-2019 13:41:00 FALSE 75.804 91116 0.607 0.592 7.943 238240 51216 64219 64174 50203 50745 34283 51491 50175 200.50 705.801
26-11-2019 13:41:20 FALSE 75.767  91.079 0.607 0.593 7.893 238394 51167 642560 64210 50276 50745 34320 51528 50212 203.62 706.036
26-11-2019 13:41:30 FALSE 75731 91.079 0.607 0.593 7.881 238.394 51167 64256 64210 50276 50745 34283  51.564 50249 202.06 706.076
26-11-2019 13:41:40 FALSE 75767 91.116 0.607 0.593 7.931 237468 51142 64293 64.247 60276 50.745 34283 561864 0212 201.82 705801
26-11-2019 13:41:50 FALSE 75.804 91116 0.607 0.593 7.585  236.850 48968 64.256 64247 50276 50745 34246 51564 50249 20235 705.919
26-11-2019 13:42:00 FALSE 75.804  91.079 0.607 0.593 7507 235923 47527 64256 64247 50276 50745 34210 51528 50212 202.09 706.036
26-11-2019 13:42:10  FALSE 75804  91.079 0.607 0.593 7462 237468 47209 64293 64.284 50276 50745 34210 51491 50.212  202.66 704.940
26-11-2019 13:42:20 FALSE 75767 91.079 0.607 0.593 7454 236.387  46.843 64330 64.284 50276  50.745 34210 51454 50249 201.07 704.823
26-11-2019 13:42:40 FALSE 75.804  91.042 0.607 0.593 7246 236.850  46.696 64330  64.321 50.239 50745 34173 5149 50.212  201.03 704.823
26-11-2019 13:42:50 FALSE 75.767  91.005 0.607 0.593 7224 235461 46720 64367  B4.358 50233 50745 34136 51454 50212 203.03 704.705
26-11-2019 13:43:00 FALSE 75804  91.042 0.607 0.593 T.287 234843 46696 64367  64.321 50.23% 50745 34136 51454 50212 202.00 704,470
26-11-2019 13:43:10 FALSE 75.804  91.005 0.607 0.593 7371 237.004 46.623 64.367 64.358 50239  50.708 34100 51418 50175 200.61 704.079
26-11-2019 13:43:20 FALSE 75.731 91.042 0.607 0.593 7.339 236.850 46598 64367 64358 50239 50745 34063 51454 50175 20211 704.431

Figure 37: First five minutes of the experimental data used in data case 5 for the viscosity check




