Journal Pre-proofs

APPLIED
THERMAL
Research Paper ENGINEERING

COQO,/acetone mixture desorption process in a plate heat exchanger for com-

pression/resorption heat pumps

Paul Davila, Mahmoud Bourouis, Juan Francisco Nicolalde, Javier Martinez-

Go6mez
DESIGN . PROCESSES . EQUIPMENT . EcONOMICS
PII: S1359-4311(24)00372-7
DOI: https://doi.org/10.1016/j.applthermaleng.2024.122704
Reference: ATE 122704
To appear in: Applied Thermal Engineering
Received Date: 27 October 2023
Revised Date: 15 January 2024
Accepted Date: 11 February 2024

Please cite this article as: P. Davila, M. Bourouis, J. Francisco Nicolalde, J. Martinez-Gémez, CO,/acetone

mixture desorption process in a plate heat exchanger for compression/resorption heat pumps, Applied Thermal
Engineering (2024), doi: https://doi.org/10.1016/j.applthermaleng.2024.122704

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2024 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.applthermaleng.2024.122704
https://doi.org/10.1016/j.applthermaleng.2024.122704

COy/acetone mixture desorption process in a plate heat exchanger for
compression/resorption heat pumps

Patll Davila'2, Mahmoud Bourouis?, Juan Francisco Nicolalde'**, Javier Martinez-Goémez*

1 Facultad de Ciencias Técnicas, Universidad Internacional Del Ecuador UIDE, Quito 170411, Ecuador.
padavilaal@uide.edu.ec (P.D), junicolaldego@uide.edu.ec (J-F.N)
2 Departamento de Ingenieria Mecanica, Universitat Rovira i Virgili, Tarragona 43007, Espafia.
mahmoud.bourouis@urv.cat (M.B)
3Universidad de Alcala, Departamento de teorfa de la sefial y comunicacion, (Area de Ingenieria Mecénica) Escuela
Politécnica, 28805 Alcala de Henares, Madrid, Esparia
javier.martinezgomez(@uah.es
“Facultad de Ingenieria y Ciencias Aplicadas, Universidad Internacional SEK, Albert Einstein s/n and 5th,
Quito 170302, Ecuador.
Corresponding:
junicolaldego@uide.edu.ec
Quito -170411, Ecuador.

Highlights
e Modelling of a CRHP with a acetone/CO, mixture
e Application of Peng-Robinson equation for zeotropic mixture

e Thermal equilibria calculations for pressure, temperature, and fluid
concentration

e Analysis of the coefficient of performance for industrial conditions

Abstract:

Industrial processes represent one of the activities that consume the most energy, which is related
to the use of fossil fuels and growing environmental problems. In this way, the recovery of
residual heat energy has been presented as an efficient solution to take advantage of low-quality
residual heat, where the compressor-resorption heat pump technology has proven to reach high
temperature levels with a considerable Coefficient of Performance. The importance of this work
lies in the validation of the ecofriendly CO,/Acetone mixture as a useful working fluid for a
compressor-resorption heat pump, initiating the experimental study in the desorption process as
a novel application. Even more, the cycle of the bomb has been simulated on previous research
regarding a literature comparative and the present work validates it by experimental means. The
process of desorption of the CO,/acetone mixture was studied in a heat exchanger of plates with
operating conditions for conducts formed by 4 plates/3 channels, for compression/resorption heat
pumps. Result ranges have been obtained for solution heat transfer coefficient between
0.10 to 0.50 kWxm=2K-!, average vapor flow rate between 0.02 and 0.16, heat flow rate between
1.50 to 5.20 kWxm2K-! and desorption mass flow rate between 2 to 5 kgx m?2s! x10-3 in the
central channel of the plate heat exchanger. Finally, an empirical correlation is proposed to extend
the results of the heat transfer coefficient of the CO,/acetone solution in applications outside the
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experimentally determined range, from the comparison between experimental data and
determined by correlation of enthalpy of the solution, an average minimum, mean and maximum
deviation of 0.2, 13.5 and 22.3%, respectively, was determined. In this way, the results shows that
the most influential variables are the test pressure and heating water temperature at the inlet of
the desorber, where, with a concentration of CO, (Xc0;) between 22 and 25%, the heat transfer
coefficients obtained have an order of 0.50 kW >xm~=K-. On the other hand, viscosity favours heat
transfer, thermal conductivity is a determining factor for the desorption process. This contributes
to lower heat transfer coefficient and heat flow in the heat exchanger for the CO,/acetone mixture
compared to the other mixtures.

Keywords: Heat pump; compression; resorption; desorption process; zeotropic mixture; heat transfer

Nomenclature: Hamb— Dynamic viscosity of the
thermal fluid at room
temperature

Subscripts hiy — Enthalpy of solution
calculated at the inlet of the

Bo — Boiling number. desorber.

Fg— Characteristic friction of the Roue s — Enthalpy of solution

fluid. calculated at the outlet of the
desorber.
hg — Coefficient of heat transfer of )
the solution Ug- Global experimental heat
transfer coefficient
Xcoz6— Global mass fraction of CO, in
p- Density the mixture.
q" - Heat flow in the exchanger Tt w— Heating water intermediate
temperature defined.
Co— Convective number
Tin w— Heating water temperature at
hyc - Heat transfer efficiency with the exchanger inlet
combined boiling effect )
Tout w— Heating water temperature at
hep - Heat transfer efficiency with the exchanger outlet
dominant convective boiling )
effect Toource— Heating water temperature at
the inlet of the desorber
h‘n'ys Heat franq'Fe.r efficiencyv wath -
dominant nucleated boiling LMTDges — LMTD from saturation to
effect boiling of the solution
LMTDgeps — LMTD from subcooling to
solution saturation
Splate — Distance between plates ) )
LMTD- Logarithmic average
"> Dynamic viscosity of the temperature difference
thermal fluid
my, — Mass flow of heating water
Mme— Mass flow of solution




Xcoz2 - Mass fractionation of CO, T — Temperature from subcooling

Xcoz1 - Mass fractionation of CO, in Py - Testing Pressure
the liquid phase of the mixture
q- Vapour quality of the mixture
Ycozv— Mass fraction of CO, in the
vapour phase of the mixture V- Velocity
Alransg— Nominal heat transfer area - Viscosity
N, — Number of solution channels
B- Plate angle of the exchanger Units
e— Plate thickness Area - m?
a— Plate width Density — kg xm-3
Keransy— Plate thermal conductivity Enthalpy - kJxkg-!
Pr— Prandt] number Heat Flow - kW xm-
Re - Reynolds number Heat Transfer- kW xm?2xK-!
Cpw - Specific heat of heating water. Mass Flow - kg x s
hpg— Specific vaporization enthalpy Pressure - Bar
T,.— Temperature at the exchanger Specific Heat - kJxkg'>xK!
Tour— Temperature in saturation Temperature - °C
phase

1 Introduction

The global demand of energy for heating purposes has been found to be critical in the industry,
representing nearly a fifth of the global energy consumption, which is satisfied by using fossil
fuels that produces large amounts of carbon emissions[1]. In this way, it is estimated that the
demand for heat in industries and buildings has over 75% of the final energy use [2], where, nearly
50% of the industrial energy is lost as waste heat [3]. In this sense, these can be considered as low
grade waste heat, defined as a maximum of 100°C [4].

Likewise, heat pump technology allows the thermal revaluation of heat, up to temperatures useful
in industrial processes [5], but is limited by the thermodynamic behaviour of working fluids and
the resistance of their components. In an open literature review, the research has led to Arpagaus
et al. [6] who has conducted a complete and rigorous review on high-temperature compression
heat pump technology, that considered more than 20 industrial equipment from 13 different
manufacturers, capable of providing heat at a temperature between 90°C and 165°C [6]. Ahrens
et al [7], highlights that the research activities have been carried out to take advantage of the heat
recovery potential of heat pump cycles at a heat supply temperature above 90°C, and the ongoing
research aims to increase the delivery temperatures, regarding the potential above 150°C that the
industry can provide.



Considering its nature of reabsorbing a fluid, the resorption systems are considered alternatives
technologies that allows to manage high storage capacity and high heat [8], while in the desorption
process the fluid is released. In this way, compression/resorption heat pump technology is an
interesting alternative for the thermal revaluation of low-temperature heat, since is the product of
the combination of vapor compression and absorption technology, taking advantage the best
features of both. Hence, working with two media on a controlled pressure and considering the
concentration of the solution, can provide an infinite quantity of temperatures for resorption or
desorption [9]. In this sense, this type of heat pump uses a two-component working fluid
(refrigerant/absorbent), and its operation is based on the difference in the boiling point of each
component to achieve an increase in the temperature of the heat delivered[10].

Furthermore, the European community banned the refrigerants with high Global Warming
Potential (GWP) since 2014 [11]. Taking into account this consideration, a conventional fluid
used in industrial heat pumps is ammonia, that combined with water is an environmentally
friendly refrigerant [12]. In this way, mixtures such as ammonia-water and lithium bromide -
water has been used in traditional commercial refrigeration plants [13][14], also LiNO; (Lithium
Nitrate)-ammonia, NaSCN (Sodium Thiocyanate)-ammonia has been studied on absorption heat
pumps, however, the ammonia has the drawn back of toxicity [15].

Under this preamble, new working pairs are being sought that are environmentally friendly and
exhibit similar or better properties for applications in refrigeration and heat pump systems. In this
way, CO, is presented as a potential refrigerant substitute to conventional ones, due to its
characteristics of no ozone depletion, negligible direct GWP [16], natural refrigerant, non-
toxicity, non-flammable, chemically inactive, commercial availability, and that can be combined
with absorbent fluids for use in heat pump and cooling cycles. In this sense, due to its low critical
temperature (31°C) and high working pressure, CO, has been commonly used in refrigeration
applications [17], and considered for binary mixtures with organic solvents [18]. On the other
hand, acetone is a solvent with a boiling and fusion temperature of 56.2°C and -95.4°C
respectably, it has a solubility on the water of 0.791 kgxI! and vapour pressure of 180 mmHg at
20°C[19]

Other authors have investigated this working pair, Groll & Kruse, in 1992, studied the operation
of a compression/resorption cooling equipment using the CO,/acetone mixture with wet
compression in vehicle air conditioning applications to replacement of R134a in conventional
compression systems [20]. Likewise, in 2000 two patents were published by Spauschus & Hesse,
[21] on mixing 200 tubes of CO, with different absorbent as co-fluids and the use of scroll
compressors (below 35 bar) in the wet compression process. In this sense, understanding the
behaviour of the mixtures in different conditions allows to identify possible encounter problems,
safe concentration limits and designing efficient and safe process [22]. Mozurkewich et al. [17]
used numerical simulation to study the performance of a compression/resorption cycle with wet
compression and compare the operation of the cycle with CO,/acetone and other CO, mixtures
with N-methyl-2-pyrrolidone, neopentylglycol diacetate and g-butyrolactone operating under the
same high pressure and temperature conditions as the conventional R134a system in automobiles,
concluding that the results with the CO,/acetone mixture are the best, but it is convenient to
replace the acetone for material compatibility reasons. However, the use of ionic acids in mixture
with CO, is more recent. K. Li et al., [23] developed a novel CO, compression-absorption
refrigeration system that reduces the operational pressure on the CO, of compression in
conventional refrigeration systems. Jin et al., [24] made a comparison of the energy performance
of heat pump systems using R744 and R410A refrigerants, where the results showed that the



coefficient of performance (COP) of a hybrid heat pump compression/absorption system reaches
a value of 3.55 [24]. In the same line of research, Zhao et al., [25] published the experimental
results of an air conditioning equipment on a test bench, applying a two-stage method for the
integration of heat from a transcritical CO, energy cycle to a coal gasification process, where the
first stage consisted of optimizing the parameters of the heat integration process and the second
in the integration of viable heat into a network of heat exchangers. Sun et al., [26] evaluate the
performance of a heat pump system that operate with a CO,-R32 refrigerant, showing an
improvement of the coefficient of performance of 23.3% for the heating and 65.2% for cooling,
when the CO, fraction was 0.6. C. M. Hsieh & Vrabec, [27] published experimental data for the
liquid vapor equilibrium of carbon dioxide dissolved in acetone and pentanones in a temperature
range between 313.15 and 353 K up to a pressure of 11.8 MPa [27]. Wu et al., [28] reports that
acetone has a high carbon dioxide miscibility and comments that this mixture constitutes an
alternative for use in compression/resorption heat pump cycle [28]. Likewise, the research of
Ramirez-Ramos et al., [29] studied vapour-liquid equilibrium of the mixture CO,/acetone from
experimental data, for working conditions of 10-110 °C with pressures up to 8.7 MPa, and CO,
fractions of 0.06-0.82, where the exothermic excess of molar enthalpy were located on the region
of the CO,-rich.

Regarding the use of heat plate exchangers in phase change studies, Tao et al., [30] conducted a
study on the condensation process of NH; in a 3-plate/2-channel heat exchanger, in a pressure
range between 6.30 and 9.30 bar, a cooling temperature between 13.4 and 22.6°C, achieving a
cooling thermal load of 6 kW [30]. Jiménez-Garcia & Rivera, [31] performed a parametric study
on a single stage absorption cooling system with a late heat exchanger as the main component to
operate with an ammonia-water mixture. The compact design of 0.8m? demonstrate steady state
conditions, an internal cooling power of 2.6kW, evaporation temperature of 19°C and a
coefficient of performance of 0.61 [31]. Furthermore, in the NH; evaporation research line Huang
et al., [32] studied the boiling process of NH; and other refrigerants in plate heat exchangers with
different inclination angles (28/28°, 28/60° and 60/60°), where they obtained heat transfer
coefficient intervals for each refrigerant studied, who worked with a thermal load in the plate heat
exchangers up to 7.65 kW. Khan et al., [33] carried out the experimental study of the process of
evaporation of NHj and pressure losses in a plate heat exchanger with an inclination of 60°C of
its corrugated channels. This research shows a heat transfer coefficient range of NH; between 5.20
and 7.10 kWxm=2 K-! at a thermal load on the plate heat exchanger between 2 and 3 kW [33].
Sterner & Sunden, [34] investigate the performance of different plate heat exchangers on the
evaporation of ammonia where 5 model were studied, regarding some dimensional differences
such as the number of channels from 99, 79 and 63, also corrugation angles of 59 and 65°C. In
this way, that heat exchanger with the greater angle and the lowest channels achieved a high and
more stable performance at low temperature outlet, while a heat exchanger showed to be more
suited for ammonia compared to a similar one, since it had an integrated inlet flow distribution
[34]. Itard & Machielsen, [35] analyzed the characteristics of heat transfer during the absorption
process of H,O-dissolved NHj in plate heat exchangers and developed experimental correlations
of the heat transfer coefficient for the compression/resorption heat pump application [35]. Oronel
etal., [36] conducted an experimental study on the absorption and boiling processes with mixtures
of NH3/LiNO; and NH;/(LiNO;+H,0) in a 4-plate/3-channel heat exchanger, where the solution
circulates through the central channel while heating water circulates through the adjacent
channels, where temperatures of up to 120°C were reached with a concentration of NHj; in the
binary mixture between 0.50 to 0.54 and in ternary mixture between 0.435 to 0.465, concluding
that the mass absorption flow and heat transfer coefficient of the solution achieved with the
ternary mixture were up to 1.6 times higher than those of the binary mixture under similar
operating conditions [36]. Amaris et al., [37] proposed the mixtures NH;/LiNO; and NH;
(LiNO3+H,0) as suitable working pairs for absorption cooling systems driven by low-temperature
heat sources (5 and 40°C, evaporation and condensation, respectively), where the heat exchangers
used as an absorber and desorber were L and H type corrugated plate heat exchangers with a plate



angle of 60 and 30° respectively, proposing the use of water in the absorbent of the ternary
mixture to reduce the viscosity of the binary mixture and increasing the affinity between the
refrigerant (NH3) and the absorbent [37]. Taboas et al., [38] conducted an experimental study of
a forced boiling process of the NH;/H,O mixture in the central channel of a heat exchanger
consisting of 4 plates/3 channels, where the experimentation was carried out under the operating
conditions of a generator of an NH3/H,O absorption equipment and the effect on the coefficient
of heat transfer of solution by the mass flow in the exchanger, heat flow, pressure and
concentration of the mixture was studied, concluding that the mass flow has a greater influence
on the determination of the heat transfer coefficient of the solution, and the heat flow only
influences the value of the solution heat transfer coefficient in the area where the tendency of the
coefficients stabilizes, but its effect is small compared to the mass flow.

On the other hand, regarding the use of pure CO, and its mixture with different absorbents in plate
heat exchangers, under subcritical and transcritical conditions, Tao & Infante Ferreira, [39]
performed a review of correlations for the determination of the heat transfer coefficient and
friction pressure drop in the condensation process of CO, and other fluids in plate heat exchangers
with an inclination angle between 25.7 and 70° [39]. Even more, the research of Zendehboudi et
al., studied the heat transfer performance of CO, as a gas cooler, on a three brazed plate heat
exchanger, concluding that the increase of CO, inlet pressure can produce a reduction on the heat
transfer coefficient , but not in regions of high temperature [40]. Rigola et al., [41] performed a
numerical analysis along with an experimental comparison regarding a CO, transcritical cycle
with working conditions of high medium back pressures, showing that the inclusion of an internal
heat exchanger has a significant increase on the COP on the refrigerating cycle and it also
increases when the environment temperature increases as well [41]. Furthermore some cases has
studied the absorption system in a theoretical way considering the pressure drop as neglectable,
but in experiments with different working fluid is not the case [42], which is why the importance
of study the systems as experimental cases. Pitarch et al., [43] theoretically analyzed the single-
and double-stage air-water heat pump cycles with R744 for hot water production up to 80°C with
a thermal jump of 40°C. Concluding that a single-stage compressor cycle system is the easiest
implementation of all heat pump systems and can achieve a COP similar to the two-stage one.
Hayes et al., [44] investigated CO, condensation in plate heat exchangers with a plate angle of
60/60°, 27/60° and 27/27°. This work was carried out in an operating temperature range between
-17.8°C and -34.4°C corresponding to CO, subcooling conditions, where a thermal load of the
plate heat exchangers between 2.5 and 15 kW was obtained[44]. Regarding the use of acetone in
heat exchangers, it is mentioned in the work of Sanchez A. et al. [45]. Regarding the solvency
property in prolonged exposure in metal tubes, it is noted that no heat transfer problems occur.
This concep is supported by the user manual of plate heat extchangers of ASTRALPOOL [46]

Specifically, this work focuses on the desorption process as part of the compression/resorption
heat pump cycle that replaces the evaporator and condenser of a mechanical compression cycle
with a desorber and a resorber respectively. It also uses a zeotropic mixture, consisting of a
mixture of a volatile fluid (refrigerant) and another of lower volatility (absorbent), in the desorber
this mixture evaporates partially resulting in a biphasic [35]. This two-phase current is separated
at the outlet of the desorber, the steam stream is sucked in by the compressor and compressed to
the high pressure of the cycle while the liquid stream is recirculated to the resorber driven by the
solution pump. The steam stream and liquid stream are combined in the mixing component, where
it is sought that the amount of steam increases in an adiabatic process. The absorption of the steam
from the solution from the mixer takes place in the resorber with high temperature heat
production. Figure 1 shows a simplified scheme of the compression/resorption heat pump cycle,
its main components and a numbering adapted for study.
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Figure 1. Diagram of the compression/resorption heat pump cycle

The advantages of a compression/resorption heat pump cycle over the conventional steam
compression cycle for given conditions in the temperatures of the source and heat supply are:
operation of the cycle at lower high pressures, lower compression ratio, reduction of the discharge
temperature in the compressor, improved cycle efficiency due to lower internal and external
temperature gradients in the resorber and desorbed (Lorentz cycle) and the achievement of higher
temperatures in heat production with the use of zeotropic mixtures in comparison to the utilization
of pure refrigerants [47][48]. In this sense, the simulation of the heat pump cycle by
compression/resorption used the CO,/acetone mixture was used and the determination of the
thermodynamic properties of the mixture, was developed with the Peng Robinson equation of
state [49]. The mathematical model developed to perform the simulation of the thermodynamic
cycle of compression/resorption was based on the mass and energy balances for each component
and the following assumptions: the biphasic mixture is in equilibrium at the input of the desorber
and the resorber, it is also assumed state of saturation of the mixture at the output of the desorber
and resorber, efficiency of the heat exchanger of the solution equal to 1, compressor and solution
pump operate according to isentropic processes with an efficiency also of 1. Furthermore, the
resorption/compression cycle model has 5 independent variables: the temperature of the solution
at the outlet of the resorber (Ty;), the temperature of the biphasic current at the outlet of the
desorber (T,), the difference in composition between the overall concentration of CO, in the
mixture and poor solution (AX = ggpa X - X jiquia), high cycle pressure (P pign) and mass steam flow
(m,,). In this sense, because of the simulation of the heat pump cycle by compression resorption,
the pressure, temperature, and molar concentration intervals of CO, dissolved in acetone are
defined, in which the cycle operates as a heat pump in table 1[50].

Table 1. Operating intervals of the CRHP cycle using the CO2/acetone mixture [50]



Variable Interval Unit

Molar concentration of CO, 0.20-0.50  [-]

High cycle pressure 30-50 bar

Temperature of the solution at the outlet of the desorber 30-70 ‘C
Solution temperature at resorber outlet 50-100 °C

The innovative contribution of this work carries out an experimental study of the desorption
process of the CO,/acetone mixture in a plate heat exchanger, whose results are useful for
compression/resorption heat pumps operated with this working mixture. The operating conditions
of the experimental equipment will be determined from the simulation of the thermodynamic
cycle of heat pump by compression/resorption and the limiting geometric characteristics of the
plate heat exchanger used as a desorber. Developing a description of the experimental equipment
designed and built for the study of the desorption process of the CO,/acetone mixture and its set-
up, along with a methodology for reducing experimental data obtained in experiences carried out
and results of the main parameters of heat and mass transfer, heat transfer coefficient of the
solution, average vapour quality, desorption mass flow and heat flow in the exchanger. Finally,
an empirical correlation is proposed for the determination of the heat transfer coefficient of the
COy/acetone solution in a mass fraction range of CO, dissolved in acetone, wider than that studied
in this work, for compression/resorption heat pump applications. Furthermore, the research of
compression-resorption systems has been studied by several authors, considering the variety of
applications [51], while the mixture CO,/Acetone has applications of interest considering that has
an operating temperature lower than 200°C compared to other working fluids [7], what makes it
a not very much studied system, granting a novelty component to the present research. This work
aims to be a tool to identify the advantages and limitations of the CO,/acetone work pair in a
compression/resorption heat pump cycle, starting its experimental study by the desorption process
with support in the determination of the properties of this mixture, already published in a previous
article.

2 Method

The method to perform the study of the desorption process of the CO,/acetone mixture in a plate
heat exchanger is described as follows. Specifying the criteria taken for the determination of the
independent variables and their operating intervals in the experimental equipment. Likewise, the
main circuits and components that constitutes the experimental equipment built are described,
along with its set-up process.

2.1  Plate heat exchanger used in the experimental study.

In the present work, the same plate heat exchanger used in the works of Oronel et al., [36] and
Taboas et al., [38] will be used. The heat exchanger used for the study of the desorption process
has four plates forming three channels; the CO,/acetone solution circulates through the central
channel while the heating water stream circulates through the adjacent channels. Taboas et al.,
[38] accomplished the desorption process of the NH3/H,O mixture up to temperatures of 140°C



and 15 bar pressure in the same plate heat exchanger [38]. In this sense, the data was taken from
the area of the cross-section of the solution channel and the maximum and minimum volumetric
flows obtained from heat transfer tests with water on both sides of the exchanger at water
temperatures between 20°C and 80°C, obtaining a value of 0.034 littersx s*! and 0.010 littersxs!
respectively. In this way, table 2 shows the main geometric and operational characteristics of the
heat exchanger to be used in the experimental equipment for the study of the desorption of the
COy/acetone mixture. This plate heat exchanger corresponds to the NB51 model, Alfa Laval, with
30° corrugation of plate inclination with respect to the horizontal, also, figure 2 shows an outline
of the main dimensions and information of the inclination and corrugation of the plate of the heat
exchanger used as a desorber.

. W=112mm
Ly=50mm

= 466 mm

H=3526mm

Ly

Figure 2. Geometric dimensions of the plate heat exchanger used as a desorber [38]

Table 2. Characteristics of the plate heat exchanger used as a desorber in the experimental study.

Description Value Unit
Plate area 0.05 m?
Heat transfer area (44ny) 2 cm?
Separation between plates 2 mm
Plate thickness (e) 0.4 mm
Hydraulic diameter 0.004 m
Maximum operating pressure 21 bar




2.2  Independent variables and operating intervals

The operating conditions of the desorber and the sizing of the experimental installation have been
determined based on two criteria: the pressure, temperature and molar fraction ranges of CO,
dissolved in acetone determined in the simulation of the compression/resorption heat pump cycle
and operating restrictions of the plate heat exchanger used as a desorber. The conditions
determined for the operation of the experimental equipment are defined in table 3.

Table 3. Independent variables and operating intervals for the experimental study of the desorption process of the
CO,/acetone mixture

Operation variable Symbology  Operating interval Unit

Mass fraction of CO, added to absorbent mass

(acetone) Xeo2 20-30 %
Testing pressure Py 10-18 bar
Heating water temperature at the inlet of the desorber T source 40 - 60 ‘C
Logarithmic average temperature difference of the LMTD 5.20 °C
desorber
Mean solution mass flow il 0.005 kgxs!

2.3 Description of the experimental facility for the study

The experimental equipment consists of two main circuits: loading or preparation circuit of the
mixture (red line) and solution or test circuit (black line), where figure 3 shows a simplified
scheme of the experimental device, indicating its components, the different currents that are part
of it and the numbering of the different points of the cycle for its study and the corresponding
description of the circuits are described as follows.
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Figure 3. Diagram of the experimental equipment

2.3.1  The loading or preparation circuit of the mixture

The first circuit is composed by a solution tank, the impulsion pump for the solution, a Coriolis
type flowmeter, a plate heat exchanger that works as a condenser and a chiller (Thermal bath #2).
This circuit corresponds to the circuit where the mixture is prepared at a certain concentration of
CO, dissolved in acetone. In the tank the pure components are mixed, and the mixture is stabilized
at an equilibrium pressure (3), then through the pump (4) the mixture is driven by the circulation
pipe (3, 4 and 7) to improve the process of absorption of CO, by the acetone. The mass flow is
regulated by means of a frequency inverter that regulates the revolutions of the motor connected
to the pump. The mixture is directed to the condenser (plate heat exchanger) for condensation and
heat dissipation, where the higher the overall concentration of CO, in the mixture, lower
temperatures are needed for it to be in the liquid phase. Likewise, the temperature of the external
fluid (Water — glycol 45%) that pumps the external cooling circuit (thermal bath #2) is controlled.
Finally, the mixture returns to the initial tank (3).

2.3.2  The solution or test circuit of the mixture

On the other hand, the second circuit is composed by the solution tank, impulsion pump for the
solution, Coriolis type flowmeter, a heating resistive element (electrical resistance), a plate heat
exchanger that operates as a desorber, a plate heat exchanger that operates as a condenser, heater
(Thermal bath # 1), chiller (Thermal bath # 2) and a pressure regulating valve at the outlet of the
condenser for the regulation of the test pressure. In this way, this scheme corresponds to the circuit
of analysis of the process of desorption of the mixture that is also made up of two external circuits
composed by the heating equipment (HE) that corresponds to the thermal bath #1, that pumps
distilled water into the desorber to reheat the CO,/acetone solution that comes from the pre-
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heating equipment (PHE), and the external cooling circuit corresponds to thermal bath #2, where
a portion of this cooling flow is directed toward an internal coil in the reservoir and the Coriolis
type flowmeter measures the density and flow rate that is passing through the pump to the load
line or performing the test.

The description of the instrumentation and control for the experimental study of the desorption
process of the CO2/acetone mixture in a plate heat exchanger and the process of loading the
CO2/acetone mixture into the experimental apparatus, tuning and determination of the stationary
conditions are described in Appendix A and B, respectively.

2.4  Reduction of experimental data

The recording and processing of experimental data in the input and output currents of the
COy/acetone mixture in the desorber allows to determine the coefficient of heat transfer of
solution (hg), mean vapour quality (queq), heat flow in the heat exchanger (q") and mass flow of
desorption of the solution (1g4es). In this way, the method of calculating the different heat and
mass transfer parameters in the desorption process of the CO,/acetone mixture is presented as
follows, where the thermal load of the desorber is determined by the energy balance on the
solution side as shown in equation (1) [51] [10].

Qdes =ms X (hout_s (D

- hin_s)

Furthermore, the global experimental heat transfer coefficient (Ug) is determined from the
thermal load of the desorber, the logarithmic mean temperature difference (LMTD) and the heat
transfer surface area (A4,qy), as displayed in equation (2) [51] [10].

Ug @
— Qdes
(Atransf * LMTD)

In this way, the mixture can enter the exchanger as subcooled saturated or biphasic balance, and
if the mixture enters the exchanger in subcooling, the LMTD is defined in two parts: a first from
subcooling to saturation of the solution expressed in equation (3) and the second part from
saturation point to boiling showed in equation (4) [51] [10]
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LMT Dgens (3)
_ (Tint_w - Tsat_s) -

Tint_w
Ln(Tout_W

LMTD 4, 4)
_ (Tin_w - Tout_s) -

Ln(—Tin‘W -

Tint_w '

Furthermore, the T';,,; 4 1s defined with equation (5) where Qens represents the thermal load
on the exchanger from subcooling to saturation [51] [10].

Tint_w = Tout_w i (5)
. <_Q
my,

On the other hand, regarding the mean vapour quality in the exchanger it is considered that if the
solution enters the exchanger under conditions of subcooling or saturation the vapour quality is
zero. In this way, if the solution enters the exchanger under two-phase equilibrium conditions, the
steam quality at the exchanger input is calculated by means of equation (6) [51] [10].

_ Xcoz.c—Xco21 (6)
Yco2v—Xcoz2.1

Even more, the same definition of equation (6) is used for the calculation of the mean vapour
quality of the mixture at the evaporator, where the mean vapour quality in the desorber is
calculated as the arithmetic mean between the vapour quality at the inlet and outlet of the plate
heat exchanger, as shown in equation (7) [51] [10].
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_ Qin T Qout (7)
Qmed = T

The calculation of the heat transfer coefficient of the heating water (h,,) used in this work was
obtained by the procedure suggested by Taboas et al., consisting in the use of the correlation in
simple phase expressed by T. S. Khan et al., [52] where the calculation of the Nusselt number is
shown in equation (8), where selection of the constants "C;"” and "m " used in this correlation are
required.

Nu (8)
= C1.Re™.Pr0-33( £

l’taﬁ

In this way, the constants used for the Nusselt number are shown in Table 4, and the plate heat
exchanger used as a desorber has a corrugation angle f = 30 ©, and the Reynolds number was
calculated by means of equation (9) [52], considering V,, as the velocity of the heating water,
pw 1s the density of the heating water and p,, is the dynamic viscosity of the heating water.

Table 4. Constants for Kumar correlation [37]

B Re C] m

<30 <10 0.718 0.349

10 >Re< 400 0.348 0.663

Vw-pw-DH (9)
Hw

Re

On the other hand, the Nusselt number can be calculated from the heat transfer coefficient of the
heating water (h,,), as shown in equation (10), being y,, the thermal conductivity of the heating
water and Dy the hydraulic diameter [52].
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hy. Dy (10)
Yw

Nu =

In this way, if the solution enters the heat exchanger in subcooling, the properties of the heating
water must be calculated in two intervals of average temperatures: from subcooling to saturation
(T sup_w) and from saturation to boiling of the solution (T'g¢s,,). These temperatures are calculated
with equations (11) and (12) respectively.

Tsub_w (1 1)
_ Tin_w + Tout_w
B 2
Tdes_w (12)
_ Tint_w + Tin_w
2

The range of values calculated for the Reynolds and Prandtl numbers in the present paper is shown
in Table 5.

Table 5. Interval of calculated values for Reynolds, Prandtl and Nusselt numbers in heating water

Number Range of values

Reynolds 60 — 380

Prandtl 298 -541

Nusselt 8.10-20.50

The heat transfer coefficient of the CO,/acetone solution (4y) is calculated from the heat transfer
coefficient of the heating water (4,,), and the relationship between the overall experimental heat
transfer coefficient (Ug) and the geometric characteristics and plate material of the heat
exchanger, is expressed on equation (13) [52], considering e the width of the exchanger’s plate
and k., its thermal conductivity.
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1 1 1 (3

hs Ug h,
e

ktransf

To calculate the heat transfer coefficient of the solution, it must be determined whether the
solution enters the desorber as a subcooled liquid or as a vapor-liquid mixture. In this way, the
calculation of the heat transfer coefficient of the solution for a single liquid phase (4;) in the event
that the solution enters the heat exchanger in subcooling is carried out through the procedure
proposed in the work of Hsieh Y. & Lin, [53] where the expression for this calculation is
expressed in equation (14), that considers Nu; as the Nusselt number, k; the thermal
conductivity of the solution in liquid phase and D}, the hydraulic diameter [53].

hl = Nul X kl X Dh_l (14)

Cieslinski et al., [54] define in their work "Heat transfer in plate heat exchanger channels:
Experimental validation of selected correlation equations"” the Nusselt number for the calculation
of the transfer coefficient in liquid phase, this correlation is a modification of the Dittus — Boelter
equation and is expressed in equations (15) to (18) [54].

Nu; = C(B) (15)
2nB

(ReO.728+0.0543 sin [9—0

1
Prs

C(B) = 0.2668 (16)
— 0.00¢
+7.24¢

o= chDH*ps (17)
Hs
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_ ms (18)
a X Spiate X N¢

Ve

Herold et al., [55] define desorption as the partial generation of vapor in a solution, where
the concentration of a component is higher, unlike evaporation where it is assumed that
all components are fully vaporized [55]. In this way, the desorption mass flow (7i14,;) 1S
defined as a function of the vapour quality considering q,,; and q;, as the vapour quality
of the mixture at the outlet and inlet of the desorber, respectively (19). The value of the
desorption flow is conditioned by the vapour quality at the inlet of the heat exchanger,
considering that if the solution enters subcooled or saturated this is zero. Furthermore, the
heat flow in the desorber (g") is calculated through equation (20) [55].

_ (qaut_qin) -Ths

mdes - Apiate (19)
" houts_hins
q 4 Aplate (20)

Where: Apjqte 1s the plate in the heat exchanger

2.5  Uncertainty Calculation for Determination of Solution Heat Transfer Coefficient (hg)

The validation of the results obtained requires the calculation uncertainty in the desorption process
of the COy/Acetone mixture within the central channel of the plate heat exchanger. This
determination has considered the parameters that influence it. The order in which the uncertainty
of the process is determinate is developed as follows:

1. Uncertainty in the calculation of the concentration of the prepared CO,/Acetone mixture
from density and temperature.

2. Uncertainty in the calculation of enthalpies of the solution at the inlet of the desorber

from the enthalpies of pure fluids.

Uncertainty in the calculation of working pressure.

4. Uncertainty in the calculation of the enthalpy of formation of the mixture in liquid phase

and vapor phase

Global enthalpy uncertainty of solution at the desorber input.

6. The same calculation procedure for the overall enthalpy of solution at the outlet of the
desorber.

7. Solution mass flow measurement uncertainty.

w

v
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8. Uncertainty of mixing heat determination on the solution (internal) side of the plate heat
exchanger.
9. Solution heat determination uncertainty on the heating (external) side of the plate heat

exchanger.
10. Determination of Solution Heat Transfer Coefficient (hy)

3 Results and discussion

The experimental tests were carried out in an operating pressure range (7est pressure) between
10 and 18 bar, at a mass fraction of CO, (Xc0;) diluted in acetone between 22 and 31%, inlet
temperature in the heating water (7,,.) from 40 to 60°C, a LMTD between 5 and 20°C and a
mass flow of medium solution of 0.005 kgxs!'. In this way, the results obtained in the
experimental facility designed and built to characterize the desorption process of the CO,/acetone
mixture in a plate heat exchanger are shown as follows.

3.1 Heat transfer coefficient of the CO,/acetone solution

The following results (figures 4 to 6) shows the values of 4, as a function of the test pressure and
the inlet temperature of the heating water (source T), to mass fractions of CO, (X¢p;) dissolved in
acetone of a) 22% b) 25% ¢) 28% and d) 31%.
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Figure 4. Variation of the heat transfer coefficient (4s) LMTD 5 °C - 12°C. Mass fractions of CO, (X¢¢,) dissolved
in acetone a) 22% b) 25% c) 28% and d) 31%.

Figure 4 shows that the heat transfer coefficient 4, was determined at a heating water temperature
at the inlet of the desorber between 40 and 60°C. If the temperature of the heating water increases
from 40 to 60°C, a decreasing trend is observed in the values of 4, for a test pressure between 10
and 16 bar, for a pressure of 18 bar this trend changes for a mass fraction of 22 and 31%,
determining that in these cases the solution enters the desorber in a subcooling state. Even more,
if the LMTD is between 5 and 12°C, the value of the heat transfer coefficient hy reaches a
maximum value defined by the mass fraction of CO, in the CO,/acetone mixture at a test pressure,
and then reduces its value to higher pressures.

On the other hand, figure 5 presents the results of the heat transfer coefficient when the LMTD is
between 12 and 15°C, showing that if the test pressure is maintained constant and the temperature
in the heating water at the inlet of the desorber is increased by 50 to 60°C, the values of h, of grow
at an average rate of 30% of the highest value, this to each mass fraction of CO, in the CO,/acetone
mixture and a test pressure between 10 and 16 bar, a 18 bar can change this trend. If the test
pressure increases from 10 to 16 bar and 7%, is constant, a trend of increase in /4, is observed,
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the highest determined value of 4, is 0.42 kWxm=2K-!. In this way, when the LMTD is between
12 and 15°C, the highest values of 4, were calculated at a test pressure of 16 bar.
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Figure 5. Variation of the heat transfer coefficient (hs) LMTD 12°C - 15 °C. Mass fractions of CO, (X¢p;) dissolved
in acetone a) 22% b) 25% c) 28% and d) 31%.

Furthermore, figure 6 corresponds to the results of 4s at a LMTD between 15 and 20°C, a mass
fraction of 2)25% b)28% and ¢)31% of CO, dissolved in acetone and a temperature in the heating
water at the inlet of the desorber of 60°C.
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Figure 6. Variation of the heat transfer coefficient (hs) LMTD 15 °C - 20°C. Mass fractions of CO, (X¢p;) dissolved
in acetone a) 25% b) 28% and c) 31%.

Figure 6 shows that the highest determined value of 4, is 0.38 kWxm2K-!, this value is obtained
at the test pressure of 18 bar and an X, of 31%. In this way, it is observed a growth trend in the
value of &, when the test pressure increases from 12 to 18 bar, where, if the mass fraction of CO,
in the CO,/acetone mixture exceeds 25 and 31%, the values of /4, are almost constant if a constant
pressure value is taken. Even more, no values of hy were determined for a mass fraction of 22%
or at temperatures of the heat source between 40 and 50°C, because no valid trials could be
recorded.

Overall, the values of 4, meet a tendency of decrease when the test pressure increases from a value
of 10 to 16 bar, this trend changes for some cases where the test pressure is 18 bar. If the heating
water temperature increases by 40 and 60°C, a decreasing trend is observed in the values of the
heat transfer coefficient (%), and even more, if the LMTD increases from 5 to 20°C and the mass
fraction of CO, in the COy/acetone (X¢p;) mixture from 22 to 31%, the values of 4, of increase by
an average trend of 15% at each test pressure.

3.2 Mean vapour quality in the desorber.

Figure 7 shows the mean vapour quality between the inlet and outlet of the plate heat exchanger
as a function of the test pressure and its respective sub-figures a, b, ¢, and d correspond to the
values determined for a mass fraction of 22, 25, 28 and 31% of CO, dissolved in acetone,
respectively. Each sub-figure shows the heating water temperature (source T) and the LMTD. In
this way, the determined value of ¢,,, decreases in an average trend of 10% for every 2 bar
increase in test pressure between 10 and 18 bar, as the concentration in mass fraction of CO,
dissolved in acetone increases from 22 to 31%, the mean vapour quality also does so in an average
trend of 5%. Furthermore, a high value of the temperature in the hot water at the inlet of the
desorber (60°C) and a logarithmic average temperature difference between 5 and 12°C, generate
the highest mean vapour quality in the desorber, whose value is 0.162. In this way, the minimum
value of ¢, is 0.02, this is determined with a heating water temperature of 40°C and a test
pressure of 18 bar.
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Figure 7. Variation of the mean vapour quality. Mass fractions of CO, (X¢p;) dissolved in acetone a) 22% b) 25% c)
28% and d) 31%.

3.3 Heat flow in the desorber

The results of figures 8 to 10 show the heat flow values (q”) as a function of the independent
variables: temperature of the heating water at the desorber inlet (Tyuee), mass fractions of CO,
(XCO,) dissolved in acetone from a) 22, b)25, ¢)28 and d)31%, test pressure (Pyy) between 10
and 18 bar, and a LMTD in the intervals of: 5 to 12°C, 12 to 15°C and 15 at 20°C, respectively.

In this sense, the results of heat flow (q") determined for a LMTD between 5 and 12°C (Figure
8), show a reduction in heat flow if the temperature of the heating water at the inlet of the desorber
(Tsouree) increases from a value of 40 to 60°C. In this sense, this behaviour is produced if the
temperature in the heat source increases, a higher vapour quality is generated in the mixture, but
the heat flow decreases. An increasing trend in ¢” has been determined that depends on the
amount of CO, dissolved in the CO,/acetone mixture when the test pressure increases (10 to 18
bar), up to a maximum value, from this maximum point, there is a decrease of ¢” at an average
rate of 20% for each increase of 2 bar in the test pressure. The range of q" for a LMTD between
5 and 12°C was determined between 1.5 and 3.1 kWxm=2.
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Figure 8. Variation of the heat flow for LMTD 5 to 12 °C. Mass fractions of CO, (X¢¢;) dissolved in acetone a) 22%
b) 25% c¢) 28% and d) 31%.

On the other hand, figure 9 shows a reduction in heat flow with respect to an increase in
temperature in the heating water at the desorber of 50 to 60°C, where the heat flow range obtained
in this case is between 1.5 and 5 kWxm™2. This figure shows that for a LMTD between 12 and

15°C, where the highest heat flow values are obtained when the test pressure is between 14 and
16 bar.
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Figure 9. Variation of the heat flow for LMTD 12 to 15 °C. Mass fractions of CO, (X¢p;) dissolved in acetone a)
22% b) 25% c) 28% and d) 31%.

Lastly, figure 10 shows a trend of increase in heat flow if the test pressure increases from 12 to
18 bar, with increments of 2 bar, for a mass fraction of CO, dissolved in acetone between 25 and
31%. In this case the highest value of heat flow corresponds to 5.1 kWxm2, determined at a
temperature in the heating water at the inlet of the desorber of 60°C and a mass fraction of 31%
CO; in the CO2/acetone mixture.
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Figure 10. Variation of the heat flow for LMTD 15 to 20 °C. Mass fractions of CO, (Xcp;) dissolved in acetone a)
25% b) 28% and c) 31%.

3.4  Desorption mass flow

It has been determined that the values of the my., comply with the same general trends as the q"
determined for a LMTD between 5 to 20°C, a heating water temperature at the T soy-ce between
40 and 60°C, a mass fractions of CO, dissolved in acetone of 22, 25, 28 and 31%, and a test
pressure between 10 to 18 bar. In this sense, the results of mg. for a LMTD between 5 and 12°C,
show that at the rate of an increase in mass fraction of CO, dissolved in acetone from 22 to 31%,
with increases of 2.5% approximately, the mass flow of desorption reaches a higher value of
0.0035, 0.0049, 0.0050 and 0.0050 kg x s*'.m, at a higher pressure in the test of 14, 14, 16, 18
bar, respectively. Moreover, a trend of reduction in the values of mgy. is shown when the
temperature of the heating water increases from 40 to 60°C. This trend is repeated for temperatures
between 50 and 60°C for a LMTD between 12 and 15°C, however, this trend changes for some
values to 18 bar of test pressure, where the solution enters the exchanger in subcooling. On the
other hand, it was found that for a LMTD between 12 and 15°C and a heating water temperature
of 40°C, no valid values of my. were determined because the generation of a desorption process
of the CO,/acetone mixture in the central channel of the exchanger, also, for a LMTD between 15
and 20°C my, results were determined only for a heating water temperature at the desorber input
equal to 60°C. Overall, the values of mg increase their value when the mass fraction of CO,
dissolved in acetone also does from 22 to 31% delivering an average trend of 10%. In this way,
the highest values determined in m 4 are in a range between 0.004 to 0.005 kgxs'm2, these
values are determined at a T 0f 60°C.
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3.5 Development of an empirical correlation in the desorption process for the heat transfer
coefficient of the CO,/acetone mixture in a plate heat exchanger

To validate the experimental data obtained in this work, an empirical correlation has been
determined to calculate the value of the heat transfer coefficient of the solution. With the use of
this correlation, the deviations determined between the experimental data and the correlation of
the heat transfer coefficient of the CO,/acetone mixture have been determined. At this point it is
worth mentioning a previous work where the properties of the CO,/acetone mixture have been
determined and deviation values have been obtained between experimental data of liquid-vapor
equilibrium and those obtained by means of a mathematical model. The reviewed bibliography
that has served as the basis for this item, development and validation of the developed correlation
is presented in Appendix C.

3.6  Model validation study

The work of Oronel et al., [36] and Taboas et al., [38], who used the same plate heat exchanger
with NH; mixtures for the study of the desorption process in absorption cooling systems, has
been reviewed and their results were compared with those of this work, where, Oronel et al.,
[36] conducted a study of heat transfer in the desorption of ammonia-based working fluids in the
plate heat exchanger for absorption cooling systems, and Taboas et al., carried out an study of the
forced boiling process of the NH;/H,0 mixture in the plate heat exchanger for absorption
cooling. In this sense, table 6 compiles the operating conditions used in these works, in terms of
pressure, temperature and concentration, as well as the intervals of variation of the heat transfer
coefficient, heat flow and desorption mass flow.

Table 6. Operating conditions and results in heat transfer parameters

Parameter/Reference Present work Oronel et al. [36] Téaboas et al. [38]
titg (kgxm2sT) 50 to 60 50 to 100 70 to 140
T (o) 40 to 60 80to 120 60 to 90
P (Bar) 10to 18 5.1 7to 15
x 0.22t0 0.31 0.50 to 0.54 0.33 to 0.65
hg (kWxm?K-!) 0.10 to 0.50 1.50to 5.20 S5to 15
q" (kWxm2) 1.50 to 5.20 51020 20 to 70
Mgq (kgx m2s! x107) 2to5 2t06 1.5t04.5
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Gmed 0.02 10 0.16 0.02 t0 0.14 0.02 t0 0.22

This work has determinate a value of the heat transfer coefficients (hs) in order of 0.5 kWxm~2K-
' with a qpeq 0 0.16, t0 Tyguree 0f 40°C, a Py of 12 bar, a LMTD between 5 and 12°C and an Xco,
between 22 and 25%. The values of A, decrease if Ty, increases to 50 and 60°C, P, up to 18
bar, a LMTD of 20°C and an X, up to 31%, it has been determined that the solution can be found
in subcooling at a pressure of 18 bar.

Table 7 shows a summary of the transport properties of working fluids used in research
comparable to those obtained from the CO,/acetone mixture:

Table 7. Comparison of the transport properties of the working fluids with the CO,/acetone mixture

Present Study.
Parameter/Reference K. Liu & Kiran; Conde-Petite | Libotean et al., Cuenca et al.,
Li et al.
Working Fluid CO,/acetone NH;/H,O NH3/LiNOs (1) | NH3/(LiNOs+H,0) (2)
i (mPaxs™) 0.21 0.74 9.53 (1) 3.32(2)
0.348 (1)
K¢ransf (Wxm 'K 0.075 0.560 0.353 (2)
1166.6 (1)
P (kgxm3) 803.90 850 1117.1 (2)
Qv (kixkg™) 288.8 1074 1074 (1)-(2)

[18][22][56][13][14]

The values of 4, of the CO,/acetone solution obtained in this work are lower than those obtained
by the aforementioned studies. The heat transfer coefficient is in the order of average magnitude
of 1:30 with respect to Taboas et al., and 1:10 for Oronel et al. The heat flow in the plate heat
exchanger is in the average order of magnitude of 1:20 with respect to Taboas et al., and 1:5 for
Oronel et al. Regarding the obtained mean vapour quality in the exchanger, this is a value that
coincides with the order of magnitude of values of these two other works.
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Furthermore, bibliographic review of transport properties of the mixtures NH;/H,O, NH3/LiNO;
and NH;/(LiNO;+H,0) has been carried out with those obtained in the present work for the
CO»/acetone mixture. This comparison was intended to obtain a reference of the behaviour of its
refrigerants to the same operating conditions in terms of pressure, temperature, and composition.
In this way, table 7 compiles the values of different transport properties for mixtures NH;/H,O,
NH;/LiNOs, NH;/(LiNOs+H,0) and CO,/acetone.

The viscosity of the CO,/acetone mixture has a ratio of 1:3 with respect to the mixture NH3/H,O
and a ratio for NH5/LiNO; and NH;3/(LiNO5;+H,0) of 1:45 and 1:15, respectively. In this sense,
the lower numerical value of the viscosity of the CO,/acetone mixture with respect to the
compared mixtures indicates more favourable conditions for heat transfer within the plate heat
exchanger channel. Even more, regarding the thermal conductivity of the CO,/acetone mixture,
it is shown to have a much lower value with respect to the mixtures NH;/H,O, NH5/LiNO; and
NH3/(LiNO3;+H,0). On the other hand, a ratio of the thermal conductivity of the CO,/acetone
mixture of 1:8 to the mixture NH;/H,O and approximately 1:6 is determined for NH;/LiNO; and
NH;/(LiNOs+H, O). Although, viscosity favours heat transfer, thermal conductivity is a
determining factor for the desorption process. This contributes to lower heat transfer coefficient
and heat flow in the heat exchanger for the CO,/acetone mixture compared to the other mixtures
used in the comparison. Lastly, the density values of the CO,/acetone mixture determined are of
the same order of magnitude as those presented for mixtures NHi/H,O, NH3/LiNO; and
NH3/(LiNO3;+H,0). On the other hand, the latent heat of vaporization of CO, is low compared to
NHs, defining a reduction ratio of approximately 1:4.

3.7  Uncertainty analysis

A standard combined Type B uncertainty criterion was used using partial derivatives in the
calculation formulas to determine the calculated thermodynamic parameters. This is shown
applied in an example case of calculation developed in appendix D.

5 Conclusions

Regarding the start-up of the experimental equipment, it was defined that an experimental test is
made up of two stages: i) stage of stabilization of test conditions and ii) measurement and storage
of data obtained in stationary regime. The duration of each stage was 30 minutes on average.

The highest determined value of 4, is 0.52 kWxm=K-!, which is found at a test pressure of 12 bar,
a LMTD between 5 and 12°C and a temperature in the heating water at the inlet of the desorber
of' 40°C. Lastly, the range of values of %, determined for all the experiences carried out is between
0.10 and 0.52 kWxm2K-!. The heat flow decreases its value when at the same pressure in the
desorber the temperature of the heating water increases from 40 to 60°C, a LMTD greater than
12°C generates an increase in heat transfer up to an order of 5 kWxm-=2K-!, and the given heat flow
range is in the values between 1.5 and 5.1 kWxm=2. A vapor quality value of 16% was achieved
in the desorption process of the CO,/acetone mixture, which is a value like that obtained under
similar conditions for Ammonia mixtures. The average range in which m. is defined for the tests
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carried out is between 0.002 and 0.005 kgxs™'. In this way, regarding the results obtained from
the mass flow of desorption it was determined that the most influential variables are the test
pressure and heating water temperature at the inlet of the desorber.

There were no problems with fluid filtration or mixing during the tests on the plate heat
exchangers or in the connection pipes of the test bench (approximately 6 months). Regarding the
long-term use of acetone, it is recommended to verify that the plate joint in heat exchangers is
made of FPM material (gaskets normally used in high-temperature and/or aggressive chemical
services).

Furthermore, by comparing the determined values of the heat transfer coefficient of the mixture
CO,/acetone and heat flow with those obtained in literature for mixtures NH;/H,O and
NH3/LiNOs, it is concluded that these responds to an order of smaller magnitude due to the
thermal conductivity and latent heat of vaporization of the refrigerant. It was found that, although
the viscosity of the CO,/acetone mixture favors heat transfer, the thermal conductivity is a
determining factor for the desorption process. This contributes to the lower heat transfer
coefficient and heat flux in the exchanger for the CO,/acetone mixture compared to other mixtures
used under similar conditions.

Regarding the criteria studied for nucleated and convective boiling, it is concluded that the
experimental case studies of the desorption process of the CO,/acetone mixture in a plate heat
exchanger are in nucleated boiling mode, and lastly, from the results obtained from 4 of the
COy/acetone mixture, the coefficients of an empirical correlation have been adjusted to determine
the heat transfer coefficient of the CO,/acetone solution in a wider range than that studied in this
work.

With respect to the range of values obtained for the heat transfer coefficient of the CO,/acetone
mixture, it is observed that these are relatively low values for a heat pump application and can be
better focused on a refrigeration cycle such as in the automotive industry or in the heating of a
hybrid water heating system for domestic use.

Consistent with the above idea, in terms of practical application and use of the results in the
context of energy conversion and management, future work is planned where the resorber
component is studied and subsequently the complete compression/resorption heat pump cycle
using the mixture CO,/acetone. However, this requires compressors that work with CO,, that is,
at a pressure above 60 bar. On the other hand, the development of wet compressor technology
that has been under development in recent decades is also expected.

The impact on the energy market and the environment of the application of this technology can
be analysed once it is achieved that the cycle components can adapt to the thermal conditions
analysed in the cycle operating conditions.
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4 APPENDIX

Appendix A

Instrumentation and control for the experimental study of the desorption process of the CO,/acetone
mixture in a plate heat exchanger

The solution tank is a 26-liter stainless steel tank who has an internal coil through which a fluid
other than that contained inside the tank can circulate. In the present study, this coil is connected
to the cooling equipment (CE), glycol water is used at 35% by weight as a fluid for the cooling
of the CO, / acetone mixture located in the solution tank. The solution tank has several input and
output connections and two auxiliary connections for the external connection of the internal coil.
Furthermore, a Coriolis type flowmeter is available to measure the density and mass flow that is
driven by the pump rotor, that corresponds to an Emerson/CMF025 mode 1, has a flow/density
measurement accuracy of + 0.10%, 0.5 kgxm, respectively, supports a maximum and minimum
flow rate of 0.005 and 0.020 kgxs-!, a maximum operating pressure of 30 bar and an operating
temperature range between -20 and 60°C. The pump selected for the experimental equipment is a
gear pump made of stainless steel. This pump corresponds to the manufacturer Tuthill, model
DGS.57TEEET2NN+SM423, has an operating temperature range between -20/50 °C, a maximum
operating pressure of 24 bar, maximum pressure ratio of 2.5 and a minimum and maximum
operating flow of 5 and 30 Ixh’!, respectively. On the other hand, for the measurement of the
temperature of the solution currents, cooling and heating water, 4-wire Pt 100 thermo-resistors
were used, with a maximum temperature limit of 250°C, and an accuracy of + 0.10 °C, where all
probes have been previously calibrated using thermal bath #1, in a calibration interval between
20 and 80°C, in this way, calibration lines were established for each of the sensors to ensure a
repeatability of + 0.05°C. The pressure measurement used pressure transmitters located at the inlet
and outlet of each component of the experimental equipment for the study of the desorption
process of the CO,/acetone mixture as shown in Figure 3. Pressure sensors have an upper
operating limit of 30 bar, the output range is 4-20 mA, and the accuracy of these sensors is 0.1%
of the working pressure of the equipment. These pressure sensors have been calibrated in an
interval between 2 and 20 bar, where calibration lines were established for each of the sensors to
ensure a repeatability of = 0.01 bar. Lastly, the data acquisition system corresponds to the
Keysight brand, model Agilent 34970A, who measures voltages, direct and alternating currents,
sensor resistors to 2 and 4 wires, frequencies, and period. It has two accommodations for data
acquisition cards with 40 channels each.
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Appendix B

Loading of the CO,/acetone mixture in the experimental equipment, tuning and determination of
stationary conditions

Once all the components have been assembled in the respective order (Figure 3). It is secured that
there are no leaks in the solution circuit of the experimental equipment with a tightness test
performed with compressed air that entered the installation up to a pressure of 5 bar. Leaks in the
equipment have been reduced to a maximum of 0.1 bar per test day. The correct operation of the
solution impulsion pump, heating and cooling thermal baths is verified.

The control of the quantity of each pure fluid (CO, and acetone) is carried out by difference in
weights of their respective containers considering their density. Acetone is in liquid phase at
atmospheric pressure and average temperature of 20°C, it has been initially deposited to achieve
a progressive absorption at the entry of CO, into the mixing load circuit. On the other hand, for
the CO, a commercial cylinder at 57 bar of internal pressure was used, so the outlet to the loading
circuit is made through a pressure regulating valve. Once both components have been introduced,
the mixture circulates through the mixing charge circuit initiated in the tank, cooling in the
capacitor and returning to the starting point.

Furthermore, each experimental test involves two stages: 1) stage of stabilization of test conditions
and ii) measurement and storage of data obtained in stationary regime. The duration of each stage
was 30 minutes on average and the criteria considered for stationary regime are the following:

e The density of the solution measured in the Coriolis type flowmeter is considered constant
when the measured value does not exceed a fluctuation value = 0.5 kgxm™ in the
measurement for a minimum period of 30 minutes.

e The temperature of the solution measured on the corresponding temperature sensor is
considered stable, where the precision value of the sensor of = 0.10°C was assumed as
the maximum tolerance.

The experiments carried out were grouped into several series of trials. A series of tests was
considered when the experimental facility was loaded with a defined amount of CO, and was
absorbed by acetone in the solution tank. In this way, with the load carried out, a set of tests
determined by the variation of the operating conditions in the experimental installation was
defined.
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Appendix C

Regarding plate heat exchangers Longo, [11] studied the effect of saturation temperature in
function of pressure for the mass flow and heat transfer properties of HFC refrigerants on brazed
plate heat exchangers. In this way, it was found that the heat transfer coefficients displayed a
weak sensitivity to the temperature of saturation in function of pressure but regarding the mass
flux and the fluid properties of the refrigerant showed a great sensitivity, and even more a single
trend of an equivalent of the Reynolds number between 1600-1700 was found to be a critical
value in the transition of gravity controlled and forced convection condensation on the working
fluids [11]. Garcia-Hernando et al., analysed the pressure drop on the desorption of ammonia-
water and lithium bromide — water (LiBr-H,O) mixtures on plate heat exchangers, where in the
case of NHj; the desorption temperature difference was found to be negligible compared regarding
the pressure drops. However, in the case of the LiBr-H,O solution there was found desorption
temperature changes as high as 30°C and pressures drops of 20kPa. Therefore, the authors
concluded that the key element on absorption chiller of plate heat exchangers that operates with
LiBr-H,O0, is the pressure drops and hence the initial boiling temperature [42].

In the research of Cheng et al., [16] it has been analysed the modelling and mechanisms of
evaporation heat transfer of CO, on macro-channels and micro-channels, showing different
characteristics for the evaporation heat transfer and two phase flow at saturation temperatures
ranging from 0 to 25C, where CO, delivers a much higher evaporation heat transfer than other
refrigerants such as the R134a and ammonia. In this way, at low/moderate vapour qualities near
the dry out of CO, and relative lower qualities than conventional refrigerants, the evaporation
heat transfer has a dominance on nucleate boiling. [16]

Kandlikar, [57] suggested that heat exchangers, which serve as compact evaporators, can be
treated similarly for analysis as augmented smooth tube exchangers [57]. Bergles, concluded that
the nucleation of a hemispherical bubble occurs when the temperature at the liquid interface
reaches the minimum temperature required for boiling, where, as the heat flow increases, the
vapour quality decreases, the nucleated boiling mode predominates, and since the wall
overheating required to activate, a bubble is reached at a lower fluid temperature [58].
Furthermore, in convective boiling the heat transfer coefficient is influenced by the ratio of the
density of the liquid to vapour density ( p;/p,) for a defined vapor quality r, a higher ratio of
results in a higher volume of steam and a higher speed of the two-phase mixture. In this way,
according to the criteria set out in the work of Donowski & Kandlikar, [59] the tests carried out
on the process of desorption of the CO,/acetone mixture in the central channel of the plate heat
exchanger occur in nucleated boiling mode [59].

Furthermore, an empirical correlation for the prediction of the heat transfer coefficient of the
COy/acetone (k) solution is proposed based on the work of Donowski & Kandlikar [59], who
displayed a predictive correlation for the evaporative heat transfer coefficient of the refrigerant
R-134ain plate heat exchanger. These authors enunciated two modes of boiling: nucleated and
convective dominant and made a proposal for combined boiling that relates both effects. The
equations proposed in the aforementioned work for nucleated and convective boiling modes are
presented below [59]. Equation (1) shows the correlation that determines the dominant boiling
effect, equation (2) the dominant convective boiling effect, and equation (3) the correlation that
combines the effect of both boiling modes, where, a boiling flow can be separated into a different
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nucleated boiling term, by applying a direct heat at a nucleation sight, also, a moving fluid can be
characterized as a heat transfer problem by a convective boiling term.

hyp = 0.6683 * Co—02 (19)
* (1 - qmed)0'8
*hy*Ecp
+ 1058 * BoY7

*(1— qmed)o'8
*Fppxhp* Enp

hep = 1.1360 x Co—0° (20)

*(1— Qmed)o'E
*h;* Ecp
+ 667.2 * Bo%7

*(1— qmed)o'E
* Fgp*hyx Enp

hye =[231%xCo %3 «Ecg  (21)
+ 667.3
* B02.8

* F g+ Eyp]

*(1— Qmed)ﬂ
* h;

Where:

hynp — Heat transfer efficiency with dominant nucleated boiling effect
h¢p — Heat transfer efficiency with dominant convective boiling effect
hync — Heat transfer efficiency with combined boiling effect

Co — Convective number

Bo — Boiling number.
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hic — Specific vaporization enthalpy

F g — Characteristic friction of the fluid.

In this way, for stainless steel surfaces Kandlikar, suggests that this fluid-dependent parameter is
equal to 1 for all fluids. Factors Ecz and Ey are enhancement factors that apply to the convective
boiling contribution and nucleated boiling contribution, which its values are 0.512 and 0.338
respectively [57]. On the other hand, in the case of the CO,/acetone mixture, the experimentally
determined values of ss have been taken and the coefficients of the equation proposed by
Donowski & Kandlikar [59]. The equation involving the combined boiling mode (nucleated and
convective) has been taken and the expression shown in equation (4) has been obtained.

hs_corr = (0.206  (22)

% COZ'
+ 81¢

% BOl'

— qme

In this way, for the adjustment of the coefficients of the proposed correlation, 50 experimental
tests of the desorption process of the CO,/acetone mixture have been used, where table 8 presents
in detail the maximum, mean and minimum deviation between experimental values and
determined by the empirical correlation for h.

Table C 1. Deviations determined between experimental data and by correlation of the heat transfer coefficient of the
CO2/acetone mixture.

Minimum Value in Mean Value in Maximum Value in
Mass fraction of CO, deviation deviation. deviation
in the mixture (%) KWxm- KWxm- kWxm-
(%) K1 (%) K1 (%) K1
22 0.2 0.01 7.5 0.025 20.5 0.047
25 0.2 0.01 18.5 0.045 359 0.124
28 0.3 0.02 13.1 0.034 12.8 0.046
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31

0.07

0.001

15.1

0.035

20.1

0.055

This adjustment has shown a mean deviation of 13.3%, a better fit is obtained between the
experimental data and calculated by the proposed correlation in a mass fraction between 28 and
31%. The maximum deviation value of 35.9% is given when the mass fraction of CO, in the
CO2/acetone mixture is 25%, this value is 0.045 kWxm2K-!. In this way, there has been obtained
that the correlation generates an average deviation of more than 20% only in 12% of the total of
experimental cases.

From the comparison between experimental data and determined by correlation of 4, an average
minimum, mean and maximum deviation of 0.2, 13.5 and 22.3%, respectively, was determined.

Appendix D

Calculation and determination of uncertenty
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Figure D. 1. Installation scheme

Pr4 = 12.26 bar; pressure measured at Coriolis

flow sensor
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Pps; = 12.20 bar; pressure measured at desorbent
inlet

Prg; = 12.04 bar; pressure measured at desorptive
outlet

Mgei= 0.0057 [kgxs']; mass flow measured on
the Coriolis flow sensor

Psol = 830.9600 [kgxm3]; density measured on
the Coriolis flow sensor

T4 = 18.44 [C]; temp. From the solution
measured in the Coriolis flow sensor

Uncertainty of CO, concentration

T51=20.14 [°C]; temp. From the solution to the
desorbing inlet

T61= 40.50 ['C]; temp. From the solution to the
desorption output

Mpee= 0.0065 [kgxs']; Mass Flow of Heating
Thermal Fluid

Tin_fec= 48.48 [C]; temp. at inlet of heating
thermal fluid

T out_fec= 42.53 [C]; temp. at outlet of heating
thermal fluid

Table D. 1. Uncertainty of CO, concentration

Temperature
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Repeatability  20.14 °C normal 0.051 1 0.003
Calibration 0.11 °C rectangular 0.064 1 0.004
Resolution 0.10 °C normal 0.050 1 0.003
u?(x) 0.009
u(x) 0.096
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Repeatability  830.96 kgxm normal 0.074 1 0.005
Resolution 0.50  kgxm rectangular 0.144 1 0.021
Calibration 0.10  kgxm™ normal 0.050 1 0.003
u?(x) 0.029
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u(x) 0.170

Solution concentration

Temperature  20.13

Density 830.96

Units  Prob. Distribution  u(xi) Ci u(yi)

°C normal 0.096 0.01496 2.069E-06

kgxm3 normal 0.170  0.01029 3.043E-06

w(x) 5.113E-06

u(x) 0.0023

Uncertainty of the enthalpy of the solution at the entrance of the disorber

Table D. 2. Uncertainty in the calculation of ideal enthalpies of pure fluids

CO,
Temperature
Xi Xi Units  Prob. Distribution  u(xi) Ci u(yi)
Repeatability 20.14 °C normal 0.051 1 0.003
Calibration 0.11 °C rectangular 0.064 1 0.004
Resolution 0.10 °C normal 0.050 1 0.003
u’(x) 0.009
u(x) 0.096
Pure CO; Enthalpy 168.80  kJxkg'! normal 0.096 0.462 0.044
Acetone
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Temperature

Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Repeatability 0.00 °C normal 0.000 1 0.000
Calibration 0.11 °C rectangular 0.064 1 0.004
Resolution 0.10 °C normal 0.050 1 0.003

u?(x) 0.007

u(x) 0.081

Pure Acetone Enthalpy 291.90 kJxkg! normal 0.096  0.982 0.094

Table D. 3. Uncertainty in the calculation of the ideal enthalpy of the mixture

Liquid Phase
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25  kJxkg! normal 0,002 1,000 0,000
Temperature 20,14 °C normal 0,096 1,456 0,020
u’(x) 0,020
u(x) 0,140

Vapour Phase
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25  kJxkg! normal 0,002 1,000 0,000

Temperature 20,14 °C normal 0,096 0,597 0,003




w(x) 0,003

u(x) 0,057

Table D. 4. Uncertainty in the calculation of work pressure

Xi xi Units Prob. Distribution  u(xi) Ci u(yi)
Repeatability 12,20  bar normal 0,0073 1 5,31E-05
Calibration 0.01 bar rectangular 0,0058 1 3,33E-05
Resolution 0.11 bar normal 0,0500 1 0,0025
normal u¥(x) 0,0025
u(x) 0,050

Table D. 5. Uncertainty in the calculation of the enthalpy of mixture formation

Liquid Phase
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25  kgxkg! normal 0,002 1,000 0,000
Temperature 20,14 °C normal 0,096 8,122 0,610
Pressure 12.20 bar normal 0,051 -11,070 0,317

u3(x) 0,927

u(x) 0,963
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Vapour Phase

Concentration

Temperature

Pressure

xi Units  Prob. Distribution
0,250 kgxkg! normal
20,14 °C normal
12,20 bar normal

u(xi)

0,002

0,096

0,051

1,000

-0,842

15,960

u*(x)

u(x)

u(yi)

0,000

0,007

0,659

0,665

0,816

Table D. 6. Uncertainty in the calculation of the enthalpy of mixing at each stage

Liquid Phase
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25  kgxkg! normal 0,002 1,000 0,000
Temperature 20,14 °C normal 0,096 1,183 0,013
Pressure 12,20 bar normal 0,051 3,513 0,032
u?(x) 0,045
u(x) 0,212

Vapour Phase

Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)

48



Concentration 0,25

Temperature 20,14

Pressure 12,20

normal 0,002 1,000

normal 0,096 0,980

normal 0,051 -1,219
u*(x)
u(x)

0,000

0,009

0,004

0,013

0,113

Table D. 7. Uncertainty of the overall enthalpy of the solution at the input of the desorber

Xi xi Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25 normal 0,002 568 1,650
Temperature 20,14 normal 0,096 3,512 0,114
Pressure 12,20 normal 0,051 -6,371 0,105
wi(x) 1,869

u(x) 1,367

Uncertainty of the enthalpy of the solution at the exit of the desorber

Table D. 8. Uncertainty in the calculation of ideal enthalpies of pure fluids

CO,

Temperature

Repeatability

Calibration

Units  Prob. Distribution  u(xi)

°C normal 0,022

°C rectangular 0,064

Ci

1

1

u(yi)

0,000

0,004
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Resolution 0,10 °C normal 1 0,003
u?(x) 0,007
u(x) 0,084
Pure CO; Enthalpy 179,00  kl/kg normal 0,084 0,545 0,046
Acetone
Temperature
Xi xi Units  Prob. Distribution Ci u(yi)
Repeatability 40,50 °C normal 1 0,000
Calibration 0,11 °C rectangular 1 0,004
Resolution 0,10 °C normal 1 0,003
u?(x) 0,007
u(x) 0,081
Pure Acetone Enthalpy 313,50 kJxkg! normal 1,148 0,096
Table D. 9. Uncertainty in the calculation of the ideal enthalpy of the mixture
Liquid Phase
Xi Units  Prob. Distribution  u(xi) u(yi)
Concentration kgxkg! normal 0,002 0,000
Temperature 40,50 °C normal 0,084 0,015

0,015




u(x) 0,122

Vapour Phase
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25  kgxkg! normal 0,002 1,000 0,000
Temperature 40,50 °C normal 0,084 0,848 0,005

u’(x) 0,005

ux) 0,072

Table D. 10. Uncertainty in the calculation of work pressure

Xi xi Units Prob. Distribution  u(xi) Ci u(yi)
Repeatability 12,04 bar normal 0,0080 1 6,39E-05
Calibration 0,01 bar rectangular 0,0058 1 3,33E-05
Resolution 0,12 bar normal 0,0500 1 0,0025

w(x)  0,0025

u(x) 0,050

Table D. 11. Uncertainty in the calculation of the enthalpy of mixture formation

Liquid Phase
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25  kgxkg! normal 0,002 1,000 0,000
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Temperature 40,50 °C normal 0,084 7,717 0,425
Pressure 12,04 bar normal 0,051 -10,490 0,286
ul(x) 0,711
u(x) 0,843

Vapour Phase
Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25  kgxkg! normal 0,002 1,000 0,000
Temperature 40,50 °C normal 0,084 -0,132 0,000
Pressure 12,04 bar normal 0,051 13,700 0,487
u3(x) 0,487
u(x) 0,698

Table D. 12. Uncertainty in the calculation of the enthalpy of mixing at each stage

Liquid Phase

Xi xi Units
Concentration 0,25  kgxkg!
Temperature 40,50 °C
Pressure 12,04 bar

Prob. Distribution

normal

normal

normal

u(xi)

0,002

0,084

0,051

1,000

1,638

2,386

u*(x)

u(x)

u(yi)

0,000

0,019

0,015

0,034

0,184
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Vapour Phase

Concentration

Temperature

Pressure

xi

0,25

40,50

12,04

Units

kgxkg!

°C

bar

Prob. Distribution

normal

normal

normal

u(xi)

0,002

0,084

0,051

1,000

0,980

-1,324

u?(x)

u(x)

u(yi)

0,000

0,007

0,005

0,011

0,107

Table D. 13. Uncertainty of the overall enthalpy of the solution at the exit of the desorber

Xi xi Units  Prob. Distribution  u(xi) Ci u(yi)
Concentration 0,25  kgxkg'! normal 0,002 537,200 1,208
Temperature 40,50 °C normal 0,084 2,903 0,060
Pressure 12,04 bar normal 0,051 -4209 0,046
u?(x) 1,314

u(x) 1,146
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Heat uncertainty of the heating on the solution side

Table D. 14. Heat uncertainty of the heating on the solution side

Mass Flow

Xi xi Units  Prob. Distribution u(xi) Ci u(yi)
Repeatability 0,0057  kgxs! normal 5,246E-06 1 2,753E-11
Calibration 0,0006  kgxs'! rectangular 8,018E-06 1 6,430E-11
Resolution 0,1000  kgxs'! normal 1,388E-05 1 1,929E-10
u’(x)  2,847E-10
u(x) 1,687E-05
Heat (Q)
Xi xi Units  Prob. Distribution u(xi) Ci u(yi)
Mass Flow 0,0057  kgxs! normal 1,687E-05 64,500 1,184E-06
Desorber enthalpy inlet  -213,20  kJxkg'! normal 1,369 -0,006  6,129E-05
Desorber enthalpy outlet  -148,70  kJxkg'! normal 1,146 0,006  4,295E-05
u’(x) 1,054 E-04
u(x) 0,0103

Heat uncertainty on the heating thermal fluid side

Table D. 15. Heat Uncertainty on the Heating Thermal Fluid Side

Mass Flow




Xi xi Units Prob. Distribution u(xi) Ci u(yi)
Repeatability 0,0065 kgxs! 3,74E-05 1 1,41E-09
Calibration 0,0007 kgxs'! 8,01E-06 1 6,43E-11
Resolution 0,1000 kgxs! 1,38E-05 1 1,93E-10
u?(x) 1,66E-09
u(x) 4,08E-05

Temperature at the inlet of the heating thermal fluid

Xi xi Units Prob. Distribution u(xi) Ci u(yi)

Repeatability 48,48 °C 0,0063 1 0,000

Resolution 0,10 °C 0,0289 1 0,001

Calibration 0,20 °C 0,1250 1 0,016

u(x) 0,016

u(x) 0,128

Temperature at the outlet of the heating thermal fluid

Xi xi Units Prob. Distribution u(xi) Ci u(yi)

Repeatability 42,53 °C 0,0305 1 0,001

Resolution 0,10 °C 0,0289 1 0,001

Calibration 0,20 °C 0,1000 1 0,010

u?(x) 0,012

u(x) 0,108
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Heat (Q)

Mass flow (m) 0,0065

Toutlct 42,52

Tinlet 48948

Specific Heat (Cp) 4,18

Units

kgxs'!

°C

°C

kJxkg IxK-!

Prob. Distribution

normal

normal

normal

rectangular

u(xi)

4,08E-05

0,108

0,128

0,001

Ci

-24,886

0,0272

-0,0272

-0,0388

u’(x)

u(x)

u(yi)

1,0298E-06

8,765E-06

1,229E-05

5,038E-10

2,208E-05

0,0046
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