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Abstract

The absorption cooling/heating system is an old technology that has been relegated by
the more efficient mechanical vapour compression systems. However, if they were
driven by residual heat or solar thermal energy, advanced absorption technologies for
cooling or heating could supply current demand and have a much lesser impact on the
environment. With the cost of electricity rising and the climate change more and more
in evidence, it would be a positive move towards energy saving.

Since the absorber is recognized the key component of the absorption system due to the
complex heat and mass transfer process that take place there, the improvement of the
absorption process would mean reducing the absorber and desorber sizes to make them
more compact, or reducing the system driving temperature for low grade temperature
applications.

The objective of this paper is to identify, summarize, and review the experimental
studies dealing with the enhancement of vapour absorption processes in absorbers by
means of passive techniques i.e. advanced surface designs and the use of additives and
nanofluids. This review also includes an exhaustive and detailed scrutiny on absorption
processes in falling film, spray and bubble mode absorbers for different working fluids,
evidencing the experimenting techniques, operating conditions, and latest advances in
terms of heat and mass transfer enhancement in absorbers. Finally, the paper contains
suggestions for future work to be carried out to obtain mass transfer enhancement in

absorbers and absorption cooling/heating systems.
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1. Introduction

Natural resources depletion caused by the extreme increase in energy consumption
requirements together with the depletion of the ozone layer and global warming are
issues of great concern for the human race. The increase in energy consumption is in
part a result of the improvement of our standard of living and the associated
development of sectors such as building, industry and transport. The building sector
which comprises the residential and commercial constructions consumes up to 32% of
the total energy used globally [1] where almost half of the total energy consumption of
buildings in developed countries is due to air conditioning [2].

This means that both developed and developing countries have an opportunity to work
towards achieving the goal for CO, emission limits for 2030.

Air-conditioning equipment such as those using mechanical vapour compression
technologies require significant electrical power and an appropriate refrigerant for
operating. Both of these requisites can produce a high impact on the environment and
contribute to depletion of the ozone layer and subsequent global warming. The need to
adopt ozone and climate-friendly technologies and policies means that it is the ideal
opportunity for the replacement of old technologies with alternative energy efficient
options together with more efficient servicing practices. Society needs to work on the
progress of advanced air-conditioning technologies in order to cater with the effects of
climate change and to progress towards a much lower emission of greenhouse gases. To
do so, it is necessary to identify which technologies can best be adapted to our current
necessities and to remove any obstacles preventing the widespread diffusion of
advanced air-conditioning technologies on the market.

Absorption cooling/heating technologies have been recognized as an interesting
alternative technology to displace conventional electrically driven mechanical
compression systems. Absorption cooling/heating technologies have proved that they
have a high potential for energy saving compared with conventional electrically driven
mechanical compression technologies, due to the fact that they can operate with
environmentally friendly working fluids and be thermally driven to produce cooling or
heating. However, these absorption technologies present some obstacles that have
limited their wide diffusion, for instance: (i) initial investment, (ii) lack of consumer
awareness regarding the technology, (iii) the low priority given to energy efficiency,

(iv) import and export constraints and (v) insufficient government policies [1]. In order
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to overcome these difficulties, the adoption of comprehensive policies that may include
fiscal and financial incentives, information campaigns, and other development policies
are necessary as well as adopting minimum energy performance standards and
requirements.

Over the last decade, the interest and need for progress in the development of new
absorption cooling/heating systems have led researchers to carry out studies with
several techniques and strategies to improve their performance and make them more
competitive in comparison with the well-established mechanical compression systems
[3]. However, current absorption systems with conventional working fluids, like those
used for cooling applications do still present some drawbacks. Examples of these are:
crystallisation, corrosion and vacuum operating pressures for H,O/LiBr systems; and
rectification of the refrigerant vapour leaving the desorber and high activation
temperatures for NHs3/H,O systems. These well-known drawbacks have spurred
researchers into finding new working mixtures [4], and passive heat and mass transfer
intensification techniques to apply to different components of absorption
cooling/heating systems.

Since the absorber is considered the key component of absorption cooling/heating
systems due to the complex heat and mass transfer process that take place there [5],
higher absorption rates reached by the application of passive intensification techniques
would allow for the absorber size to be decreased and made more compact, or for the
cycle driving temperature in solar or low thermal energy applications to be reduced.
Passive intensification techniques include the use of rough or extended surfaces or the
inclusion of small quantities of additives or nanocomposites to the base working fluids
to improve the heat and mass transfer processes. Furthermore, optimisation of
nanoparticle synthesis and a reduction in the acquisition price have also favoured using
nanotechnology in several applications [6] including cooling and heating systems that
involve heat and/or mass transfer processes [7-9].

This paper provides an extensive review of experimental investigations dealing with the
enhancement of the heat and mass transfer of different working fluids in absorbers by
means of passive heat and mass transfer intensification techniques. It includes operating
conditions, test characteristics, and main outputs from experimental investigations on
absorbers for cooling/heating absorption systems. In addition, the dominant mechanisms

for mass transfer enhancement by employing advanced surfaces, chemical additives and
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nanofluids are discussed. Finally, the paper deals with possible future work and research

challenges.

2. Absorption cooling/heating technology

Research on absorption cooling/heating systems has resulted in the development of
various absorption system designs such as simple-effect absorption systems, absorption
heat transformers, diffusion absorption systems, and multiple effects and stage
absorption systems among others, for use in different applications and driving
temperatures [5, 10-14].

In terms of operation, absorption systems are partially similar to mechanical vapour
compression systems and depending on the objective, they can be constructed to
produce cooling (Absorption refrigeration system, ARS) or heating (Absorption heat
pump, AHP). In the most basic design of an absorption system, eg. the simple-effect
ARS, the refrigerant vapour at a high pressure and temperature is cooled down until
becoming liquid in a condenser and throttled to low pressure and temperature toward an
evaporation device where it is boiled to provide the cooling effect. The difference
between the absorption and mechanical vapour compression systems lies in the way that
a refrigerant vapour is compressed from a low pressure to a high pressure, Figure 1. In
the case of the absorption system, the mechanical vapour compressor is replaced by "a
thermal compressor””. This sub-system consists mainly of a desorber (also called
generator), a solution heat exchanger, a solution pump, an expansion valve, and an

absorber.
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Figure 1 - Mechanical vapour compression system [a] and absorption refrigeration system [b].
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In the absorber, the refrigerant in vapour state coming from the evaporation device is
absorbed by a solution mixture consisting of a proportion of the refrigerant and
absorbent with high affinity for the refrigerant in a liquid state (called solution weak in
refrigerant). The solution strong in refrigerant leaving the absorber is then pumped to a
high-pressure desorber. In the desorber, the refrigerant absorbed is once more boiled
and separated from the solution mixture by applying heat, which drives the cycle, at a
high temperature and then, the refrigerant vapour is sent to the condenser. Finally, the
remaining solution mixture leaving desorber is sent to the absorber to repeat the cycle.
The Coefficient of Performance (COP) of an absorption system is defined as the relation
between the ratio of the cooling or heating performance and the amount of heat input
plus the pump consumption.

Although absorption cooling/heating systems are not yet competitive with mechanical
vapour compression systems in terms of efficiency, size and cost, the relevance of the
absorption system lies in the following: low electricity consumption by a solution pump,
few moving parts leading to low noise and very low vibration levels. Furthermore, the
most interesting points about the absorption cooling/heating systems are the use natural
refrigerants which mean they cause zero ozone depletion, have zero global warming
potential and the fact that they can be activated by thermal energy such as solar [11, 15-
16], geothermal energy [17], or residual energy from industrial processes [14] or
cogeneration/trigeneration processes [18-19]. Moreover, further absorption system
designs can also include combined production of power and cooling [20-21].

In the case that a location is unable to support the use of vapour compression cooling
systems because electricity is not available from a power grid, absorption cooling
systems activated by thermal energy appear to be an attractive alternative. Further
development of absorption systems would lead to an important change in the
cooling/heating production world, and would definitely have an important impact on the
environment and save energy.

Although each one of the components that constitute the absorption system is important
in terms of design and efficient use of the heat transfer area, the absorber plays a
particular and critical role in the whole system. Heat transfer and the even more
important mass transfer taking place in the absorber greatly influence the performance
and size of the whole absorption system. The enhancement of the pure refrigerant
vapour rate absorbed here allows for efficient designs of the absorber, compactness, or
improved cooling/heating capacity of the absorption system.

6
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The most common working fluids used in absorption cooling/heating systems, and main
absorber characteristics and experimental studies are presented in the following

sections.

2.1. Working fluids

According to the open literature, several working mixtures have been suggested for use
in absorption systems but due to problems such as high cost, reduced miscibility limits,
high corrosion, explosive, toxicity, environmental hazards, poor transport properties and
chemically instability, most of them have been discarded. Moreover, the working
mixtures ammonia/water (NH3/H,O) and water/lithium bromide (H,O/LiBr) have
proved to have better characteristics and nowadays are the most widely used pairs on
the absorption cooling/heating systems market.

The absorption cooling/heating systems with NH3/H,O, the first one to be patented, is
mainly used for refrigeration applications (< 0 °C) due to the very low ammonia
freezing point (-77 °C at 1 atm). Ammonia as refrigerant provides outstanding
thermodynamic and thermophysical properties. Besides, ammonia is environmentally
friendly and any possible emissions will not contribute to global warming. Furthermore,
the use of plate heat exchangers or advanced surfaces heat exchangers and the great
potential of ammonia for use in low charge systems allow reducing the impact of its
toxicity [22].

Use of the NH3/H,O mixture allows the absorption system to operate at high heat
dissipation temperatures, so the system can be air-cooled and the use of humid cooling
towers can be eliminated. However, NH3/H,O systems require high activation
temperatures (> 110 °C) to keep the refrigerant cooling capacity at the desired low
evaporation temperatures. Furthermore, NH3 and H,O are volatile at the conditions of
interest thus making the use of an extra component necessary. This is to rectify the
vapour leaving the desorber to ensure its high concentration in ammonia which prevents
water accumulating in the condenser and evaporator. With the use of a rectifier, when
reducing the evaporation temperature and increasing the generation temperature, the
performance of the cycle with NH3/H,O significantly decreases. Another important
aspect of the NH3/H,O system and the predominant reason why the double-effect
absorption systems working with NH3/H,O are not commercially available at the

moment is the high pressure reached in the desorber.
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Although other disadvantages of the NH3/H,O system include toxicity and
incompatibility with copper-based metals, this mixture is environmentally friendly and
has a low cost. Thermodynamic properties and their correlations for the NH3/H,O
mixture can be found in the open literature at a wide range of solution concentrations
and temperatures [23-26]. The effects of different nanoparticles and high temperature on
viscosity, thermal conductivity and absorbance of NHs/H,O have also been reported
lastly [27].

With regard to H,O/LiBr absorption systems, they appeared on the market some years
later than the NH3/H,O ones, in response to the low performance of NH3/H,O systems
for air-conditioning applications. The performance of H,O/LiBr systems at lower
activation temperatures is better than NH3/H,O systems, which make H,O/LiBr systems
more suitable for solar cooling. Besides, the fact that LiBr is a salt (non-volatile) with a
great affinity for water allows for the system to be operated without the need of a
refrigerant vapour rectifier. Moreover, H,O/LiBr systems are only used for air-
conditioning applications (> 0 °C) due to the water (the refrigerant) freezing point (0 °C
at 1 atm). Use of water as refrigerant also implies that the evaporator and absorber must
be operated under vacuum conditions all of which results in high vapour specific
volumes and consequently in bigger components.

The main problems of using the LiBr based absorption systems are, the solution
crystallisation that takes place at high salt concentrations in the absorber, the high
corrosion of some metals and the high cost of the salt. The crystallisation limits for
H,O/LiBr are very close to the operating concentrations required for practical H,O/LiBr
absorption chillers. This has made it difficult to change from air-cooled H,O/LiBr
prototypes to what may be highly attractive commercial systems. Based on the above
reasons, the use of humid cooling towers for heat dissipation is required and this
involves an increase in the cost of the whole system. In the case of small capacity
H,O/LiBr systems, cooling towers are not suitable because of the cooling tower
maintenance requirements. Thermodynamic properties and their correlations for the
H,O/LiBr working fluid are available in a wide range of compositions [28-30].

In order to overcome the crystallisation and corrosion problems of H,O/LiBr, it is
necessary to implement diverse crystallization control actions such as the addition of
chemical inhibitors, heat and mass transfer intensification and thermodynamic cycle
adjustments. These have all been investigated in the last few years [31]. For instance,
Lithium iodide (Lil) could be used to enhance the solubility of salt and reduce the

8



©CO~NOOOTA~AWNPE

crystallisation limits at conditions of interest for these systems [32], while lithium
nitrate (LINOg3) could be added to reduce corrosive effects [33].

Advances in the mitigation of the crystallisation and corrosion problems have allowed
for H,O/LiBr systems to be developed with the objective of improving their
performance at higher activation temperatures. H,O/LiBr systems with double and triple
effects are some of the improvements made over the last few years.

Recently, Alvarez et al. [34-37] conducted a series of experimental and theoretical
studies and proposed the use of Water/alkaline nitrate solution (LiINO3+KNO3;+NaNQO3)
as a potential alternative to conventional working fluid for air-conditioning applications
driven by high-temperature heat sources (temperatures up to 260 °C). The main
advantage of this working fluid is its high thermal stability and non-corrosive action in
comparison with the H,O/LiBr mixture in double effect and triple effect system
applications.

In the case of low-temperature heat sources or solar cooling applications, the
ammonia/lithium nitrate mixture (NH3/LiNO3) appears to be a promising alternative
proposed to overwhelm the disadvantages and limitations of the typically used working
fluids [38]. The advantages of the NH3/LiNO3s; working mixture over conventional
H,O/LiBr are, therefore, very low crystallization risks at the conditions of interest for
solar air-cooling systems so it allows the system to be air-cooled at the condenser; and
operated at pressures above atmospheric pressure. This means low refrigerant specific
volumes, and presents the possibility of designing smaller components. Compared with
the NH3/H,O working pair, absorption systems with NH3/LiINO3; do not require a
rectifier for the vapour refrigerant at the desorber outlet since the absorbent is a salt.
Additionally, it can operate at lower temperatures in the desorber according to studies
based on thermodynamic simulations [39-42] and experimental investigations focused
on the boiling process [43-44]. The major benefits of this working fluid, therefore, are
the simplicity of the cycle and a greater potential for solar cooling. However, the
primary limitation of this working fluid is its high viscosity in comparison to NHs/H,O
and this means it has a negative impact on the heat and mass transfer processes,
especially in the absorber. To overcome this drawback, Ehmke and Renz [45],
Bokelmann [46], and Reiner and Zaltash [49-50] proposed the addition of a small
amount of water to the binary mixture of NH3/LiNO3; with an optimal water mass
fraction of between 0.20 and 0.25 in the absorbent mixture [45]. Later, Bokelmann [46]
conducted experiments on the performance of an absorption heat pump operating with

9
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the NH3/(LINO3+H,0) mixture. Thermodynamic properties for the NH3/LiNO3 working
fluid are available in a wide composition range [47-48, 51-52]. In addition,
thermodynamic properties for the NH3/(LiNO3s+H,0) working fluid are also available in
the literature [49-51].

2.2. Absorber configurations

Absorbers can have three conventional modes of design and operation: Falling film
mode, spray mode, and bubble mode. Lately, proof of concept of membrane-based
absorbers is attracting attention among researchers in the field of small thermal load
capacity absorption systems.

Depending on the absorber operation mode, the way that the refrigerant vapour coming
from the evaporator is introduced into the absorber and makes contact with the solution
varies. The falling film absorber is the most commonly used in the absorption
cooling/heating systems available on the market. Bubble absorbers are used in
absorption chillers that provide a small cooling capacity while the spray absorbers are
still at an early stage of development. In the case of the membrane absorber, the first
studies have just been reported recently. A brief description of the main characteristics
of each one of the absorber configurations is presented in the following sub-sections. It
also includes a summary of the experimental studies reported in the literature on each

absorber configuration.

2.2.1. Falling film absorber

There are mainly two arrangements for absorbers in falling film mode; in horizontal and
vertical tube mode (Figure 2). In horizontal tube configuration, the solution enters the
absorber through a distributor located in the upper section of the absorber (Figure 2a).
The solution flows in a falling film along the cooling-water tube surfaces. The solution
leaving the distributor has immediate contact with the saturated vapour phase of
refrigerant which occupies the volume of the absorber. The weak solution falling film,
which falls from one tube to the next one, is cooled by the bundle of tubes hence, the
capacity of the solution to absorb refrigerant increases. The strong solution in
refrigerant leaves the absorber through the lower section.

According to the configuration of the absorbers used in commercial absorption
machines, the horizontal configuration with H,O/LiBr is found to be the most common

10
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in comparison to the vertical tube arrangement. In vertical configuration (Figure 2Db),
cooling water usually flows upward through the tubes and the weak solution flows
downward through the outer space while the refrigerant vapour flows in counter-current
configuration. This configuration is also studied for the design of air-cooled absorbers,
in which case the solution and refrigerant flow inside the tube arrangement.

It is important to point out the fact that even though H,O/LiBr falling film absorbers in
horizontal configurations are commonly used due to the insignificant pressure drop they
involve; their design is really complicated due to the very low operating pressures,
solution distribution limitations and inconvenient wetting of the cooling-water tube
surface area all of which affects mass transfer.

Several studies dealing with the falling film mode absorption process at different
operating conditions can be found in the open literature [53-70]. It’s worthy of note that
most of those experimental studies employed the mixture H,O/LiBr. Some of them
involving the effects of the flow configuration [53, 59], tube spacing [54-55], tube
diameter [53-55, 60] and number of tubes [53, 68] on the absorber performance. Some
studies also include the absorption performance for different configurations based on
the effects of the absorber operating pressure [56, 59-60, 64-65, 69-70], solution flow
[56, 58, 59, 61-70], solution temperature [58-59, 61, 66-67, 69-70], solution
concentration [56, 59, 62-64, 68-70], coolant temperature [56, 58, 61-67, 70], and
coolant flow [61, 32, 64, 66-67, 70]. As main outputs from these studies, it was
identified that heat and mass transfer rates in falling film absorbers increase on
increasing the solution and vapour pressure, solution flow rate, cooling water flow rate,
and the tube spacing. It was also noted that heat and mass transfer rates decrease with
increasing cooling water temperature and tube diameter. In addition, it was observed
that heat and mass transfer increase when the absorbent concentration in the solution is
increased, however, this enhancement is limited by the solubility and/or crystallization
limits as is the case for LiBr-based solutions.

A summary of the experimental studies carried out on falling film absorbers with
smooth surfaces for absorption systems is shown in Table 1. This summary includes
those studies that employed basic configurations without the application of passive heat

and mass transfer intensification techniques.

11
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Table 1. Summary of experimental studies carried out on falling film absorbers with smooth surfaces for absorption cooling/heating systems.

Reference Test Section Working fluid Test conditions Note
. . a1 One row of 5 tubes with 19.5 mm external diameter and
[53] Horizontal tubes H,O/LiBr Ps (1.33 kPa), Ts (35 °C), Xs (57.5%), ms (0.10 - 1.25 kg.s™.m™), Tc (20 °C) a second row of three tubes with 42.2 mm
[54] Horizontal tubes H.o/igr e Tube spacing of 0, 3, 15 and 24 mm
[55] Horizontal tubes H,O/LiBr Ps (0.86 kPa), Xs (60 and 62%) Single-row bundle of 8 tubes
. . Stainless steel absorber tube with outer diameter of
- - 0 - - 0
[56] Vertical tube H,O/LiBr Ps (1-1.5 kPa), Xs (60 - 64%), Res (100 - 400), Tc (35 - 46 °C), Rec (6000) 19.05 mm and 1524 mm in length.
- 46 O - 610 N T 7 -
[57] Horizontal tubes H,O/LiBr Ps (1.33 kPa), Ts (40 - 46 °C), Xs (54 G%é"))‘ ms (0.01 - 0.045 kg.s”.m™), Tc (30 - 37 14 horizontal smooth copper tubes
. . Ps (1.33 kPa), Ts (34-39 °C), Xs (53%), ms (0.013- 0.025 kg.s™), Res (50, 130, 350, Smooth copper tube of 19.05 mm outer diameter and
[58] Vertical tube HO/LIBr 550) Tc (22.7 - 27 °C), mc (0.036 kg.s) 400 mm long
_ 0 0, _ -1 -1
[59] Helical tube NHs/H,0 Ps (48 - 193 kPa), Ts (45, 50, 55, 60 C)’s)ésog’ 14, 30%), ms (4.43 - 90.9 g.m".s7), Te( Helical coil absorber, coil tube diameter of 12.7 mm
. . Ps (0.93 kPa), Ts (47 °C), Xs (61%), ms (0.014 - 0.03 kg.s™.m?), Tc (32 °C), Vc (0.044 | Tube diameters of 15.88 mm (row of 10 tubes), 12.70
[60] Horizontal tubes HO/LiBr - 0.067 It.sY) mm (row of 12 tubes) and 9.52 mm (row of 16 tubes)
. . Ps (1 - 3.2 kPa), Ts (39.8 - 49.7 °C), Xs (39.6%), ms (0.0095 - 0.0191 kg.s™), Tc (26 - 24 rows of horizontal smooth copper tube with outer
[61] Horizontal tubes HO/LIBr 35.5°C), mc (0.063 - 0.114 kg.s™) diameter of 19 mm
T o1
[62] Horizontal tubes 134a-DMAC X5 (25.14-42.4%), ms (0.025 - 0.045 kkgdrg_l).s ). Te (20 -30°°C), mc (0.039 - 0.087 Tube bundle with 8 rows and 3 columns
[63] Horizontal tubes H,O/LiBr Res (13 - 39), Xs (60 - 63.8%), Tc (30 - 32 °C) 24 rows of horizontal smooth copper tubes
[64] Vertical tubes H,O/LiBr Ps (1-2.2kPa), Ts (5-10 °C), Xs (57-?6638;/0), Res (50 -300), Tc (30 — 40 °C), Rec Two stainless steel concentric tubes
- H,O+LiBr+Lil Ps (1 - 2.2 kPa), Ts (5 - 10 °C), Xs (57.9% for base fluid, 61% and 64.2% for . .
[65] Vertical tubes +LiNO+LiCl multicomponent salt), Res (50 - 300), Tc (30 45 °C), Rec (6000) Two stainless steel concentric tubes
- - Y N T o1 —
[66] Helical tube ET_?;IC_)I?EIEIII Ps (10.8 kPa), Ts (45 - 59 °C), Xs (58, 63}5 ?é‘)yo) ms (0,01 - 0,04 kg.m™.s™), Tc ( 30 Small helical absorber
3
-T
[67] Helical tube H,O/LiBr Ps (0.93 kPa), Ts (45 - 50°C), Xs (60%306"§é5r]°1) 210 kg ™), Te (28 - 34 °C), me (300 Small helical absorber
[68] Horizontal tubes H,O/LiBr Ps (1 kPa), Xs (57 - 60%), ms (0.01 - 0.045 kg.s™), Tc (30 °C), V¢ (0.000126 m*.s™) Horizontal falling film tube of one column
olumn chamber ,O/LiBr s (2-7.8 kPa), Ts (26- , Xs (48-55%), ms (8-11 g.s~ iabatic absorption, falling film column
[69] Col hamb H,O/LiB Ps (2-7.8 kPa), Ts (26-55 °C), Xs (48-55%) (8-11gs™ Adiabatic ab ion, falling fil |
[70] Vertical tube H,O/LiBr Ps (0.85-1.3 kPa), Ts (46.6 - 52.2 °C), Xs (57.3 - 60.3%), Res (90 - 250), Tc (30.0 - Single vertical tube inside a borosilicate glass, with a
2

41.7 °C), me (0.11 kg.s™)

22.0 mm outer diameter and 18.0 mm inner diameter.

Ps (Absorber operating pressure), Ts (solution temperature), Xs* (solution concentration), ms (solution flow), Res (solution Reynolds number), Tc (coolant temperature), mc, V¢ (coolant flow), Rec (coolant Reynolds
number). * concentration of ammonia for NH; based fluids and concentration of LiBr for LiBr based fluids.
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2.2.2. Spray absorber

The spray absorption configuration consists of an adiabatic chamber and solution
sprayer, Figure 3. The solution weak in refrigerant coming from the desorber is
introduced into the adiabatic chamber in a fine spray mode where it gets into contact
with the refrigerant in vapour state coming from the evaporator. Once the absorption
process takes place, the solution mixture, which is strong in refrigerant, leaves the

absorber through the lower section of the adiabatic chamber.

l‘c’v’e ak solution

Refrigerant vapor

—»

| Strong solution

Figure 3 - Diagram of a spray absorber.

The use of the spray mode to disperse the solution into the chamber in very fine drops
helps to reduce solution resistance for mass transfer and improves absorption potential.
As can be noted in Figure 3, spray absorption occurs without simultaneous heat transfer
in an adiabatic chamber. This makes the use of additional components necessary to sub-
cool the weak solution in order to enhance its absorption potential. Also, it is necessary
to recirculate part of the strong solution through the adiabatic absorber in order to
increase absorption and approximate it to solution equilibrium conditions. Experimental
studies on the absorption process in spray mode can be found in the literature
emphasizing the use of different spray types with organic mixtures [71], H,O/LiBr [72-
76, 78] or NH3/LiNO;3 [77, 79-81]. Studies in the literature included the use of spiral
[71], whirl jet [71, 73-74], hollow jet [71-72], full jet nozzle [71, 73], flat-fan nozzle
[76-78], fog-jet [79-80] and full cone nozzle [75, 81]. Those studies also report the
absorber performance based on the effects of absorber operating pressure [71-72, 75-76,
79-81), solution inlet temperature [40-50], solution inlet concentration [75-76, 79],
solution mas flow [71-77, 79-81] and coolant temperature [71]. Main outputs from these
studies highlight that the heat and mass transfer rates are positively affected when the
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absorber pressure, solution mass flow and solution inlet sub-cooling increase and when
the solution inlet temperature decreases.

The latest studies employing spray absorbers have shown that the use of full cone
nozzles is preferable, mainly, due to their large hole diameter which allows high flow
rates and avoids clogging [81]. A summary of the experimental studies carried out on

spray absorbers for absorption technologies is shown in Table 2.
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Table 2. Summary of experimental studies carried out on spray absorbers for absorption cooling/heating systems.

Reference Test Section Spray type Working fluid Test conditions

Spiral, whirljet, hollowjet . L i 000 0 i 1 R
[71] and fulljet nozzles Organic fluid mixtures | Ps (2.5 - 15 kPa), Ts (20 - 22 °C), Xs (25%), ms (200 - 400 kg.h™), Tc (30, 35, 40 °C)
(721 | Falling d;:ﬁi'ﬁgs}{fg'ow and H,O/LiBr Ps (0.72,1.32, 1.62, 1.92, 2.80 kPa), Ts (20 - 22 °C), ms (2.7 - 10 g.s*),
[73] Whirl jet and full jet nozzles H,O/LiBr Ps (1.23 kPa), Ts (65.5 - 82,2 °C), Xs (84%), ms (0.018 - 0.043 kg.s™)
[74] Whirl jet H,O/LiBr Ps (1.23 kPa), Ts (65.5 - 82.2 °C), Xs (84%), ms (0.018 - 0.043 kg.s™)
[75] Cone nozzle H,O/LiBr Ps (1.0 - 2.2 kPa), Ts (19 - 23 °C), Xs (58 - 60%), ms (28 - 47 kg.h™)
[76] Flat-fan nozzle H,O/LiBr Ps (0.6 - 2.2 kPa), Ts (21 - 27 °C), Xs (58 - 60 %), ms (84 - 194 kg.h™")
[77] Flat fan nozzle NH3/LiNO; Ts (24 - 30 °C), Xs (45.3%), ms (0.04, 0.06, 0.08 kg.s™)
[78] Falling dsrr?é’éf;s and fan H,O/LiBr Ts (21 - 32°C), Xs (57.5 - 62.5%)

- 0 - 0, -
[79] Fog-jet spray NHy/LINO, Ps (429, 601, 773, 945 kPa), Ts (26.67 - 30.66 °C), Xs (41.9 - 58.6%), ms (0.0542
0.0575 kg.s™)

[80] Fog-jet nozzle NH3/LiNO; Ps (355 - 411 kPa), Ts (25.9 - 30.2 °C), ms (0.04 - 0.08 kg.s™)
[81] Full cone nozzle NH3/LiNO; Ps (291 - 406 kPa), Ts (32.5 - 30.6 °C), ms (0.04 - 0.08 kg.s™)

Ps (Absorber operating pressure), Ts (solution temperature), Xs* (solution concentration), ms (solution flow), Tc (coolant temperature), * concentration of
refrigerant for ammonia based fluids and organic mixtures and concentration of LiBr for LiBr based fluids.
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2.2.3. Bubble absorber

The basic configuration of a bubble absorber consists of vertical absorber where the
solution weak in refrigerant flows upward through the solution channel and the pure
refrigerant vapour is injected at the bottom of the absorber (Figure 4). The refrigerant in
vapour state comes in the absorber in bubble mode and is absorbed by the solution
mixture as it rises. The heat load released during the refrigerant vapour absorption
process is extracted by a cooling fluid (usually water) circulating on the outside of the

solution channel.

T Strong solution

Cooling
water

R

Cooling

water

h
Weak solution | | Refrigerant vapour

Figure 4 - Diagram of a bubble absorber.

According to the open literature, bubble absorbers provide higher heat and mass transfer
coefficients, the mixing between solution and refrigerant is better, and absorption
process is simpler in comparison to falling film absorbers [82-83].

Interest on the investigation of the bubble absorption process for absorption systems has
also been increasing in the last years. Researchers have focussed on the description and
explanation of the phenomena that take place in the absorption and the way to improve
it in an effort to contribute to the technological development of absorption systems for
refrigeration or heating [84-101]. Documents reported in the open literature include
sensitivity studies of the heat and mass transfer processes in bubble absorbers with
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different mixtures by analysing the effect of the absorption heat removal [85], internal
tube diameter [85], solution flow [85-87, 94, 96, 98, 100-101], inlet solution
temperature [84, 86, 88, 96-98, 100-101], solution concentration [85-86, 90-82, 94-98,
100-101], solution side pressure [85-86, 92, 96], coolant flow [87, 94-95], coolant
temperature [87, 94, 101], inlet vapour temperature [88], inlet gas orifice size [90-91,
98-101], inlet vapour flow [90-91, 94-96, 98, 100-101]. In general terms, studies
reported have shown that the heat and mass transfer coefficients increase on increasing
the cooling water flow rate, solution flow rate, and the solution and vapour pressure.
The opposite effect is observed on increasing the cooling water temperature and
solution concentration. When the solution temperature is varied, just a very slight effect
may be observed in the heat and mass transfer performance of the absorber. A summary
of the experiments carried out on bubble absorbers for cooling/heating absorption
systems is shown in Table 3. This summary includes those studies that employed basic
configurations of absorbers, tray test sections and without the application of any passive
heat and mass transfer intensification techniques. In the case of plate absorbers, these

are considered advanced or compact absorber designs so they are listed in section 3.1.
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Table 3. Summary of experimental studies done over basic bubble absorber configurations for absorption cooling/heating systems.

Reference Test Section Working fluid Test conditions Note
(85] Congf:;;'t"u‘éig“ca' NH/H,0 Ps (126 - 333 kPa), Ts (9.5 - 33.5°C), Xs (34 - 45%), ms (2.1 - 26.2¢.s) |  Tube ID of 10, 15 and 20 mm, HR included.
[86] Concentric vertical NH3/LiNO; and NHs- ) 0o ) ) 1 Tube ID of 10, 15.3 and 20.5 and 25.7 mm, HR
glass tubes NaSCN Ps (120 - 370 kPa), Ts (20 - 40 °C), Xs (35 - 45%), ms (2.0 - 9.5 ¢.5™) included.
[87] Concentric vertical HCEC22/DME Ps (450 - 600 kPa), Xs (52 — 65%), ms (0.05 - 0.14 I.s%), Tc (20 - 30 °C), Six mild steel risers, each consisting of two
steel tubes Ve (0.25-0.41sY) concentric tubes, HR included.
[88] | Vertical polystyrene NHy/H,0 Ps (101 kPa), Ts (1.2 - 17 °C), Tg (5.1 - 19.4 °C) Bubble growth study without HR
[89] | Conesshapedacrylic| Ny /H,0 Ts (24.8°C), Vg (0.000002 - 0.000007 m’s™) Bubble growth study without HR
[90] | Rectangular glass NHy/H,0 Ps (101 kPa), Ts (22.5 °C), Vel,g (1.25-1855 m.s) Bubble growth study without HR
[91] Rectangular glass NHy/H,0 Ps (101 kPa), Ts (22.5 °C), Vel,g (1.25-18.5 m.s™) Bubble growth study without HR
[92] Rectangular cell NHy/H,0 Ps (400 kPa), Ts (20 °C), Xs (30.5, 42.4, 53.7, 59.4%) HR not included, no absorption obtained from an
ammonia concentration of 60%
[93] Cylindrical acrylic 0 g0 - ) - Solution and gas flow in counter-current
column NH/H,0 Ts (20°C), Xs (0 - 28%), s (0.3 kg.min™), mg (0.878 - 7.902 g.min"), configuration decrease the absorption process
) -1
[94] . Ps (600 kPa), Ts (115 °C), Xs (2.5, 10.3, 21.6%), ms (1.2 - 5 kg.h™D), Tc (20, .
Vertical glass tube NH3/H,0O 30, 40 °C), Vc (0.25 - 0.4 I.s'l), mg (0.9 kg.h'l), Tg (30 °C) Tube ID of 10 mm, HR included.
A A ) _ 0 311 _
[95] Concentric vertical R134a/DME Ps (120 kPa), Ts (30 °C), Xs (1 - 15 /%), Ys (0.0125 m*>.h™), Vg (0.006 Tube ID of 33 mm, bubble growth study with HR
glass tubes 0.006 m°.h™)
[96] Concentric vertical R1342/DME Ps (120 - 400 kPa), Ts (20 - 30 °C), Xs (1 - 20%), Vs (0.025 - 0.05 m>.h%), | Tube ID of 33 mm, heat and mass transfer process
glass tubes Vg (0.03 - 0.15 m®.h™), Ve (0.05 - 0.075 m>.hh) with HR
[97] | Cylindncal glass H,O/LiBr Ts (111 - 141 °C), Xs (46, 51, 56%) Bubble growth study without RH
[98] Concentric vertical R124/DMF Ps (165 kPa), Ts (26, 39, 45, 54 °C), Xs (26, 30, 40, 46%), Vs (2,4, 6,8 L.h" | Nozzle orifice diameters of 1.0, 2.0, 2.8 mm, HR
glass tubes Y, Vg (40 - 400 I.h'Y), Tc (33 °C), Ve (44 1.h™) included.
[99] Concentric vertical Ps (165 kPa), Ts (53 °C), Xs (44%), Vs (4 1.h™"), Vg (400 1.h™), Tc (33°C), | Nozzle orifice diameter of 1.0 mm with 3, 5and 7
R124/DMF 1 AR .
glass tubes Ve (40 1.h™) multi-orifices, HR included.
[100] Concentric vertical R124/DMF Ps (165 kPa), Ts (39 - 54 °C), Xs (30 - 41%), Vs (4 - 8 L.h™), Vg (80 - 400 | Nozzle orifice diameters of 1.0, 2.0, 2.8 mm, HR
glass tubes I.h'h), Tc (33 °C), Ve (80 1.h ) included.
[101] Concentric vertical R124/DMF Ps (165 kPa), Ts (36 - 55 °C), Xs (35 - 45%), Vs (4 - 8 1.h™), Vg (80 - 400 | Nozzle orifice diameters of 1.0, 2.0, 2.8 mm, HR
cooper tubes I.h'h), Tc (22-32 °C), Ve (40 1.h ™) included.

Ps (Absorber operating pressure), Ts (solution temperature), Xs* (solution concentration), ms,Vs (solution flow), Tc (coolant temperature), me, V¢ ( coolant flow), mg,Vg ( gas flow), Vel,g (gas

velocity), HR (heat removal), * concentration of refrigerant for ammonia based fluids and organic mixtures and concentration of LiBr for LiBr based fluids.
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2.2.4. Membrane absorber

Nowadays, the design of membrane-based absorbers appears to be an interesting option
for small thermal load capacity cooling/heating absorption systems. Membrane
absorbers consist of a constrained flow absorber which comprises a hydrophobic
microporous membrane media located between the solution and the refrigerant vapour
as shown in Figure 5. The membrane allows only the refrigerant vapour to seep through
into the weak solution while a solution transfer is not possible in the opposite direction.
In the case of the cooling water, it flows next to the solution flow separated by a wall.
As a result, the use of a membrane and constrained solution flows provide a high
specific surface area, and therefore high mass transfer rates [102]. The main
characteristics of membrane contactors for absorption systems were described in a
detailed review by Asfand and Bourouis [102]. Moreover, since this new concept has
been recently introduced for application into absorption cooling/heating systems, very
few investigations have been conducted to analyse the absorption potential of
conventional absorption working fluids in membrane absorbers. Those studies available
in the open literature include CFD analysis [103-104], theoretical studies [108-109] and
some experimental approaches [105-106, 131-134]. Experimental studies report mainly
on the absorber performance based on the effects of inlet solution temperature [105-106,
131-134], solution mass flow [105, 131-134], absorber pressure [131,132, 134], coolant
temperature [105-106, 131, 132].

Main outputs from the experimental studies show that the mass transfer rates increase
on increasing the solution inlet sub-cooling and solution mas flow. The opposite effect
is obtained on the mass transfer with increasing the cooling water temperature. A
summary of the experimental studies carried out on membrane absorbers for absorption

systems is shown in Table 4.

. Membrane Cooling water
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Figure 5 - Diagram of a membrane-based absorber [109].
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Table 4. Experimental studies done over membrane-based absorbers for absorption
cooling/heating systems.

Reference | Working fluid Test conditions Pore size
[105] H,O/LiBR Ts (24 - 29 °C), Xs (50.8 - 54%), Tc (15 -33 °C), ms (2.5 - 13.5 kg.h™}) 0.2 -0.45 pm
[106] H,O/LiBR Ts (31 - 43 °C), Xs (60%), Tc (25 - 35 °C), ms (2.5 kg.h™%) 1 um
[131] H,O/LIiBR Ps (0.8 - 1.8 kPa), Ts (25 - 35 OC)’k);.Sh('?)O%)l Tc (15-35°C), ms (0.6 - 2.1 1um
[132] H,O/LIiBR Ps (0.8 - 1.8 kPa), Ts (25 - 35 °C),k>;?<,h(_(li)0%), Tc (15-35°C), ms (0.6 - 2.1 1 um
[133] NHs/ H,0O Ps (130 kPa), Ts (21 - 31 °C), Xs (31.5 - 32.5%), ms (15 - 45 kg.h™%) 0.05 pm
[134] NHs/ H,0 Ps (130 — 150 kPa), Ts (24 - 35 °C), Xs (29 - 32%), ms (50 - 100 kg.h™) 0.03 um

Ps (Absorber operating pressure), Ts (solution temperature), Xs* (solution concentration), ms (solution flow), Tc (coolant

temperature), * concentration of ammonia for NH; based fluids and concentration of LiBr for LiBr based fluids.

3. Heat and mass transfer intensification in absorbers

The passive intensification of the heat and mass transfer phenomenon taking place in
absorbers can be obtained mainly by applying three techniques: use of advanced surface
designs or mechanical treatments, use of additives in working fluids, and
nanotechnology [115]. Due to the fact that the predominant resistance to the heat and
mass transfer is mainly found on the solution side, the techniques are usually applied to
this side to enhance the mixing of liquid and vapour phases and therefore improve heat
and mass transfer processes.

Investigations on these intensification techniques in absorbers have been conducted
more frequently in the last years. A brief description of these enhancement techniques is
presented in the following subsections. In addition, experimental studies dealing with
this issue are identified, detailed and reviewed. Investigations presented for each case
follow a chronological order.

3.1. Advanced surface designs

In falling film absorbers, for instance, heat and mass transfer take place generally on the
outer tube surface, so advanced surfaces or mechanical treatments are employed on this
side. Advanced surfaces can include treated surfaces such as scratched surfaces to
increase the surface roughness, constant curvature tubes, fluted tubes, micro-finned
tubes, corrugated plates, finned plates. Heat and mass transfer in bubble mode take
place inside tubes or channels where the absorbent solution and the refrigerant flow.
Therefore, mechanical treatments in bubble absorbers involve the use of internal
extended surfaces or corrugated surfaces. In the case of microchannel tubes, or compact
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and constrained designs such as plate and membrane absorbers, these are considered to
be advanced designs, so they are also included in this section. A review of the
experimental studies available in the open literature employing absorbers with advanced
surface designs for absorption systems is presented below.

In early studies, compact absorbers were evaluated in order to identify potential designs
for smaller absorbers [110-111]. For instance, Merrill et al. [110] evaluated the
performance of three type of bubble absorbers with compact designs for desorber-
absorber heat exchange absorption cycles applications (GAX). The designs tested
involved roughness, spiral flutes, and internal spacers. Even though the estimated heat
transfer coefficients were highly uncertain, experimental results did evidence an
enhancement in the GAX load when compared to base values. The authors also
concluded that the vapour injection process needed further improvement to foster
absorption. Later on, Kang et al. [111] carried out experiments for NH3/H,O falling film
absorption processes in a compact heat exchanger consisting of plates with enhanced
surfaces as shown in Figure 6. This particular absorber design had an offset strip fin
between two plates on the absorption side and rectangular plain fins between two plates
on the coolant side. The authors studied the effects of vapour and solution flow, inlet
sub-cooling of the solution flow and inlet concentration difference on heat and mass
transfer rates. From the sensitivity analysis, the authors noted that the solution Nusselt
number was more affected by the falling film solution flow rather than by the vapour
flow, while the Sherwood number was more affected by the vapour flow rather than by
the solution flow. Finally, the authors reported correlations of heat and mass transfer
coefficients for this design.

Liguid and Vapor Inlet

Cincy

hﬁn,c tﬂn »
»

Coolant

S5 S Inlet ——p
S fin pitch
dﬂ 4; b) Rectangular plain fin
“ Liquid and Vapor Qutlet Ly,
o AN
™ —
a) Test section !

fin pitch
¢) Offwet strip fin

Figure 6 - Absorber with rectangular fin and OSF studied by Kang et al. [111].
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Meanwhile, Yoon. et al. [112] evaluated the performance of a H,O/LiBr falling film
absorber employing tubes with different surfaces (such as: a bare tube, a floral shaped
tube, a twisted floral tube and a bumping bare tube). The experiments were conducted
varying the solution and cooling-water flow rate from 1.7 to 8.3 kg.min™ and from 80 to
310 kg.min™, respectively. In this study, the authors observed that tubes wettability
improved when the solution mass flow was increased, resulting in a positive effect on
the heat and mass transfer rates. From tubes tested, the twisted floral tube reported
about 40% higher heat and mass transfer rates in comparison to those with the bare
tube.

Comparative analysis of the absorption process using NHs/H,O in both the falling film
and the bubble mode has also been reported. Helbing et al. [113], for instance,
conducted experiments in a falling film in a vertical tube with a heat transfer area of
0.076 m? while experiments in bubble mode included a narrow plate channel with a heat
transfer area of 0.048 m? and different corrugation angles (30° and 60°). In this study,
the authors proved that for the plates tested the corrugation angle barely affected the
heat transfer performance of the absorber, however, it did represent a significant
increment in heat transfer (up to 3.0 times higher) when compared with using a plain
surface plate. In addition, when comparing falling film and bubble absorption modes,
the authors concluded that the absorption in bubble mode resulted in a significant
advantage in terms of heat and mass transfer due to a more effective and intensive
interaction between both the liquid and vapour phase. Also, the authors identified the
gas distribution system as a crucial element for improving heat transfer in this bubble
absorber configuration.

Lee et al. [114] evaluated the effect of solution and vapour flow rates on a plate-type
NH3/H,O bubble absorber and proposed correlations for the Nusselt and Sherwood
numbers. Initially, three types of plates were tested: smooth plate, hair-lined plate
treated by laser, and plate treated by sand paper. However, the main analysis was
focused on the plate treated by sand paper due to its better wettability.

Kim et al. [115] and Park et al. [116] carried out a sensitivity analisis based on the
effects of micro-scaled surface treatments on the wettability and absorption performance
of a H,O/LiBr falling film absorber. In this study, three types of tubes were tested; a
smooth tube, a tube N. 600 with a roughness of 0.384 um and a tube N. 24 with a

roughness of 6.986 um as shown in Figure 7a. The absorber, tested at a pressure of 0.94
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kPa, consisted of 28 copper tubes with a diameter of 16 mm and a length of 205 mm.

The results from this study corroborated that the wettability for the hatched tubes was

better than that of the smooth tube. Figure 7b depicts, for instance, that the absorption

performance of the absorber with the micro-hatching tubes was improved up to twice as

much compared with the smooth tubes.
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Figure 7 — [a] Micro-scaled hatched tubes N. 24, and [b] vapour absorption rate versus
solution mass flow rate, by Park et al. [116].

Even though falling film absorbers usually occupy large volumes due to their low

operating pressures and high specific volume of the refrigerant vapour, small designs

are possible to obtain by using microchannel tube arrays [126, 118]. Meacham and

Garimella [117] evaluated the ammonia absorption in a microchannel tube array

absorber as shown in Figure 8 (with dimensions of 0.162 x 0.157 x 0.150 m and
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surface area of 0.456 m?). In this configuration, the weak solution flowed in falling film
mode while the refrigerant vapour flowed upward in counter-current configuration. The
authors reported absorption thermal loads of up to 15 kW and solution heat transfer
coefficients as high as 1.648 kW.m?K™. In the case of the study reported by Goel and
Goswami [118], experiments were based on falling film tube absorbers consisting of 4
columns, each one with 60 horizontal tubes, and tested with and without a screen mesh
as shown in Figure 9a. The study was mainly focused on determining the absorber heat
duty for each absorber configuration. Figure 9b shows as reported that the thermal load
of the micro-channel absorber with the mesh was about 17% and 26% higher than that

of the design without the mesh.

Figure 8 — Microchannel absorber tested by Meacham and Garimella [117].

Research on compact absorbers has also yielded to the proof-of-concepts of constrained
film absorbers [119, 121]. For instance, Jenks and Narayanan [119] presented a
constrained film NH3/H,O horizontal absorber with different plate surfaces. In this
study, the refrigerant flowed through a porous plate to the weak solution side where it
was later absorbed and the coolant flowed in counter-current configuration. Figure 10a
shows the tested plates which include three channels with different smooth-bottom-
walls and structured bottom walls. For each configuration, the authors analysed the
effects of the weak solution and ammonia flow on the absorber heat and mass transfer
coefficients. According to the results in Figure 10b, the plate with the smallest channel
depth provided the highest mass transfer flows. Meanwhile, Cardenas and Narayanan
[121] tested the ammonia bubble absorption performance in a constrained thin-film
plate with micro-channels as shown in Figure 11. Two absorber designs were tested,
the first one with a 600 mm deep smooth-wall and the second one with a stepped

microchannel wall. In both absorber designs, the refrigerant vapour entered the test
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section in cross flow configuration to the solution through a porous area. The authors

reported mass transfer rates between 0.025 and 0.155 kg.s*.m™ for the smooth wall

option and between 0.025 and 0.235 kg.s™*.m™ for the stepped microchannel absorber.
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Figure 9 — [a] Close view of the screen mesh in between the tubes row and [b] absorber

duty vs solution flow rate [118].

Cerezo et al. [120] reported a complete sensitivity analysis of the heat and mass transfer

in a corrugated plate bubble absorber with NH3/H,O. The absorber was a plate heat

exchanger L-type with three channels where ammonia vapour entered in bubble mode

through the bottom of the central channel in co-current configuration with the solution

flow. Experiments were performed varying parameters such as inlet solution

concentration, solution temperature, solution flow rate, absorber pressure, and cooling-

water temperature. Moreover, values of absorption mass flux, solution heat and mass

transfer coefficients, and degree of sub-cooling of the leaving solution were reported.
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Results evidenced that the absorption mass flux varied in the range between 0.0025 and
0.0063 kg.m?s™, the solution heat transfer coefficient between 2.7 and 5.4 kW.m?K™,
the mass transfer coefficient between 3.6 and 7.2 m.h™", and the absorber load between
0.5and 1.3 kW.
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Figure 10 — [a] Three structured microchannels, CR, ACR, and SF, respectively, and
[b] absorber mass flux vs gas flow rate for various geometry channels [119].
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Figure 11 — Microchannel absorber concept [121].
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Lee et al. [122], giving continuity to studies on NH3-H,O falling film absorbers, tested
the performance of a compact horizontal-tube falling film absorber consisting of four
columns, each one of six tubes measuring 0.292 m in length and 9.5 mm in diameter,
Figure 12. In this case, tests were conducted in a test facility which included all the
components of a chiller and the effects of absorber operating pressure, inlet solution
concentration and solution mass flow on the absorber performance were reported.
Experimental results showed that the mass transfer coefficient in the liquid phase varied
from 5.51 x10°® to 3.31 x 10 m.s™ with an absorber heat duty ranging from 3.11 to
10.2 kW. Meanwhile, Alvarez and Bourouis [37] tested the performance of a falling film
absorber consisting of 6 tubes with treated surfaces working with a mixture of H,O and
LiINO3+KNO3+NaNO; for systems driven by high-temperature heat sources. In this
study, the vapour mass transfer was found to vary from 2.83 to 6.55 g.m™.s™* while the
solution heat transfer coefficient ranged between 0.623 and 1.716 W.m2.°C™.

Absorber Assembly as Installed | Tube Array

Figure 12 — Compact falling film tube absorber tested by Lee S., et al. [122].

More recently, Nagavarapu and Garimella [123] tested the absorber designed by
Meacham and Garimella [117] in a single-effect absorption test facility. This study also
evidenced on the effects of vapour and solution vapour flow rates, solution
concentration, and fluid thermal conditions on the heat and mass transfer coefficients.
Results showed that the absorber duty was up to 10 kW, the mass transfer coefficient up
to 0.25 m.s™* and the solution-side heat transfer coefficients varied between 1.450 and
3.450 kW.m?* K™,

Suresh and Mani [124], in turn, studied the heat and mass transfer aspects of
Tetrafluoroethane (R134a) in Dimethyl formamide (DMF) solution in a compact place

bubble absorber of a 1 TR capacity absorption refrigeration system. This study included
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the effect of the circulation ratio, and absorber and generator temperatures on overall
heat transfer coefficient, the heat and mass transfer effectiveness, and volumetric mass
transfer coefficient. As a result, the authors observed that heat and mass transfer
effectiveness of the absorber was higher at low circulation ratios and high generator
temperatures. Also, the authors proposed a correlation for the mass transfer in the plate
absorber based on a modified Sherwood number correlation which takes into account
the Reynolds number, the Schmidt number as well as non-dimensional temperature
gradients.

Jung et al. [125] estimated the thermal pperformance of ammonia bubble plate
absorbers for hybrid compression/absorption heat pumps. This work included the effect
of the inlet solution concentration, absorber internal pressure and absorber geometric
dimensions on the system COP, absorber thermal capacity, hot water outlet temperature
and ammonia solution heat transfer coefficient. Figure 14a shows the main
characteristics of the three plate absorbers that were tested in this study, each one with a
different physical dimension but with the same heat transfer area (0.08 m?). From this
study, the authors observed that the solution side heat transfer coefficient and the
absorber capacity (see Figure 13b) increase with an increase in the aspect ratio (L/D),

this being a more determining parameter than the aspect ratio (W/D).
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Figure 13 — [a] Schematic diagram of the plate absorber and [b] absorber duty vs

absorber pressure for the different absorbers types [125].
Even though compact absorbers, such as plate or constrained flow absorbers, offer high
absorption rates in small designs, they cannot be directly air-cooled, and therefore
water-cooling is needed requiring additional components. In case of direct air-cooled
absorption system designs, the absorption performance can be enhanced by using inner
advanced surfaces to improve the interface area of both the liquid and vapour flow and
facilitate the vapour absorption. Amaris et al. [126], for instance, studied the effect of
inner advanced surfaces on the NH3 absorption process using NH3/LiNO3 as working
pair in a tubular bubble absorber, Figure 14a. Experiments in the bubble absorber with
an internal smooth tube were also performed and compared with those achieved with
the advanced surface tube. The absorber performance with advanced surfaces using two
tube lengths (1 and 3 m) and two tube diameters (8 and 9.5 mm) was also investigated.
Results from these experiments showed that the absorption rate increased on increasing
the solution rate and that this trend was more pronounced with the advanced surfaces. It
was also reported that higher absorption rates could be reached on reducing the tube
diameter. Moreover, results showed that the maximum absorption rate with the
advanced surfaces tube absorber was up to 1.7 times higher than that of the smooth
tube, Figure 14b. Cerezo et al. [127] tested the NH3 absorption performance in the double
pipe absorber which includes a helical static mixer in both the central and annular sides. From
these experiments, the authors reported an improvement of 20% in vapor absorption and 31.6%

in thermal load with respect the configuration with smooth pipes.
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Figure 14 — [a] Cross-section view of the advanced surface tube and [b] Effect of
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Following the idea of Goel and Goswami [118], Wu et al. [128] evaluated the heat and
mass transfer rate in a H,O/LiBr falling film absorber including a stainless steel mesh
packing structure. The mesh consisted of forty-stainless steel mesh screens folded as
longitudinal troughs inserted between the horizontal tubes. Experiments were conducted
at an absorber pressure of 2.5 kPa, LiBr solution concentration of 55.75% and at an inlet
solution temperature of 40°C. The authors reported a maximum mass absorption rate of
around 15 kg.h™ using the mesh while it was around 12 kg.h™ without it. Based on the
results, the mesh increased the average solution mass transfer by 17.2% compared to
that of the bundle of tubes without the mesh. It was also observed that the use of the
mesh enhanced the solution heat transfer only at the highest solution flows. Finally, the
authors highlighted that the advantage of the mesh is that it extends the retention time of
the solution in the absorption zone. From the same test facility and in a similar study,
Chen et al. [130] reported that for the falling film absorber with M-W mesh guider
inserts, the heat and mass transfer coefficients were around 33.4% and 55.4% higher
than those of the bare tubes.

More recently, Mortazavi et al. [129] designed and tested a H,O/LiBr falling film plate
absorber with sandblasted offset-strip fins as presented in Figure 15. The experiments
were conducted varying the solution flow from 0,44 to 1,22 kg.min-.m™, the solution

temperature from 30 to 38 °C and the cooling water temperature from 35 to 35 °C
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among others. According to the authors, the new absorber design provided absorption
rates up to two times higher than those values of conventional falling film absorbers in
the literature.

Fin Height

Figure 15 — plate absorber and lanced offset fins [129].

The latest studies have also involved membrane-based absorbers which appear as a
promising passive mechanical technique for miniaturising components [109,131,132].
For instance, Isfahani R.N. and Moghaddam [131] quantified the effects of cooling
water temperature, water vapour pressure, solution flow velocity, and solution film
thickness on the absorption rate in a H,O/LiBr absorber configured as shown in Figure
13. From the experiments, a positive effect on the mass transfer was observed on the
increasing the vapour pressure and the solution flow. Interestingly, it was also observed
that the mass transfer increased on reducing the solution film thickness. This was due to
the fact that the contact interface between the vapour and solution was improved.
Finally, the authors reported absorption mass fluxes varying from 0.0017 to 0.0077
kg.m™.s™ and highlighted that at a pressure of 1.3 kPa the absorption rate reached in the
membrane-based absorber was up to two and half times higher than the rates reported in

previous falling film studies.
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Figure 16 — Membrane-based plate absorber [131].

Berdasco et al. [133] evaluated the NH; mass transfer in an adiabatic flat sheet
membrane absorber (with dimensions 14.6 cm x 9.5 cm) as a function of the solution
inlet sub-cooling and solution mass flow. In this study, the authors employed a
hydrophobic polytetrafluoroethylene (PTFE) laminated membrane reporting absorption
rates up to 4.7x10° kg.m?s™ at a solution mass flow of 45 kg.h™. Then, Berdasco et al.
[134] reported on the NH3; mass transfer this time in adiabatic polymeric hollow fiber
membranes resulting in absorption rates up to 3.0x10™ kg.m?s™ at a solution mass flow
of 100 kg.h™.

A summary of the experimental studies available in the open literature employing
absorbers with advanced surface designs for absorption systems is listed in Table 5.
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Table 5. Summary of experimental studies applying mechanical treatments in absorbers for absorption cooling/heating systems.

Reference Test Section Working fluid Test conditions Note
P . Ts (17 - 37.2°C), Xs (5 - 15%), ms (4.0 - 10.15 g.s ™), yg (64.7 - 79.7%), Tg (54.5 - 66.5 °C), | Plate with offset strip fins on the absorption side, and rectangular plain fins on the
(111] Falling film - plate type HO/LIBr mg (0.62 - 0.90 g.s%), mc (98.83 - 121.25 g.s™) coolant side
. . . ) =t ) . Tests with a bare tube, twisted floral tube, floral shape tube, bumping bare tube.
[112] Falling film - Tube arrays H,O/LiBr Ts (40 °C), Xs (58%), ms (1.7 - 8.3 kg.min™), Tc (28°C), mc (80 - 310 kg.min™) tube bank of 6 rows and 8 tubes
[113] falling film/bubble mode NHy/H,0 Ts (24.8 - 39.8°C), Xs (5 - 20%), ms (29 - 90 kg.h%), Tg (9.8 - 29.8°°C) Plate type heat exchanger with ng;‘r’gg;'t‘i’gnang'e of 30° and 60° and without
[114] Bubble mode - Plate type NH3/H,0 Ts (20 °C), Xs (0-30%), ms (0.3 kg.min) Tests with a plate treated by sand paper
Three types of tubes tested: a smooth tube, and tubes with a roughness of 0.384
[115] Falling film - Tube arrays H,O/LiBr Ps (94 kPa), Ts (30 - 50 °C), Xs (50 - 62.1%), ms (0.74 - 2.71 kg.min™) um and 6.986 um, wettability and mass transfer improved by using micro-
hatching tubes.
— . e ~10 290 N it Absorption performance with the micro-hatching tubes improved up to 2 times
[116] Falling film - Tube arrays H,O/LiBr Ps (0.94 kPa), Ts (36 - 46 °C), Xs (55-61%), Tc (24-32 °C), mc (1-9 I.min™) compared with the smooth tubes.
R Ps (355 - 680 kPa), Ts (52 - 81 °C), Xs (28-35.1%), ms (0.0151-0.0266 kg.s™), yg (0.93- .
[117] Falling film - Tube arrays NH3/H,0O 0.98%), V¢ (0.000095-0.000158 m’s") Microchannel tube arrays
0 0, - -1 0, o,
[118] Falling film - Tube arrays NH3/H,0O Ps (281 kPa), Ts (43 °C), Xs (30 A)é?ﬁ)(l%él(gol ?gog‘.’i:))' y9 (95.6%). Tg (58 °C), mc (88.7 Falling film absorber with and without screen mesh-enhanced micro-channels
o 0 _ in L 0 _ in-t
[119] Bubble mode - Plate type NH3/H,0 Ps (400 kPa), Ts (22.5°C), Xs (15%), ms (10 - 30 gmin )_,1Tg (22.4°C), mg (1-3g.min"), Tc Plates with different smooth-bottom-walled and structured bottom walls channels.
(10.6 °C), mc (269 g.min™)
[120] Bubble mode - Plate type NH3/H,0O Ps (160 - 200 kPa), Ts (35 - 55 °C), Xs (30 - 38%) Plate heat exchanger with corrugations
Bubble mode - Constrained o o ) - ) - Eao Two plate absorbers, one with a 600 mm deep smooth-wall and one with a
[121] plate type NH3/H,0O Ps (620 kPa), Ts (75 °C), Xs (29%), ms (10 - 55 g.min™), mg (1-5 g.min™), Tc (30 - 58 °C) stepped microchannel
[122] Falling film - Tube arrays NH3/H,0 Ps (150, 345 and 510 kPa), Xs (5, 15, 25, 40%), ms (0.019, 0.026 and 0.034 kg.s™) Compact falling-film absorber consisting of 4 columns of 6 tubes
R H,O+ Ps (30-35 kPa), Ts (90 - 110 °C), Xs (75 - 82%), ms (0.010 - 0.021 kg.m™s ™), mc (150 - 235 | 6 copper tubes with treated surfaces. Tube outer diameter of 16 mm and 400 mm
[37] Falling film - Tube arrays | | ;. L |KNOs+NaNOs LY, Tc (70 - 86 °C) long
[123] Falling film - Tube arrays NH3/H,0 Xs (20 - 40%), ms (0.011-0.023 kg.s™), Xg (40 - 55 °C), Tc (20 - 40 °C), mc (0.139 kg.s™) Falling-film absorber with microchannel tube arrays
[124] Bubble mode - Plate type R134a/DMF Ts (17-35°C) Compact bubble absorber (plate heat exchanger)
[125] Bubble mode - Plate type NH3/H,0 Ps (1150 - 1850 kPa), Xs (49 - 55%), ms (0.09 kg.s™%), Tc (50 °C), mc (0.05623 kg.s™) Three plate absorbers with different physical dimensions
) . . o N ) Et o ) 1 Tests with smooth and internal helical micro-fined surface tubes, absorption rate
[126] Bubble mode - double pipe NH3/LiNO3 Ps (510 kPa), Ts (45 °C), Xs (45%), ms (10 - 72 kg.h™), Tc (35 - 40 °C), Vc (80 - 435 .h™) with the advanced surfaces up to 1.7 times higher than that with the smooth tube
[127] Bubble mode — double pipe NHy/H,0 Ps (570 kPa), Xs (40.5%), ms (0.03 kg.s™), mc (0.255 kg.s™) Helical static mixer in both thea%‘;g‘rr;t'iﬁgdoi‘ggﬂ/'fr sides, improvement in vapor
[128,130] | Falling film - Tube arrays H,O/LiBr Ps (2.5 kPa), Ts (40 °C), Xs (55.75%), Tc (105 °C), Ve (40 L.min™) Forty-stainless steel mesh screer With wire diameter of 0.2 mm insefted between
I . ) 20 ) ) L1 a2k Sandblasted fins made of copper. Thickness, fin height, lanced length, and pitch
[129] Falling film - plate type H,O/LiBr Ps (0.8 - 1.4 kPa), Ts (30 - 38 °C), Xs (54 - 59%), ms (0.44 - 1.22 kg.min"m™) Tc (25 - 35 °C) of 0.15 mm, 6.35 mm, 6.35 mm and 11.6 mm, respectively.
[131,132] | Constrained flow - membrane H,O/LiBr Ps (0.8 - 1.8 kPa), Ts (25 - 35°C), Xs (60%), ms (0.6 - 2.1 kg.h'), Tc (25 - 35 °C) Membrane with pore size of 1 um and is 80% porous. Solution flow micro-
channels of 160 and 100 um deep
[133] Constrained flow - membrane NHs/H,0O Ps (130 kPa), Ts (21 - 31 °C), Xs (31.5 - 32.5 wt.%), ms (15 - 45 kg.h’l) Flat sheet membrane absorber with an average pore diameter 0.05 pm
[134] Constrained flow - membrane NH3/H,0 Ps (130 - 150 kPa), Ts (24 - 35 °C), Xs (29 - 32 wt.%), ms (50 - 100 kg.h™) Polymeric hollow fiber membranes with an average pore diameter of 0.03 pm

Ps (Absorber operating pressure), Ts (solution temperature), Xs* (solution concentration), ms,Vs (solution flow), Tc (coolant temperature), mc, V¢ ( coolant flow), mg,Vg ( gas flow), Vel,g (gas velocity), yg (vapour concentration), * concentration of

ammonia for NH3 based fluids and concentration of LiBr for LiBr based fluids.
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3.2.  Additives in working fluids

Use of additives in working fluids, which have been extensively investigated, consists
in the addition of small quantities of active agents (surfactants) to induce surface tension
gradients in the solution and vapour. This causes the Marangoni effect (interfacial
turbulence as visualized in Figure 17) and leads to higher heat and mass transfer
coefficients [135]. Other additives were used to improve the transport properties of the
working fluids [151].

a. For Oppm of 2ZE1H b. For 500ppm of ZE1H c. For 1500ppm of ZE1H

Figure 17 - Visualisation of Marangoni convection by Kang et al. [142].

Studies have highlighted that the presence of additives in the vapour flow may have a
higher effect on the surface tension than on the absorbent solution [135]. It was also
found that the surface tension of the absorbent solution with the presence of additives
decreases as the absorbent solution concentration increases [136]. Based on those
findings, it can be concluded that the surface tension affects flow patterns to a large
degree. In the bubble mode absorption, the interfacial area between the liquid and
vapour phase is significantly affected by the surface tension of the liquid. The higher the
surface tension is, the lower the total interfacial area and bubble breaking phenomena is.
In configurations like those in a falling film flow, the wettability on the tubes is also
affected by the surface tension of the solution, limiting the heat transfer, and the mass
transfer. The higher the tension of the surface is, the lower the tube wettability and

absorption potential are.

Based on the results mentioned above, several studies have focused on the addition of
small quantities of a third component to a base fluid or vapour in order to reduce surface
tension and facilitate refrigerant vapour absorption. Characteristics such as the
components and concentration of the additive and the concentration of base fluids have
been identified as key factors which influence heat and mass transfer enhancement in

absorbers for absorption cooling/heating systems.
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This sub-section explores the experimental investigations employing surfactants or
other substances in binary mixtures to improve the absorption process for absorption
systems.

Following the studies reporting the effect of additives on the surface tension of aqueous
solutions, Hihara E. and Saito [137] carried out a study on water vapour absorption into
H,O/LiBr in falling film mode with the addition of 2-ethyl-I-hexanol. In this study, a
flat plate was used as an absorber and the influence of parameters such as the
concentration of the additive, solution flow rate, and the plate angle inclination on the
vapour absorption were studied. The main output from this work was a significant mass
transfer enhancement up to 5 times higher than that of the base fluid. It was also
observed that no difference on the absorption rate was observed when varying the
additive concentration from 60 to 100 ppm. Some years later, Hoffmann et al [138]
experimentally evaluated the single and combined effect of knurled tubes and additives
on the heat transfer of a LiBr solution in a falling film tube absorber. The absorber
consisted of 24 tubes arranged in a row. In the case, 2-ethyl-I-hexanol was also
employed at various concentrations. Results from this study showed that improvements
in the heat transfer coefficient obtained with the knurled tubes were up to 40% higher
than those obtained with the plain tube, especially at low flow rates. In addition, the use
of additives represented improvements in the heat transfer coefficient of up to 140%
with respect to the base case. Meanwhile, Moller and Knoche [139] selected the
NH3/H,O mixture and evaluated the effect of different surfactants on the absorption
process in a compact absorber. The compact absorber was a compact brazed plate heat
exchanger with an offset strip fin (OSF) as illustrated in Figure 18a. The authors
employed surfactants to reduce the surface tension of the solution and the interfacial
tension between solid surface and solution, and to improve the wettability of the walls
of the channels and mass transfer. In this case, the surfactants used were Marion PS
(0.25 wt.%, 0.4 wt.%), Marion A (0.25 wt.%, 0.5 wt.%), Dehydol LT 14 (0.5 wt.%),
Emulgin B1 (0.5 wt.%, 0.91 wt.%), I-Octanol (50, 100 and 500 ppm). From this study,
the authors confirmed that the use of surfactants strongly reduced the surface tension
and improved the wettability of the compact heat exchanger plates and mass transfer.
The authors also found that the best result in terms of the measured absorption rates was

achieved with 50 ppm of dissolved 1-octanol, Figure 18b.
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Figure 18 — [a] Compact absorber and [b] ammonia absorption in water-octanol solutions, by

Moller and Knoche [139].

Similarly, Nordgrent and Setterwall [140] reported the effect of the addition of 1-
Octanol to a mixture of water and glycerol on the wave pattern that takes place in the
falling film mode absorption process. Experiments were conducted with different mass
flow rates (Re 40-260) and varying the surface tension of the mixture by changing the
surfactant concentration. The absorber was a column of 6 m with an outside diameter of
51 mm and a wall thickness of 1.2 mm placed within a glass cylinder. Based on the
experimental results the authors observed that the interfacial tension of the fluid
decreased sharply when the surfactants were added resulting in more uniform waves in
the falling film. The authors also noted that the surfactant concentrations under the
saturation limit stabilised the falling film meanwhile concentrations over the limit
destabilised the film.

Kim et al. [141] also reported on the absorption of water vapour to aqueous lithium
bromide in a vertical falling film mode adding 2-ethyl-I-hexanol (1 to 100 ppm). In this
case, the absorber tested, shown in Figure 19, consisted of two concentric tubes with an

inner stainless-steel tube (measuring 1.83 m in length) and an outer Pyrex tube to
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facilitate the observation. In this absorber, the LiBr solution flowed down the outside of
the inner tube. The absorption took place at the outer wetted surface of the inner tube
and the heat released by the absorption process was evacuated by cooling water flowing
upward inside the inner tube. The authors observed that the film became highly
turbulent during the absorption, starting from a surfactant concentration of 3-6 ppm and
reaching a maximum effect near to 30 ppm. As a result, the heat and mass transfer was
significantly enhanced. The authors concluded that the interfacial turbulence obtained
was due to surface-tension gradients caused by the additive concentration, LiBr

concentration, and the high temperature produced in the interface.
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Figure 19 - Vertical Falling film absorber tested by Kim et al. [141].

For their part, Kang et al. [142] contibuted to the development of NH3/H,O systems,
reporting interfacial tension and surface tension data for NH3/H,O systems and various
surfactants. The authors also visualised the Marangoni convection effect resulting from
the use of surfactants. In this study, experiments with eight additives were carried out;
2-ethyl-1-hexanol (2E1H), n-Octanol (n-O), 2-Octanol (2-O), 3-Octanol (3-O), 4-
Octanol (4-0), n-Decanol (n-D), 2-Decanol (2-D) and 3-Decanol (3-D). It was then
observed that the limits of solubility of the additives in NH3/H,O varied from 500 to
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3000 ppm depending on the type of addive. It represented much larger values compared
to those in H,O/LiBr solution (70 to 400 ppm). The authors also reported that the
surface tension rose by increasing the ammonia concentration for n-O, 2-D, 2-O, 3-D
and 2E1H while it decreased for n-D, 3-O, 4-O. Finally, the authors reported a new
model for the Marangoni convection using the best additives for NH3/H,O absorption
systems.

Given the potential of obtaining a synergistic effect combining the use of advanced
surfaces and additives [138], Miller [24] measured the absorption rate and determined
the heat transfer coefficient in a H,O/LiBr horizontal tube absorber comparing several
advanced surface tubes and additives such as 2-ethyl-1-hexanol. The bundle of tubes
consisted of six tubes made of copper, each one with an outer diameter of 15.9 mm and
a length of 320 mm. The author reported that the tested advanced surfaces increased the
mass transfer up to 1.75 times those values with the smooth surface tubes while the
improvement with the additive was up to 2 times, Figure 20. The author also noted that
the mass absorbed with the combined use of advanced surface tubes and additive
increased by about 10 to 25% compared with the values of the additive and the smooth
surface. Finally, the author concluded that the enhancement brought about by the
mechanical mixing of advanced surfaces was not as effective as the enhancement
induced by the chemical agitation of the additive and only produced a rather slight

synergistic effect.
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Figure 20 — Smooth tube and advanced tube bundles tested with and without 500 ppm of 2
ethyl-1-hexanol [24].
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Yoon et al. [143] focused on the enhancement of the heat transfer by n-Octanol into
H,O/LiBr solutions. It also included the use of different tube surfaces, such as a bare
tube, a floral tube and a hydrophilic tube, in a horizontal configuration as presented in
Figure 21a. From this study, the authors obtained the highest wettability and heat
transfer coefficient with the hydrophilic tube, however, higher heat transfer coefficients
were achieved with the floral tube when the additive was added, Figure 21b. The
authors also highlighted that the addition of surfactant concentrations higher than 3500

ppm did not show improvements in the heat transfer coefficient.
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Figure 21 — [a] Tubes and flow patterns and [b] heat transfer coefficient for the three case
studies, by Yoon et al. [143].

Kyung and Herold [144] also added 2-Ethyl-Hexanol to a mixture of H,O/LiBr in order
to analyse its absorption enhancement potential. Tests were conducted in a falling film
absorber consisting of 4 and 8 tubes, with tube lengths of 360 mm and 470 mm, and an
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outer diameter of 19.05 mm. The authors obtained a maximum effective heat transfer
coefficient enhancement of 1.67 at an additive concentration of 100 ppm, solution
concentration of 60% and employing a 4 tube bundle. For higher additive
concentrations, no enhancement was noted. Finally, the authors supported their results
based on the driving Marangoni convection effect. Meanwhile, Kang and Kashiwagi
[145] employed n-octanol as surfactant but in an NH3/H,O solution. The authors also
visualised the Marangoni convection induced by the additive and noted that it occurred
near the vapour-liquid interface. Reported absorption heat transfer enhancement was as
high as 3.0 - 4.6 times the result of the base solution.

Park et al. [146] evaluated the combined effect of N-octanol and surface roughness of
micro-hatched tubes on the absorption performance for a H,O/LiBr horizontal tube
absorber. The test facility was the same used by Kim et al. [141] and Park et al. [116].
From this study, the authors reported that for the bare tube, absorption mass rate with
the additive was improved up to 3.76 times more than that without the additive fluid,
Figure 22a,b. Also, the effect of the additives on the heat transfer rate was noted to be
more meaningful in the bare tube than that in the micro-hatched tubes. Finally, the
authors obtained that the absorption mass rate for the micro-hatched tube and the
additive was up to 4.5 times higher than that produced by the bare tube without the
additive (Figure 22a,b).
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Figure 22 — Absorption rate vs flow rate, [a] without additive and [b] with additive, by Park et
al. [146].

Cheng et al. [147] studied the enhancement effects of additives (2-ethyl-1-hexanol and
1-octanol) on a vertical falling film absorber with H,O/LiBr. The absorber consists of
two concentric tubes in a vertical disposition. The outer tube, which had an outer
diameter of 90 mm and a thickness of 5 mm, was made of acryl glass. The inner tube,
which was made of stainless steel, had an outer diameter of 15.88 mm and a thickness
of 1 mm. The effective length of the absorption tube was 1 m. The cooling water flowed
upward through the inner tube and the solution flowed in a falling film on the outer
surfaces of the inner tube. According to the experimental results, the authors confirmed
that small amounts of 2-ethyl-1-hexanol or 1-octanol (5, 10, 30, 50, 100 ppm) enhanced
the heat transfer during the absorption process significantly and also that the additive
concentration was a key parameter to be taken into account. Kim et al. [148] observed
that surfactants also enhanced the absorption rates during the bubble absorption process
and that the 2-Ethyl-1-hexanol showed the highest effect on the absorption rates from
the considered surfactants (2-Ethyl-1-hexanol, n-octanol, and 2-octanol). In addition,
results showed that the addition of 700 ppm of 2-ethyl-1-hexanol enhanced the
absorption performance up to 4.81 times more in an ammonia solution with a

concentration of 18.7% (see Figure 23).
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Figure 23 — The effective absorption ratio for the addition of surfactant [148].

Nakoryakov et al. [149] measured the heat and mass transfer intensification of the water
vapour absorption into H,O/LiBr using the additive n-octanol (25 - 400 ppm).
Experiments were conducted in a vacuum cylindrical chamber made of stainless steel
(165 mm in diameter and 87 mm in length) which was filled with a solution of
H,O/LiBr (58%) and additives. The water vapour was introduced into the chamber from
the top of it. The water vapour pressure in the vacuum chamber was kept at about 2 kPa.
The local characteristics of heat and mass transfer and surfactant effect were visualised
through an infrared glass and recorded by a high-resolution camera. From this study, the
authors confirmed that addition of surfactants into a solution generated surface
convection even if the solution layer is initially immobile. Fu and Shigang [150]
evaluated the absorption process in a H,O/LiBr vertical falling film tube absorber with
(2-Ethyl-1-hexanol) and without addives. Mass transfer coeficcients of up to 5 g.m?2.s™
were observed at a cooling water temperature of around 25 °C. The additive enhanced
the mass transfer rates almost twice as much compared with the solution without
additives at an inlet solution temperature of 40 °C. When the cooling water temperture
encreased, the mass transfer coeficcients decreased.

Lastly, Oronel et al. [151] conducted a sensitivity study of an absorption process in an
L-type plate heat exchanger bubble absorber using the NH3/LiNO3 mixture. The authors
analysed the effect of the solution mass flow, cooling water temperature and ammonia
concentration on the absorber performance parameters (absorption mass flux, solution
heat and mass transfer coefficient, and outlet subcooling degree) with NH3/LINOs.

Then, experiments were conducted with a ternary mixture NHs/(LiNOs+H,0) which
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included the addition of a small amount of water in the absorbent (25 wt.%).
Experimental results with the NH3/LiNO3; were correlated and Nusselt and Sherwood
numbers correlations were reported. The main conclusion from this study highlighted
the fact that the addition of a small amount of water to the binary mixture resulted in the
lower viscosity of the NH3/(LiINO3+H,0) and improved the heat and mass transfer
processes taking place in the absorber. For instance, the absorption mass flux achieved
with the ternary mixture ranged from 0.00400 to 0.00595 kg-m™-s™ as illustrated in
Figure 24a. In the case of the solution heat transfer coefficient, it varied from 3.5 to 8.1
kW-m?2.K™* as shown in Figure 24b. Results indicated that the absorption mass flux
obtained with the ternary mixture was between 1.3 and 1.6 times higher than those of
the binary mixture at similar operating conditions. In the case of the heat transfer
coefficient, the improvement obtained was up to 1.4 times higher.

Table 6 lists the experimental investigations available in the open literature and their

main test characteristics.
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Figure 24 — Effect of the solution flow rate on: [a] mass absorption flux and [b] solution heat
transfer coefficient for NHs/LiNO3z; and NHz/(LiNOs+ H,O) mixtures [151].
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Table 6. Summary of experimental studies employing additives in binary mixtures for absorption cooling/heating systems.

R@ference Test Section Wﬁzli(éng Test conditions Additives Note
S . R . Ts (40 °C), Xs (57.3%) Res (180 - 480), Tc Mass absorption increases from 4 to 5 times with respect to the base
1d137] Vertical falling film absorber - flat plate H,O/LiBr (30 °C), plate angle (15, 30, 49, 90°) 2-ethyl-1-hexanol (2E1H) (0, 60, 100 ppm) fluid
1 Horizontal falling film tube absorber (with . _Aa0 a0 ; 1 Heat transfer coefficient enhancement up to 40% with the knurled
1 1{138] smooth and knurled tubes) HO/LiBr Ts (40 - 43°C), Xs (40 - 61%) 2-ethyl-1-hexanol (2E1H)(10, 20, 640 ppm) tubes and up to 140% with the additives
I'_ Vertical falling film absorber - Compact Marion PS (0.25 wt.%, 0.4 wt.%), Marion A (0.25 wt.%,
%139] late heat excr?an er with offset stri pﬂn NH3/H,0 Ps (4.9 kPa), Ts (20 °C), Xs (0.25 - 0.91%) | 0.5 wt.%), Dehydol LT 14 (0.5 wt.%), Emulgin B1 (0.5 The highest absorption rates were obtained with 1-octanol.
14 P Y P Wt.%, 0.91 wt.%), I-Octanol (50, 100 and 500 ppm)
1 140] Falling film column - Tray column made of H,0 and Ts (25°C), Xs (54%) 1-Octanol ( 100-950 ppm) Interfacial tension (_)f the fluid decreases sharply until a 300 ppm
1 glass glycerol concentration when the surfactants were added.
17 Vertical falling film tube absorber with an . Ps (1.0 kPa), Ts (40 °C), Xs (60%), Tc (30 : 1 Maximum interfacial film turbulence effect on the absorption
1 0[141] inner stainless-steel tube HO/LiBr °C) 2-ethyl-1-hexanol (1 to 100 ppm) process reached near to 30 ppm.
10
1 Tray column made of tempered flat glass Ps (101 kPa), Ts (15 °C), Xs (5, 10, 15, and 2-ethyl-1-hexanol (2E1H), n-Octanol (n-O), 2-Octanol The limit of solubility was the lowest for 3-Decanol (500 ppm),
Y142] with vapour inlet from the top NHy/H,0 20%) (2-0), 3-Octanol (3-0), 4-Octanol (4- ), n-Decanol (n- while it was the highest for 4-Octanol (3000 ppm)
20 D), 2-Decanol (2-D) and 3-Decanol (3-D) (0 - 8000 ppm) '
21 Mass transfer involving the individual use of advanced surfaces
Horizontal falling film tube absorber (with . o ) . tubes and additives around 1.75 and 2 times higher than those values
22[21] smooth and advanced surfaces) HO/LiBr Ps (0.86 kPa), Xs (60 and 62%) 2-ethyl-1-hexanol (500 ppm) with the smooth surface tube, respectively. Mass absorbed by using
oth techniques was up to 1.25 times that with only the additives
both techni 1.25ti hat with only the additi
24 i ing fi i
,O/LiBr s (0. a), Ts , Xs 0 n-octano - ppm mproved heat transfer until a surfactant concentration o ppm
S5j143] Hor'zgmgéfﬁ';'g‘cf’;é'\’/‘;‘rfg?g :‘Sff‘::;esg with | onis Ps (0.93 kPa), Ts (45 °C), Xs (60%) I (500 - 5500 ppm) | dh fer until a surf ion of 3500
T - - -
26144) Horizontal falling film tube absorber H,O/LiBr Xs ((280(;3())0?286(?“2151)0_?:?3%9%)) mc 2-ethyl-1-hexanol (0 - 500 ppm) Heat transfer improvement upstoolult.iiatlmes with respect to the base
2g145] Horizontal flow aps_orbgzr with upper NHs/H,0 Ps (200 kPa), Ts (20 °C), Xs (0, 5 and 20%) n-octanol (0 - 800 ppm) Heat transfer enhancement as high as 3_.0 - 4.6 times with respect to
vapour injection the base solution
29 : " "
. A . Absorption rate enhancement up to 3.76 times with heat transfer
0
3Q146] Horizontal falling film tube absorber (with H,O/LiBr Ps (0.94kPa), Ts (36, 41 and 46 °C), Xs n-octanol (400 ppm) additive and up to 4.5 times combining both advanced surfaces and
31 smooth and advanced surfaces) (55, 58 and 61%) additives
22[147] Vertical falling film tube absorber H,O/LiBr Ps (0.9 kPa), Ts (40 °C), Xs (60%) 2-ethyl-1-hexanol and l—gg;z:;ol (5, 10, 30, 50 and 100 | Even small amounts of ?ﬁedlatllj\égsrpctai\gnegrgggsesthe heat transfer during
34 . Ps (100 kPa), Ts (20 °C), Xs (0, 8, 14.3 and Maximum effective absorption ratio of 4.81 was obtained with 700
35[148] Bubble mode - Vertical test column NHa/H,0 18.7%) 2-Ethyl-1-hexanol, n-octanol, 2-octanol (0- 1000 ppm) ppm of 2-ethyl-1-hexanol in an 18.7% ammonia solution.
26
e Cylindrical chamber with vapour entering . ) ) ) Confirmation of solution surface convection generation by addition
371149] the test section from the top H,O/LiBr Ps (2 kPa), Ts (20 -50 °C), Xs (58%) n-octanol (25 - 400 ppm) of surfactants
3 . A . Ts (35-45°C), Xs (57.2 - 60%), Tc (25.8 - Maximum mass transfer rate enhancement was almost twice the
33150] Vertical falling film tube absorber H,O/LiBr 38.2°C) 2-ethyl-1-hexanol mass transfer reached without additive
= - - - - - -
4q151] Bubble mode - Plate type absorber NHy/LiNOs Ps (510 kPa), Ts (45 °C), Xs (43.5 - 48%), H,0 (25% in the absorbent) Mass absorption flux with the ternary mixture up to 1.6 times higher

Tc (35 - 40 °C)

than that of the binary mixture

P ?bsorber operating pressure), Ts (solution temperature), Xs* (solution concentration), ms,Vs (solution flow), Res ( film Reynolds number ), mc (coolant flow), Tc (coolant temperature), * concentration of ammonia for NH; based fluids and concentration of
LiBr for LiBr based fluids.
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3.3. Nanoparticles in working fluids

Advances in nanoparticle synthesis and the reduction in the acquisition prices have
resulted in an interesting opportunity to employ nanotechnology in absorption
cooling/heating systems as a technique for enhancing heat and mass transfer processes
taking place in the main components of these systems. In this case, the working fluid
including nanoparticles is usually called binary nanofluid, which means a binary
mixture with evenly suspended nano-sized particles (dp,< 100 nm),(Choi, [152]).

Studies in the literature have shown that the thermal conductivity of the conventional
absorption working fluids can be enhanced if a small amount of nanoparticles is added
to the fluid. For instance; the effect of adding carbon nanotubes (CNTs) to the thermal
conductivity of the NH3/H,O mixture resulted in an NH3/H,O + CNTs mixture thermal
conductivity up to 16% higher than that of the base mixture [153]. In the case of the
thermal conductivity of the H,O/LiBr, an increase of only 0.1% was observed with an
Al;O3 nanoparticle volume concentration of 2.2% in 50 wt.% LiBr solution [154] and of
3.6% with 1% (v/v) of n-decane oil droplets in 30 wt.% H,O/LiBr [155]. In addition,
Cuenca et al. [156] determined the thermal conductivity of the mixture
NH3/LiNOs+Carbon nanotubes. Experimental measurements were carried out at
concentrations of NH3 and CNTSs in weight, varying from 30% to 50% for NH3, and
from 0.005% to 0.2% for CNTs. The thermal conductivity of the nanofluid under study
was determined at temperatures ranging from 303.15 K to 353.15 K, at 1.5 MPa. In this
investigation, the highest thermal conductivity value was obtained with 40 wt.% of NH3
concentration and 0.01 wt.% of CNTs. The maximum enhancement value was 7.5%
higher than that of the base mixture.

Nanoparticles can enhance not only the effective thermal conductivity of the base fluid
but also directly affect the heat and mass transfer conditions of the fluid.

Researchers have studied and discussed the mechanisms that may justify the increase in
the thermal conductivity and heat transfer coefficient of nanofluids with respect to the
base fluid (Keblinski et al. [157], Das et al. [158], Buongiorno [159], Haddad et al.
[160], Ding et al. [161]). In their study, Das et al. [158] concluded that a potential
explanation for the increase in the thermal conductivity of nanofluids could be the
stochastic motion of the nanoparticles and that its effect is more significant when the
fluid temperature is increased. In addition, Buongiorno [159] explained that the

nanoparticle absolute velocity can be deduced as the sum of the base fluid velocity and
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a relative slip velocity. Also, the author highlighted and defined seven slip mechanisms,
some of them with higher effects than the others on heat transfer: inertia, Brownian
diffusion, thermophoresis, diffusiophoresis, Magnus effect, fluid drainage, and gravity
settling [159]. Meanwhile, Ding et al. [161] suggested that the particle migration could
be the major factor responsible for the heat transfer enhancement and highlighted that
the enhanced thermal conductivity from the nanoparticles did not guarantee a significant
enhancement in the convective heat transfer. Recently, Bahiraei [162] in his critical
review concluded that migration of nanoparticles caused by Brownian motion, among
other reasons, should be further studied by experimentation, since theoretical and
numerical analyses available in the literature are still not that satisfactory. Based on the
proposed mechanisms and explanations above, it is clear that heat transfer enhancement
with nanofluids is not only due to the increase in thermal conductivity but also to the
combination of slip mechanisms such as Brownian motion and thermophoresis with the
effect of these two being the more predominant.

Since heat and mass transfer are analogue processes, investigations into nanofluids have
also shown outstanding mass transfer enhancements in different applications [163-168,
172-177]. Krishnamurthy et al. [172], for instance, reported that an optimum
nanoparticles volume fraction could result in a mass transfer improvement even higher
than that observed in thermal conductivity. These studies also reported that possible
reasons for the mass transfer enhancements in bubble absorbers are, the induced micro
disturbances and the increase in the gas-liquid interfacial bubble area due to motion and
interaction of the nanoparticles (see Figure 25). However, more studies need to be
conducted as there is limited and also inconsistent experimental data proving the
dominant mechanism of mass transfer in nanofluids in many different applications [169,
170]. In addition, more work on the selection of nanoparticles for cooling/heating
absorption systems working fluids needs to be done due to the very few studies
available in the literature [171].
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Without nanoparticles With nanoparticles

Figure 25 - Bubble breaking model, the nanoparticles cover the bubble surface area and break
them into smaller bubbles, by Torres Pineda et al. [177].

From this part, experimental studies dealing with the effect of nanofluids in absorbers
for absorption cooling/heating systems are reviewed. The first studies employing
nanoparticles in absorbers included the use of Cu, CuO, and Al,O3 in NH3/H,O
solutions (see Figure 26) [163,164]. They also involved the effect of surfactants (2-
ethyl-1-hexanol, n-octanol, and 2-octanol) on the bubble absorption performance. Kim
et al. [163], for instance, tested an absorber made of transparent acrylic resin plates
where the bubble behaviour was observed with a visualisation system. In this study, the
solution was introduced into the test section and bubbles were injected from the bottom
through a vapour orifice. The average diameter of all nanoparticles was under 50 nm. In
the case of the surfactants, the concentration varied between 0 and 1000 ppm.

(a) Copper (b) Copper oxide (¢) Aluminum oxide
Figure 26 - SEM pictures of different nano particles [163].
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As presented in Figure 27a, initial results showed that the Cu nanoparticles provided
the most prominent effect on the absorption of the considered nanoparticles [163]. The
addition of nanoparticles improved the absorption up to 3.21 times compared to the base
fluid when a 0.1 wt.% Cu nanoparticles concentration was added to an ammonia
solution with a concentration of 18.7%. In the visual study, Kim et al. [163] observed
that the bubble shape was spherical in the case with nano-particles, while it became
hemispherical in the case without nano-particles, Figure 28. The authors also explained
that the bubble diameter in the binary nanofluids is smaller than that in the base mixture
because the vapour bubble was absorbed quicker than that in the base mixture.
Moreover, Kim et al. [164] also showed that the addition of both surfactants and
nanoparticles improved mass transfer performance during the ammonia bubble
absorption process. When 2-ethyl-1-hexanol and Cu nanoparticles were used
simultaneously, the absorption performance was enhanced up to 5.32 times more as
presented in Figure 27b. Finally, the authors concluded that the ammonia concentration
in the solution, the kind of nanoparticles and the concentration, and the kind of
surfactant and concentration are the key parameters. The authors also emphasized that
the absorption rate enhancement is stronger if the concentration of the nanoparticles,

surfactants and ammonia is increased.
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Figure 27 - Effective absorption ratio for [a] the binary nanofluids [154] and [b] binary
nanofluids with surfactants [164].

(a) without nano-particles

(b) with Cu nano-particles 0.1% (binary nanofluid)
Figure 28 - The bubble behaviour with and without nanoparticles (Cu, 0.1 wt.%) for an

5 mm

— m—Cu 1%+ 2EIH 100 ppm

— o —Cu 1%+ 2EIH 500 ppm
— & — Cu 0.1%+ 2EIH 700 ppm
—w—Cu 1%+ 2EIH 1000 ppm
e O - O L1 %+ n-oct 100 ppm
om0 o= O L1 %+ n-oct 500 ppm
wem e O DL1%% + n-0et 700 ppm
weem g e O 0L1% 4 m-0ct 1000 ppm
— @ — Cu 0.1% + 2ZE1H 100 ppm
— @ — Cu0 0.1% + 2E1H 500 ppm
== dp== T 0. 1% + ZE1H 700 ppm
— o — Cu 0.1% + 2ZEIH 1000 ppm

5

10
Initial ammonia concentration [%4]

15

20 25

ammonia concentration of 8.0% reported by Kim et al. [163].

Kim et al. [165] also visualised the dispersion of nanoparticles, in this case in a
H,O/LiBr solution, and determined the absorption and heat transfer rates for falling
nanofluid film flows. SiO, nanoparticles with a size between 10 and 20 nm were
selected for this study. Experiments were also conducted without and with 2E1H in a
concentration of 150 ppm to reduce the surface tension of the solution. The test section
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consisted of an absorber with eight copper tubes, with a length of 500 mm and diameter
of 15 mm all installed in a column. According to the flow configuration, the cooling
water flowed inside the tubes from the bottom to the top while the solution was
distributed at the top of the absorber. As the main output from this study, maximum
improvements of mass transfer and heat transfer rate reached were 18% and 46.8%,
respectively, when the concentration of SiO;, nanoparticles was 0.005 vol.%, therefore,
the authors recommended the addition of SiO, nanoparticles into the H,O/LiBr solution
at concentrations lower than 0.01 wt.%. The authors also observed that the maximum
enhancement achieved with the nanofluids was obtained without surfactant. Ma et al.
[166], in turn, studied the enhancement of heat and mass transfer processes in a bubble
absorber with NH3/H,O employing multi-wall carbon nanotubes (MWCNT, with
diameter of 10-20 nm). The authors also measured the thermal conductivity of the
NH3/H,O mixture with the nanoparticles. The authors justified the use of carbon
nanotubes because carbon nanotubes do not chemically react with ammonia as could
occur with metal-based nanoparticles. In this study, the experimental test facility
consisted of an absorber (200 mm in length and 20 mm in diameter) without a heat
removal system and it was observed that the maximum effective absorption rate was up
to 1.16 with an ammonia concentration of 24.80% and a nanotube concentration of
0.23 wt.%, Figure 29. As previously concluded by Kim et al. [163], Ma et al. [166] also
observed that nanofluids improve bubble absorption when the absorption potential is
lower (high solution concentrations). Similarly, Lee et al. [167] used carbon nanotube
(CNT) and Al,O3; nanoparticles (Figure 30a) to enhance the absorption process for
NH3/H,O absorption systems. Experiments were performed in a chamber filled with the
nanofluids. The vapour entered the test section through the distributor located at the top
of the test section. From this study, the authors noted that the maximum heat transfer
and absorption rate enhancement were reached with a nanoparticle concentration of
0.02 vol.%, Figure 30b. In this case, the heat transfer and absorption rates enhanced
17% and 16% when the CNTs were added, respectively, and 29% and 18%,

respectively, when the Al,O3 was employed.
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Figure 29 - Effective absorption ratio vs initial ammonia concentration in binary nanofluid
[166].
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Figure 30 — [a] SEM pictures of different CNT and Al,Os, and [b] Effective absorption ratio vs
volume fraction of nanoparticles [167].
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Pang et al. [168] proposed the use of mono silver (Ag) nanoparticles in the NH3/H,O
mixture. Experiments for this study were performed with and without heat removal. The
size of the nanoparticles was 15 nm and the concentration used varied from 0 to 0.02
wt.%. For experiments with heat removal, the inlet cooling-water temperature was set to
15 °C. The authors concluded that the mass transfer enhancement with nanofluids was
higher with heat removal compared with the case without heat removal. The maximum
absorption rate achieved was 1.55 times higher than values with the base mixture at Ag
nanoparticles concentration of 0.02 wt.%, Figure 31. Finally, the authors justified that
the mass transfer intensification by nanofluids was the result of to two main factors, the

improved heat transfer and gas bubble breaking mechanism.
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Figure 31 — Effective absorption ratio vs initial ammonia concentration employing Ag
nanoparticles [168].

In the case of Kang et al. [178], the authors studied the falling film absorption process
with H,O/LiBr and the addition of nanoparticles such as Fe (with a diameter of 100 nm)
and Carbon nanotubes (CNT) (with a diameter of 25 nm and length of 5 mm). The test
section consisted of eight copper tubes (with the length of 500 mm and diameter of 15
mm) installed in column disposition. In this study, the authors found that the absorption
rate using CNT in the H,O/LiBr solution became higher than that using the Fe
nanoparticles. A maximum mass transfer enhancement was achieved using 0.01 wt.% of
CNT. This enhancement was 2.48 times higher than that of the base solution while it
was 1.90 times higher with the Fe nanoparticles. Finally, the authors concluded that the
absorption rate increased by increasing the solution flow rate and nanoparticles

concentration. It is worthy of note that the heat transfer rate increase obtained was not
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significantly affected by the nanoparticles concentration. Therefore, the addition of

nanoparticles had a much more significant effect in mass transfer than in heat transfer.
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Figure 32 — [a] SEM pictures of different Fe nanoparticles and [b] mass transfer enhancement
ratio for case study [178].

Pang et al. [179] also evaluated the effect of Al,O3; nanoparticles on the absorption
performance in NH3/H,O bubble absorption process. In this study, the nanoparticle
average size was 20 nm and the mass fraction varied from 0.2% to 1.0%. The absorber
size was 20 mm x 20 mm x 200 mm and the diameter of the ammonia injector was 2
mm. From this study, the authors obtained a maximum effective absorption rate of
2.017 with an initial ammonia concentration of 20% and the Al,O3; nanoparticle mass
fraction of 0.5%. Meanwhile, Yang et al. [180] used Al,O3, Fe,O3 and ZnFe,O, in a
mixture of NH3/H,O in a falling film mode. Additionally, sodium dodecyl benzene
sulfonate (SDBS) was added to the nanoparticles in the NH3/H,O mixture to reduce the
nanofluid viscosity. The average sizes of the Al,O3, ZnFe,0,4 and Fe,O3 nanoparticles
were less than 20 nm, 30 nm and 30 nm, respectively. The container of the absorber was
made of stainless steel with a plexiglass to observe the falling film flow. From this

work, the authors concluded that absorption performance could be enhanced by adding
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a small nanoparticles mass fraction with matched surfactants. Finally, the authors
achieved an absorption ratio enhancement of 70%, 50%, and 30% with Fe,O5; (0.2
wt.%), ZnFe,O4 (0.1 wt.%), and Al,O3 (0.2 wt.%) nanofluids, respectively, when the
initial mass fraction of ammonia was 15%, see Figure 33. Kim et al. [181] evaluated
the bubble absorption from an NH3/H,O-based nanoemulsion in a cylindrical column.
The nanoemulsions consisted of n-decane oil, and C1,E4 (polyoxyethylene lauryl ether),
and Tween20 (polyoxyethylene sorbitan monolaurate) as non-ionic surfactants. The
experiments were conducted at different solution concentrations and n-decane oil
concentrations. According to the authors, the nanoemulsions provide the advantage of
reducing the sedimentation problems which could occur with solid nanoparticles. Their
experimental results showed that an effective absorption ratio of up to 17% was
achieved with 2.0 vol.% oil and 14.3 wt.% NH3/H,O. Later on, Lee et al. [182] tested
the binary nano-emulsions proposed by Kim et al. [181] in a 100 W cooling capacity
diffusion absorption refrigerator with a COP of up to 0.15 with 2.0 vol.% oil. Similarly,
Sozen et al. [183] conducted experiments in a 75 W cooling capacity diffusion
absorption refrigerator with alumina nanofluids (NH3/H,O + 2.0 wt.% Al,O3) reporting
COP values from 0.14 to 0.145.
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Figure 33 - Effective absorption ratio of optimal nanofluid vs mass fraction of ammonia in
initial solution [180].

More recently, Amaris et al. [184] studied the single and combined effect of advanced
surfaces and CNTs on the ammonia vapour absorption process with NH3/LiNO;3 in a

tubular bubble absorber. The absorber, which was a double tube with the solution and
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ammonia flowing in the internal tube, operated with heat dissipation by circulating
cooling water at 40 and 35 °C in a counter-current configuration. Results from this
study indicated that the absorption mass flux increased up to 1.64 times the value of the
base solution when 0.01 wt.% of CNTs were used at a cooling water temperature of 40
°C. however, the enhancement was only up to 1.48 times higher with the base solution
at a cooling water temperature of 35 °C. This study also showed that when using
simultaneously the CNT and advanced surfaces, the absorption capacity increased up to
1.80 times higher than the values obtained with the base fluid and the smooth tube at
low solution flows. As shown in Figure 34, it was also noted that the combined effect
of CNTs and advanced surfaces on the mass transfer enhancement decreased on
increasing the solution flow to higher values. In that case, mass transfer values were
slightly higher than those obtained when using the advanced tube and CNTSs
individually. Finally, Zhang et al. [185] reported on the enhancement of the absorption
process in falling film mode by adding Cu, Al,O; and CNT nanoparticles. In this study,
the authors studied the effect of parameters such as solution flow, nanoparticles mass
fraction, size and type, and highlighted the positive effect on mass transfer of larger
mass fraction and smaller size of nanoparticles. The author also observed that the Cu
nanoparticles provided higher mass transfer in comparison to the Al,O; and CNT

nanoparticles.

The experimental studies dealing with the effect of nanofluids in absorbers for

absorption cooling/heating systems are listed in Table 7.
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Figure 34 - Combined effect of carbon nanotubes and advanced surfaces on ammonia

absorption mass flux, [184].

56



NOORAWNER

Table 7. Summary of experimental studies employing nanofluids for absorption cooling/heating systems.

F\%ference Test Section Base f\lll\J/ic:jrkmg Test conditions Surfactants Nanoparticles Note
10[ 163] Tra'lsoﬂiﬁ:t_aggéﬁgem NH./H.O Ps (100 kPa), Ts (20 °C), Xs (0 Cu, CuO and Al,O3 | Cu reported the highest effective absorption rate (up to
11 S - 18.7%) (0 - 0.10 wt.%) 3.21)
12 absorber ' '
13[ 164] Trarlsoﬁzﬁzt_agrgéglgeSIn NH/H.0 Ps (101 kPa), Ts (21 °C), Xs (1 ééfgzg:';r;ze;?g&lé:él Cu, CuO and Al,O; | Absorption rate enhanced up to 5.32 times when 2-ethyl-
14 ¥ - 18.7%) (0-0.10 wt.%) 1-hexanol and Cu nanoparticles were used simultaneously
15 absorber (100 - 1000 ppm)
16 Horizontal falling film . o 0 2-ethyl-1-hexanol (150 Si0O, (0.001 - 0.05 | Maximum improvement of the mass transfer rate was up
17[165] tube absorber HO/LIBr Ts (40°C), Xs (53%) ppm) wt.%) to 18% by using only the SiO, nanoparticles
18 Ps (140 kPa), Ts (14 °C), Xs (0 MWCNT (0-0.5 Maximum effective absorption rate up to 1.16 with
19[166] Bubble absorber NH/H,0 - 25%) wt.%) nanotubes concentration of 0.23 wt.%
20 Chamber with vapour Al,Os (0 - 0.06
21 entering through a 0 0 273 = . | Maximum absorption rate enhancement up to 16% with
221167] distributor located at the NH/H,0 Ps (500 kPa), Xs (20%) vol AJO) ggd (C,:|$T © the CNTs and up to 18% with the Al203
23 top of it -08 vol%)
24 Maximum absorption rate up to 1.55 times with a Ag
- 0, — - 0
25[168] Bubble absorber NH3/H,0O Ps (200 kPa), Xs (0 - 20%) Ag (0 - 0.02 wt.%) nanoparticles concentration of 0.02 wt.%.
26 . . A maximum mass transfer enhancement up to 2.48 times
0 i .
27117g) | Horizontal falling film 1, o) jp, | Ps (10KPa), TS (40°C), Xs Feand CNTS (0-0.11 " ith 0.01 wt.% of CNT and up to 1.90 times with 0.01
28 tube absorber (55%) wt.%) WL %
.% of Fe.
<9 Al,0; (0.2 - 1.0 Maximum effective absorption rate up to 2.0 times higher
301179) Squared bubble absorber NH4/H,0 Ps (200 kPa), Xs (0 - 20%) ZH3 A T with an initial ammonia concentration of 20% and Al,Oz
31 wt.%) .
o mass fraction of 0.5 wt.%.
gg Horizontal falling film Sodium dodecyl benzene Al,O3, Fe,03 and Maximum absorption rate enhancement up to 1.70 times
34[180] tube absorbgr NHa/H,O Ps (90 kPa), Xs (0 - 15%) sulfonate (SDBS) (0.1- | ZnFe,O4(0.1-1.5 higher with Fe203 and up to 1.50 times higher with
gl 0.5 wt.%) wt.%) ZnFe204
;g Bubble absorber (with Ps (510 kPa), Ts (45 °C), Xs CNTS (0.1-0.2 Maximum absorption mass flux enhancement up to 1.64
37[184] and without advanced NHa3/LiNO3 (45%), ms (10 - 72 kg.h™), Tc Wit 0/'0) ' times with 0.01 wt. % of CNTs and up to 1.80 when
surfaces 35 - 40 °C), Vc (80-100 I.h™ ' combining the use of CNTs and an advanced surface tube
29
G L . Cu, Al,O3, CNTs Nano particles size Cu (50, 80, 100 nm), Al,Oj3 (25, 50,
0 0,
39 185 Falling film vertical H,O/LiBr Ts (16.8 °C), Xs (5.7 %), s 0.01,0.05,0.1 100 nm). maximum absorption rate enhancement up to
40 absorber (100 - 375 L.hh)
wt.%) 2.0 times higher with Cu at a solution flow of 200 I.h™

ﬁ@(Absorber operating pressure), Ts (solution temperature), Xs* (solution concentration), ms (solution flow), Tc (coolant temperature), V¢ (coolant flow), * concentration of ammonia for NH; based fluids and concentration
of LiBr for LiBr based fluids.
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4. Conclusions and future challenges

The present study aimed to identify and review the investigations published based on
experimental studies dealing with the enhancement of the vapour absorption process in
absorbers with passive intensification techniques. Initially, experimental studies of the
absorption process on conventional falling film, spray and bubble absorbers including
their main test conditions and characteristics were presented. Then, advances in terms of
vapour absorption enhancement in absorbers using advanced surface designs, additives
and nanofluids were reviewed. Each section included experimental studies, applied
intensification techniques, characteristics of the test section, working fluid and
composition, and maximum enhancement.

Following the literature review, studies were initially focused on the understanding of
the dominant mechanisms and different operating conditions of the absorption process
for different absorption modes and working fluids. For that, most studies were mainly
focused on analysing the effects of the operating conditions such as solution flow,
temperature, concentration, pressure and coolant temperature while few studies were
based on geometrical characteristic variations such as tube spacing, the number of tubes
and diameters among others.

Review on conventional falling film, spray and bubble absorbers evidenced that the
dominant resistance for heat and mass transfer was on the solution side and that it was
highly dependent on the solution flow and concentration. Studies also showed that mass
transfer was improved as the cooling-water inlet temperature was decreased since the
absorber capacity to dissipate the heat released by the absorption increased.

It was also observed that necessity of improving the performance of absorption
cooling/heating systems has yielded more complex absorber designs and enhanced mass
transfer in working fluids by adding surfactants and nanoparticles. In addition, potential
explanations of the effects of these additional components on the vapour absorption
process are being unified. Since then, employing intensification passive techniques have
demonstrated significant positive effects for improving the absorption process of
refrigerants in absorbers. Investigations have indicated that the absorption process in
absorbers can be significantly improved by applying passive intensification techniques
on the solution side, however, the magnitude of the benefits depends to a great extent on
the working fluid operating conditions. For instance, major enhancements in mass

transfer were obtained for low solution flows by applying passive techniques, however,
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the benefits in mass transfer by these intensification techniques might be reduced by the
characteristics of the fluid itself at high regime flows. It means that further studies
should involve synergy effect analysis from the combined use of advanced surfaces and
additives/nanoparticles on the heat and mass transfer processes taking place in more
practical absorber designs.

Furthermore, the shortage of studies dealing with working fluids with surfactants or
nanoparticles at the required conditions has raised the concern about the thermodynamic
properties and stability of these advanced fluids during the heat and mass transfer
processes that take place in absorption cooling/heating systems [186]. This implies that
a lot of work needs to be done in order to identify and understand the dominant
mechanism taking place during the processes that involve complex heat and mass
transfer of these advanced working fluids at the different operating conditions of the

cooling/heating absorption systems.

Acknowledgements

This study was part of an R&D project funded by the Spanish Ministry of Science and
Innovation (ENE2008-00863).

59



©CO~NOOOTA~AWNPE

References

[1] International Energy Agency (IEA), Energy Technology Perspectives 2010. Available from
https://www.iea.org/publications/freepublications/publication/etp2010.pdf ~ [Last  access
30/11/16]

[2] Perez-Lombard L, Ortiz J, Pout C. A review on buildings energy consumption information.
Energy and Buildings 2008; 40: 394-398.

[3] Azher M, Abed AM, Alghoul MA, Sopian K, Majdi HSh, Al-Shamani AN, Muftah AF.
Enhancement aspects of single stage absorption cooling cycle: A detailed review. Renewable
and Sustainable Energy Reviews 2017; 77: 1010-1045

[4] Sun J, Fu L, Zhang S. A review of working fluids of absorption cycles. Renewable and
Sustainable Energy Reviews 2012; 16: 1899-1906.

[5] Srikhirin P, Aphornratana S, Chungpaibulpatana S. A review of absorption refrigeration
Technologies. Renewable and Sustainable Energy Reviews 2001; 5: 343-372.

[6] Saidur R, Leong KY, Mohammad HA. A review on applications and challenges of
nanofluids. Renewable and Sustainable Energy Reviews 2011; 15: 1646-1668.

[7] Godson L, Raja B, Mohan D, Wongwises S. Enhancement of heat transfer using nanofluids.
An overview. Renewable and Sustainable Energy Reviews 2010; 14: 629-641.

[8] Kasaeian A, Toghi A, Sameti M. A review on the applications of nanofluids in solar energy
systems. Renewable and Sustainable Energy Reviews 2015;43: 584-598.

[9] Amaris C. Intensification of NHs; bubble absorption process using advanced surfaces and
carbon nanotubes for NHa/LiNO; absorption chillers. Doctoral Thesis, Rovira i Virgili
University, Tarragona, Spain, 2013.

[10] Kang YT, Kunugi Y, Kashiwagi T. Review of advanced absorption cycles: performance
improvement and temperature lift enhancement. International Journal of Refrigeration 2000;
23 (5): 388-401.

[11] Florides GA, Tassou SA, Kalogirou SA, Wrobel LC. Review of solar and low energy
cooling technologies for buildings. Renewable and Sustainable Energy Reviews 2002; 6:
557-572.

[12] Wu W, Wang B, Shi W, Li X, Absorption heating technologies: A review and perspective.
Applied Energy 2014; 130: 51-71.

[13] Wang M and Infante Ferreira CA. Absorption heat pump cycles with NHs-ionic liquid
working pairs. Applied Energy 2017; 204: 819-830.

[14] Yang S, Qian Y, Wang Y, Yang S. Novel cascade absorption heat transformer process
using low grade waste heat and its application to coal to synthetic natural gas. Applied
Energy 2017; 202: 42-52.

[15] Ullah KR, Saidur R, Ping HW, Akikur RK, Shuvo NH. A review of solar thermal
refrigeration and cooling methods. Renewable and Sustainable Energy Reviews 2013; 24:
499-513

[16] Best R and Pilatowsky I. Solar assisted cooling with sorption systems: status of the
research in Mexico and Latin America. International Journal of Refrigeration 1998; 21 (2):
100-115.

[17] Wang X, Bierwirth A, Christ A, Whittaker P, Regenauer-Lieb K, Chua HT. Application of
geothermal absorption air-conditioning system: A case study. Applied Thermal Engineering
2013; 50: 71-80.

60


https://www.iea.org/publications/freepublications/publication/etp2010.pdf
http://ezproxy.cuc.edu.co:2054/science/article/pii/S014070079900064X
http://ezproxy.cuc.edu.co:2054/science/article/pii/S014070079900064X

©CO~NOOOTA~AWNPE

[18] Ge YT, Tassou SA, Chaer I, Suguartha N. Performance evaluation of a tri-generation
system with simulation and experiment. Applied Energy 2009; 86: 2317-2326.

[19] Moya M, Bruno JC, Eguia P, Torres E, Zamora |, Coronas A. Performance analysis of a
trigeneration system based on a micro gas turbine and an air-cooled, indirect fired, ammonia-
water absorption chiller. Applied Energy 2011; 88: 4424-4440.

[20] Ayou DS, Bruno JC, Saravanan R, Coronas A. An overview of combined absorption power
and cooling cycles. Renewable and Sustainable Energy Reviews 2013; 21: 728-748.

[21] Demirkaya G, Vasquez R, Fontalvo A, Lake M, Lim YY. Thermal and exergetic analysis
of the Goswami cycle integrated with mid-grade heat sources. Entropy 2017; 19(8): 416;
d0i:10.3390/e19080416.

[22] Pearson A. Market successes of natural refrigerants: twenty years of progress, 10th IIR
Gustav Lorentzen Conference on Natural Refrigerant. 2012, Delft, The Netherlands.

[23] Lees CE. On the thermal conductivities of single and mixed solids and liquids and their
variation with temperature. Philosophical Transactions A 1898; 191: 399-440.

[24] Braune B. Disseration Universitat Leipzig, 1937.

[25] Conde M. Thermophysical Properties of NH; + H,O Mixtures for the industrial design of
absorption refrigeration equipment. M. Conde Engineering, Zurich 2006; 12-15.

[26] Cuenca Y, Salavera D, Vernet A, Valles M. Thermal conductivity of ammonia + water
mixtures over a wide range of concentrations. International Journal of Refrigeration 2013;
36(3): 998-1003.

[27] Jiang W, Du K, Li Y, Yang L. Experimental investigation on the influence of high
temperature on viscosity, thermal conductivity and absorbance of ammonia—water
nanofluids. International Journal of Refrigeration 2017; 82: 189-198.

[28] DiGuilio RM, Lee RJ, Jeter SM, Teja AS. Properties of lithium bromide-water solutions at
high temperatures and concentrations - | Thermal conductivity. ASHRAE Transactions 96
Paper 3380, RP-527; 1990: 702-708.

[29] Lee RJ, DiGuilio RM, Jeter SM, Teja AS. Properties of lithium bromide-water solutions at
high temperatures and concentrations - Il Density and viscosity. ASHRAE Transactions
1990; 96: 709-714.

[30] Patek J, and Klomfar J. A computationally effective formulation of the thermodynamic
properties of LiBr-H,O solutions from 273 to 500K over full composition range.
International Journal of Refrigeration 2006; 29 (4): 566-578.

[31] Wang K, Abdelaziz O, Kisari P, Vineyard EA. State-of-the-art review on crystallization
control technologies for water/LiBr absorption heat pumps. International Journal of
Refrigeration 2011; 34: 1325-1337.

[32] lyoki S, Iwasaki S, Kuriyama Y, Uemura T. Solubilities for the Two ternary systems water
+ lithium Bromide + lithium iodide and water + lithium chloride + lithium nitrate at various
temperatures. Journal of Chemical & Engineering Data 1993; 38: 396-398.

[33] Iyoki S, Yamanaka R, Uemura T. Physical and thermal properties of the water lithium
bromide-lithium nitrate system. International Journal of Refrigeration 1993;16(3): 191-200.

[34] Alvarez ME, Esteve X, Bourouis M. Vapor-liquid equilibrium of aqueous alkaline nitrate
and nitrite solutions for absorption refrigeration cycles with high-temperature driving heat.
Journal of Chemical and Engineering Data 2011; 56 (3): 49-496.

[35] Alvarez ME, Esteve X, Bourouis M. Performance analysis of a triple-effect absorption
cooling cycle using aqueous (lithium, potassium, sodium) nitrate solution as a working pair.
Applied Thermal Engineering 2015; 79: 27-36.

61


https://ezproxy.cuc.edu.co:2076/sourceid/28801?origin=recordpage
https://ezproxy.cuc.edu.co:2076/record/display.uri?eid=2-s2.0-79952669613&origin=resultslist&sort=plf-f&src=s&sid=1CDB527B90ACE654CF9F9941D9FC91E8.wsnAw8kcdt7IPYLO0V48gA%3a790&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2837063055200%29&relpos=2&citeCnt=6&searchTerm=
https://ezproxy.cuc.edu.co:2076/record/display.uri?eid=2-s2.0-79952669613&origin=resultslist&sort=plf-f&src=s&sid=1CDB527B90ACE654CF9F9941D9FC91E8.wsnAw8kcdt7IPYLO0V48gA%3a790&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2837063055200%29&relpos=2&citeCnt=6&searchTerm=
https://ezproxy.cuc.edu.co:2076/sourceid/24158?origin=resultslist
http://ezproxy.cuc.edu.co:2054/science/article/pii/S1359431115000150
http://ezproxy.cuc.edu.co:2054/science/article/pii/S1359431115000150
http://ezproxy.cuc.edu.co:2054/science/journal/13594311
http://ezproxy.cuc.edu.co:2054/science/journal/13594311/79/supp/C

©CO~NOOOTA~AWNPE

[36] Alvarez ME, Hernandez JA, Bourouis M. Modelling the performance parameters of a
horizontal falling film absorber with aqueous (lithium, potassium, sodium) nitrate solution
using artificial neural networks. Energy 2016; 102: 313-323.

[37] Alvarez ME and Bourouis M. Experimental characterization of heat and mass transfer in a
horizontal tube falling film absorber using aqueous (lithium, potassium, sodium) nitrate
solution as a working pair. Energy 2018; 148: 876-887.

[38] Amaris C, Bourouis M, Valles M, Salavera D, Coronas A. Thermophysical properties and
heat and mass transfer of new working fluids in plate heat exchangers for absorption
refrigeration systems. Heat Transfer Engineering 2015; 36: 388-395.

[39] Antonopoulos KA and Rogdakis ED. Performance of solar driven ammonia lithium nitrate
and ammonia-sodium thiocyanate absorption systems operating as coolers or heat pumps in
Athens. Applied Thermal Engineering 1996; 16: 127-147.

[40] Sun DW. Comparison of the performances of NHs;-H,O, NHs-LiNO; and NH3-NaSCN
absorption refrigeration systems. Energy Conversion and Management 1998; 39: 357-368.

[41] Infante Ferreira CA. Operating characteristics of NH3-LiNO; and NH;-NaSCN absorption
refrigeration machines. Proceedings of The Nineteenth International Congress of
Refrigeration 1995; 321-328.

[42] Abdulateef JIM, Sopian K, Alghoul MA. Optimum design for solar absorption refrigeration
systems and comparison of the performances using ammonia-water, ammonia-lithium nitrate
and ammonia-sodium thiocyanate solutions. International Journal of Mechanical and
Materials Engineering 2008; 3(1): 17-24.

[43] Oronel C, Amaris C, Vallés M, Bourouis M. Experiments on the characteristics of
saturated boiling heat transfer in a plate heat exchanger for ammonia/lithium nitrate and
ammonia/ (lithium nitrate + water). Third International Conference on Thermal Issues in
Emerging Technologies (ThETA 3), 2010, El Cairo, Egypt.

[44] Oronel C, Amaris C, Bourouis M, Vallés M. Boiling heat transfer in a plate heat exchanger
of ammonia based working fluids for absorption refrigeration systems. 6th European
Thermal Science Conference (EUROTHERM), 2012, Poitiers, France.

[45] Ehmke HJ and Renz M. Ternary Working Fluids for absorption systems with salt-liquid
mixtures as absorber. IIF - IR Congress, Commission B1, 1983, Paris, France.

[46] Bokelmann H. Presentation of new working fluids for absorption heat pumps. Proceedings
of Absorption Heat Pump Congress, 1985, Paris, France.

[47] Libotean S, Martin A, Salavera D, Vallés M, Esteve X. Coronas, A., Densities, viscosities,
and heat capacities of ammonia + lithium nitrate and ammonia + lithium nitrate + water
solutions between (293.15 and 353.15) K. Journal of Chemical and Engineering Data 2008;
53(10): 2383-2388.

[48] Libotean S, Salavera D, Vallés M, Esteve X. Coronas A., Vapour-liquid equilibrium of
ammonia + lithium nitrate + water and ammonia + lithium nitrate solutions from (293.15 to
353.15) K. Journal of Chemical and Engineering Data 2007; 52: 1050-1055.

[49] Reiner RH and Zaltash A. Densities and viscosities of ternary ammonia/water fluids.
ASME Winter Annual Meeting, 1993, New Orleans, US.

[50] Reiner RH and Zaltash A. Evaluation of ternary ammonia-water fluids for GAX and
regenerative absorption cycles. Report ORNL/CF-91/263, 1991.

[51] Cuenca Y, Salavera D, Vernet A, Teja AS, Valles M. Thermal conductivity of ammonia +
lithium nitrate and ammonia + lithium nitrate + water solutions over a wide range of
concentrations and temperatures. International Journal of Refrigeration 2014; 38: 333-340.

62


http://ezproxy.cuc.edu.co:2054/science/article/pii/S1359431115000150
http://ezproxy.cuc.edu.co:2054/science/journal/03605442
http://www.tandfonline.com/author/Vall%C3%A8s%2C+Manel
http://www.tandfonline.com/author/Salavera%2C+Daniel
http://www.tandfonline.com/author/Coronas%2C+Alberto

©CO~NOOOTA~AWNPE

[52] Infante Ferreira CA. Thermodynamic and physical property data equations for ammonia-
lithium nitrate and ammonia-sodium thiocyanate solutions. Solar Energy 1984; 32: 231-236.

[53] Cosenza F and Vliet G. Absorption in falling water/LiBr films on horizontal tubes.
ASHRAE Transactions 1990; 96: 693-701.

[54] Wassenaar R. Measured and predicted effect of flow rate and tube spacing on horizontal
tube absorber performance. International Journal of Refrigeration 1996; 19(5): 347-355.

[55] Miller WA. The synergism between heat and mass transfer additive and advanced surfaces
in agueous LiBr horizontal tube absorbers. International Sorption Heat Pump Conference
Proceedings. Munich, Germany: ORNL/CP -101285, 1999, 257-267.

[56] Miller WA and Keyhani M. The correlation of simultaneous heat and mass transfer
experimental data for aqueous lithium bromide vertical falling film absorption. Journal of
Solar Energy Engineering 2001; 123: 30-42.

[57] Soto V and Pinazo J. Validation of a model for the absorption process of H,O(vap) by a
LiBr(aq) in a horizontal tube bundle, using a multi-factorial analysis. International Journal of
Heat and Mass Transfer 2003; 46: 3299-3312.

[58] Takamatsu H, Yamashiro H, Takata N, Honda H. Vapor absorption by LiBr aqueous
solution in vertical smooth tubes. International Journal of Refrigeration 2003; 26: 659-666.

[59] Kwon K and Jeong S. Effect of vapor flow on the falling-film heat and mass transfer of the
ammonia/water absorber. International Journal of Refrigeration 2004; 27: 955-964.

[60] Yoon J, Phan T, Moon Ch, Lee H, Jeong S. Heat and mass transfer characteristics of a
horizontal tube falling film absorber with small diameter. Heat and Mass Transfer 2008; 44
(4): 437-444.

[61] Islam MdR. Absorption process of a falling film on a tubular absorber: An experimental
and numerical study. Applied Thermal Engineering 2008; 28: 1386-1394.

[62] Harikrishnan L, Maiya MP, Tiwari S. Investigations on heat and mass transfer
characteristics of falling film horizontal tubular absorber. International Journal of Heat and
Mass Transfer 2011; 54: 2609-2617.

[63] Deng SM and Ma WB. Experimental studies on the characteristics of an absorber using
LiBr/H,O solution as working fluid. International Journal of Refrigeration 1999; 22: 293-
301.

[64] Medrano M, Bourouis M, Coronas A. Absorption of water vapour in the falling film of
water-lithium bromide inside a vertical tube at air-cooling thermal conditions. International
Journal of Thermal Sciences 2002; 41: 891-898.

[65] Bourouis M, Valles M, Medrano M, Coronas A. Absorption in the film of water—
(LiBr + Lil + LiNO3 + LiCl) in a vertical tube at air-cooling thermal conditions. International
Journal of Thermal Sciences 2005; 44: 491-498.

[66] Yoon JI, Kwon OK, Moon ChG, Lee HS, Bansal PK. Heat and mass transfer
characteristics of a helical absorber using LiBr and LiBr + Lil + LiNOs+LiCl solutions.
International Journal of Heat and Mass Transfer 2005; 48: 2102-2109:

[67] Yoon JI, Kwon OK, Bansal PK, Moon ChG, Lee HS. Heat and mass transfer
characteristics of a small helical absorber. Applied Thermal Engineering 2006; 26: 186-192.

[68] Kyung I, Herold KE, Kang YT. Experimental verification of H,O/LiBr absorber bundle
performance with smooth horizontal tubes. International Journal of Refrigeration 2007; 30:
582-590.

[69] Li J, Xie X, Jiang Y. Experimental study and correlation on the falling column adiabatic
absorption of water vapor into LiBr-H,O solution. International Journal of Refrigeration
2015; 51: 112-1109.

63


http://ezproxy.cuc.edu.co:2054/science/article/pii/S0017931011000524
http://ezproxy.cuc.edu.co:2054/science/article/pii/S0017931011000524
http://www.sciencedirect.com/science/journal/01407007

©CO~NOOOTA~AWNPE

[70] Garcia-Rivera E, Castro J, Farnés J, Oliva A. Numerical and experimental investigation of
a vertical LiBr falling film absorber considering wave regimes and in presence of mist flow.
International Journal of Thermal Sciences 2016; 109: 342-361.

[71] Vallés M, Bourouis M, Boer D, Coronas A. Absorption of organic fluid mixtures in plate
heat exchangers. International Journal of Thermal Sciences 2003; 42: 85-94.

[72] Arzoz D, Rodriguez P, Izquierdo M. Experimental study on the adiabatic absorption of
water vapour into LiBr—H,O solutions. Applied Thermal Engineering 2005; 25(5-6): 797-
811.

[73] Warnakulasuriya FSK and Worek WM. Adiabatic water absorption properties of an
aqueous absorbent at very low pressures in a spray absorber. International Journal of Heat
and Mass Transfer 2006; 49: 1592-1602.

[74] Warnakulasuriya FSK and Worek WM. Drop formation of swirl-jet nozzles with high
viscous solution in vacuum-new absorbent in spray absorption refrigeration. International
Journal of Heat and Mass Transfer 2008; 51: 3362-3368.

[75] Palacios E, Izquierdo M, Lizarte R, Marcos JD. Lithium bromide absorption machines:
pressure drop and mass transfer in solutions conical sheets. Energy Conversion Management
2009; 50: 1802-1809.

[76] Palacios E, l1zquierdo M, Marcos JD, Lizarte R. Evaluation of mass absorption in LiBr flat-
fan sheets. Applied Energy 2009; 86: 2574-2582.

[77] Zacarias A, Venegas M, Ventas R, Lecuona A. Experimental assessment of ammonia
adiabatic absorption into ammonia-lithium nitrate solution using a flat fan nozzle. Applied
Thermal Engineering 2011; 31: 3569-3579.

[78] Gutiérrez-Urueta G, Rodriguez P, Venegas M, Ziegler F, Rodriguez-Hidalgo MC,
Experimental performances of a LiBr-water absorption facility equipped with adiabatic
absorber. International Journal of Refrigeration 2011; 34(8): 1749-1759.

[79] Ventas R, Vereda C, Lecuona A, Venegas M, Rodriguez-Hidalgo MC. Effect of the NHs-
LiNO; concentration and pressure in a fog-jet spray adiabatic absorber. Applied Thermal
Engineering 2012; 37: 430-437.

[80] Zacarias A, Venegas M, Lecuona A, Ventas R. Experimental evaluation of ammonia
adiabatic absorption into ammonia-lithium nitrate solution using a fog jet nozzle. Applied
Thermal Engineering 2013; 50: 781-790.

[81] Zacarias A, Venegas M, Lecuona A, Ventas R, Carvajal I. Experimental assessment of
vapour adiabatic absorption into solution droplets using a full cone nozzle. Experimental
Thermal and Fluid Science 2015; 68: 228-238.

[82] Kang YT, Akisawa A, Kashiwagi T. Analytical investigation of two different absorption
modes: falling film and bubble types. International Journal of Refrigeration 2000; 23: 430-
443.

[83] Castro J, Oliet C, Rodriguez I, Oliva A. Comparison of the performance of falling film and
bubble absorbers for air-cooled absorption systems. International Journal of Thermal
Sciences 2009; 48: 1355-1366.

[84] Wu X, Xu S, Jiang M. Development of bubble absorption refrigeration technology: A
review. Renewable and Sustainable Energy Reviews 2018; 82: 3468-3482

[85] Infante Ferreira CA, Keizer C, Machielsen CHM. Heat and mass transfer in vertical tubular
bubble absorbers for ammonia-water absorption refrigeration systems. International Journal
of Refrigeration 1984; 7(6): 348-357.

[86] Infante Ferreira CA. Combined momentum, heat and mass transfer in vertical slug flow
absorbers. International Journal of Refrigeration 1985; 8(6): 326-334.

64


http://www.sciencedirect.com/science/article/pii/S1290072916306767
http://www.sciencedirect.com/science/article/pii/S1290072916306767
http://www.sciencedirect.com/science/article/pii/S1290072916306767
http://www.sciencedirect.com/science/journal/12900729

©CO~NOOOTA~AWNPE

[87] Sujatha KS, Mani A, Srinivasa Murthy S. Experiments on a bubble absorber. International
Communication on Heat and Mass Transfer 1999; 26(7): 975-984.

[88] Staicovici MD. A non-equilibrium phenomenological theory of the mass and heat transfer
in physical and chemical interactions Part Il - modelling of the NH3/H,O bubble absorption,
analytical study of absorption and experiments. International Journal of Heat and Mass
Transfer 2000; 43: 4175-4188.

[89] Terasaka K, Oka J, Tsuge H. Ammonia absorption from a bubble expanding at a
submerged orifice into water. Chemical Engineering Science 2002; 57: 3757-3765.

[90] Kang YT, Nagano T, Kashiwagi T. Mass transfer correlation of NHs;-H,O bubble
absorption. International Journal of Refrigeration 2002; 25: 878-886.

[91] Kang YT, Nagano T, Kashiwagi T. Visualization of bubble behaviour and bubble diameter
correlation for NH;-H,O bubble absorption. International Journal of Refrigeration 2002; 25:
127-135.

[92] Issa M, Ishida K, Monde M. Mass and heat transfer during absorption of ammonia into
ammonia water mixture. International Communication in Heat and Mass Transfer 2002;
29(6): 773-786.

[93] Lee KB, Chun B-H, Lee CH, Ha JJ, Kim SH. A study on numerical simulations and
experiments for mass transfer in bubble mode absorber of ammonia and water. International
Journal of Refrigeration 2003; 26: 551-558.

[94] Kim HY, Saha BB, Koyama S. Development of a slug flow absorber working with
ammonia-water mixture: part |—flow characterization and experimental investigation.
International Journal of Refrigeration 2003; 26: 508-515.

[95] Suresh M and Mani A. Experimental studies on bubble characteristics for R134a—DMF
bubble absorber. Experimental Thermal and Fluid Science 2012; 39: 79-89.

[96] Suresh M and Mani A. Experimental studies on heat and mass transfer characteristics for
R134a-DMF bubble absorber. International Journal of Refrigeration 2012; 35: 1104-1114.

[97] Donnellan P, Cronin K, Lee W, Duggan S, Byrne E. Absorption of steam bubbles in
lithium bromide solution. Chemical Engineering Science 2014; 119: 10-21.

[98] Xu S, Jiang M, Hu J, Wu X, Wang W. Visual experimental research on bubble absorption
in a vertical tube with R124-DMAC working pair. Experimental Thermal and Fluid Science
2016; 74: 1-10.

[99] Jiang M, Xu S, Wu X, Hu J, Wang W. Visual experimental research on the effect of nozzle
orifice structure on R124-DMAC absorption process in a vertical bubble tube. International
Journal of Refrigeration 2016; 68: 107-117.

[100] Jiang M, Xu S, Wu X, Hu J, Wang. Heat and mass transfer characteristics of R124-
DMAC bubble absorption in a vertical tube absorber. Experimental Thermal and Fluid
Science 2017; 81: 466-474.

[101] Jiang M, Xu S, Wu X. Experimental investigation for heat and mass transfer
characteristics of R124-DMAC bubble absorption in a vertical tubular absorber. International
Journal of Heat and Mass Transfer 2017;108: 2198-2210.

[102] Asfand F and Bourouis M. A review of membrane contactors applied in absorption
refrigeration systems. Renewable and Sustainable Energy Reviews 2015; 45: 173-191.

[103] Asfand F, Stiriba Y, Bourouis M. CFD simulation to investigate heat and mass transfer
processes in a membrane-based absorber for water-LiBr absorption cooling systems. Energy
2015; 91: 517-530.

65


http://ezproxy.cuc.edu.co:2054/science/article/pii/S0894177715003404
http://ezproxy.cuc.edu.co:2054/science/article/pii/S0894177715003404
http://ezproxy.cuc.edu.co:2054/science/article/pii/S0894177716302540
http://ezproxy.cuc.edu.co:2054/science/article/pii/S0894177716302540
https://ezproxy.cuc.edu.co:2076/authid/detail.uri?origin=AuthorProfile&authorId=6603943075&zone=
https://ezproxy.cuc.edu.co:2076/sourceid/27567?origin=resultslist
https://ezproxy.cuc.edu.co:2076/authid/detail.uri?origin=AuthorProfile&authorId=6508061396&zone=
https://ezproxy.cuc.edu.co:2076/record/display.uri?eid=2-s2.0-84946035450&origin=resultslist&sort=plf-f&src=s&sid=1CDB527B90ACE654CF9F9941D9FC91E8.wsnAw8kcdt7IPYLO0V48gA%3a390&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2856509557300%29&relpos=4&citeCnt=3&searchTerm=
https://ezproxy.cuc.edu.co:2076/record/display.uri?eid=2-s2.0-84946035450&origin=resultslist&sort=plf-f&src=s&sid=1CDB527B90ACE654CF9F9941D9FC91E8.wsnAw8kcdt7IPYLO0V48gA%3a390&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2856509557300%29&relpos=4&citeCnt=3&searchTerm=
https://ezproxy.cuc.edu.co:2076/sourceid/29348?origin=resultslist

©CO~NOOOTA~AWNPE

[104] Asfand F, Stiriba Y, Bourouis M. Performance evaluation of membrane-based absorbers
employing H2O/(LiBr + Lil + LINO3 + LiCl) and H2O/(LiNO3 + KNO3 + NaNO3) as
working pairs in absorption cooling systems. Energy 2016; 115: 781-790.

[105] Ali AHH and Schwerdt P. Characteristics of the membrane utilized in a compact absorber
for lithium bromide—water absorption chillers. International Journal of Refrigeration 2009;
32: 1886-1896.

[106] Isfahani R, Bigham S, Mortazavi M, Wei X, Moghaddam S. Impact of micromixing on
performance of a membrane-based absorber. Energy 2015; 90: 997-1004.

[107] Ali AHH. Performance of an Absorber with hydrophobic membrane contactor at aqueous
solution-water vapor interface. Journal of Thermal Science and Engineering Applications
2010; 2(3): 031007-031007-9.

[108] Bigham S, Yu D, Chugh D, Moghaddam S. Moving beyond the limits of mass transport in
liquid absorbent microfilms through the implementation of surface-induced vortices. Energy
2014; 65: 621-30.

[109] Venegas M, De Vega M, Garcia-Hernando N. Parametric study of operating and design
variables on the performance of a membrane-based absorber. Applied Thermal Engineering
2016; 98: 409-4109.

[110] Merrill TL, Setoguchi T, Perez-Blanco H. Passive heat transfer enhancement techniques
applied to compact bubble absorber design. Journal of Enhanced Heat Transfer 1995; 2(3):
199-208.

[111] Kang YT, Akisawa A, Kashiwagi T. Experimental correlation of combined heat and mass
transfer for NHs-H,O falling film absorption. International Journal of Refrigeration 1999; 22:
250-262.

[112] Yoon JI, Kwon OK, Moon CG. Experimental investigation of heat and mass transfer in
absorber with enhanced tubes. Journal of Mechanical Science and Technology 1999; 13(9):
640-646.

[113] Helbing U, Waurfel R, Fratzscher W. Comparative investigations of non-adiabatic
absorption in film flow and bubble flow. Chemical Engineering Technology 2000; 23: 1081-
1085.

[114] Lee KB, Chun BH, Lee JC, Lee CH, Kim SH. Experimental analysis of bubble mode in a
plate-type absorber. Chemical Engineering Science 2002; 57: 1923-19209.

[115] Kim JK, Park CW, Kang YT. The effect of micro-scale surface treatment on heat and
mass transfer performance for a falling film H,O/LiBr absorber. International Journal of
Refrigeration 2003; 36: 575-585.

[116] Park CW, Kim SS, Cho HC, Kang YT. Experimental correlation of falling film absorption
heat transfer on micro-scale hatched tubes. International Journal of Refrigeration 2003; 26:
75-763.

[117] Meacham J and Garimella S. Ammonia-water absorption heat and mass transfer in
microchannel absorbers with visual confirmation. ASHRAE Transactions 2004; 110: 525-
532.

[118] Goel N and Goswami Y. Experimental verification of a new heat and mass transfer
enhancement concept in a microchannel falling film absorber. Journal of Heat Transfer 2006;
129(2): 154-161.

[119] Jenks J and Narayanan V. Effect of channel geometry variations on the performance of a
constrained microscale-film ammonia-water bubble absorber. Journal of Heat Transfer 2008;
130: 11; 1-9.

66


https://ezproxy.cuc.edu.co:2076/authid/detail.uri?origin=AuthorProfile&authorId=6603943075&zone=
https://ezproxy.cuc.edu.co:2076/record/display.uri?eid=2-s2.0-84988353313&origin=resultslist&sort=plf-f&src=s&sid=1CDB527B90ACE654CF9F9941D9FC91E8.wsnAw8kcdt7IPYLO0V48gA%3a390&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2856509557300%29&relpos=0&citeCnt=0&searchTerm=
https://ezproxy.cuc.edu.co:2076/record/display.uri?eid=2-s2.0-84988353313&origin=resultslist&sort=plf-f&src=s&sid=1CDB527B90ACE654CF9F9941D9FC91E8.wsnAw8kcdt7IPYLO0V48gA%3a390&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2856509557300%29&relpos=0&citeCnt=0&searchTerm=
https://ezproxy.cuc.edu.co:2076/record/display.uri?eid=2-s2.0-84988353313&origin=resultslist&sort=plf-f&src=s&sid=1CDB527B90ACE654CF9F9941D9FC91E8.wsnAw8kcdt7IPYLO0V48gA%3a390&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2856509557300%29&relpos=0&citeCnt=0&searchTerm=
https://ezproxy.cuc.edu.co:2076/sourceid/29348?origin=resultslist
https://ezproxy.cuc.edu.co:2076/authid/detail.uri?origin=resultslist&authorId=34871317600&zone=
https://ezproxy.cuc.edu.co:2076/authid/detail.uri?origin=resultslist&authorId=55796306000&zone=
https://ezproxy.cuc.edu.co:2076/authid/detail.uri?origin=resultslist&authorId=56799495200&zone=
http://ezproxy.cuc.edu.co:2054/science/journal/03605442
http://ezproxy.cuc.edu.co:2054/science/journal/03605442/90/supp/P1
javascript:__doLinkPostBack('','mdb~~a9h%7C%7Cjdb~~a9hjnh%7C%7Css~~JN%20%22ASHRAE%20Transactions%22%7C%7Csl~~jh','');
http://heattransfer.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=Nitin+Goel&q=Nitin+Goel
http://heattransfer.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=D.+Yogi+Goswami&q=D.+Yogi+Goswami

©CO~NOOOTA~AWNPE

[120] Cerezo J, Bourouis M, Valles M, Coronas A, Best R. Experimental study of an ammonia-
water bubble absorber using a plate heat exchanger for absorption refrigeration machines.
Applied Thermal Engineering 2009; 29: 1005-1011.

[121] Cardenas R and Narayanan V. Heat and mass transfer characteristics of a constrained
thin-film ammonia—water bubble absorber. International Journal of Refrigeration 2011; 34
(1): 113-128.

[122] Lee S, Bohra LK, Garimella S, Nagavarapu A. Measurement of absorption rates in
horizontal-tube falling-film ammonia-water absorbers. International Journal of Refrigeration
2012; 35: 613-632.

[123] Nagavarapu AK and Garimella S. Falling-film absorption around microchannel tube
banks. Journal of Heat Transfer 2013; 135(12): 122001-122001-10

[124] Suresh M and Mani A. Heat and mass transfer studies on a compact bubble absorber in
R134a-DMF solution based vapour absorption refrigeration system. International Journal of
Refrigeration 2013; 36: 1004-1014.

[125] Jung CW, An SS, Kang YT. Thermal performance estimation of ammonia-water plate
bubble absorbers for compression/absorption hybrid heat pump application. Energy 2014;
75: 371-378.

[126] Amaris C, Bourouis M, Vallés M. Effect of advanced surfaces on the ammonia absorption
process with NHs/LiNO; in a tubular bubble absorber. International Journal of Heat and
Mass Transfer 2014; 72: 544-552,

[127] Cerezo J, Best R, Chan L, Romero R, Hernandez J, Lara F. A theoretical-experimental
comparison of an improved ammonia-water bubble absorber by means of a helical static
mixer. Energies 2018; 11: 56.

[128] Wu J, Yi J, Chen Y, Cao R, Dong C, Yuan S. Enhanced heat and mass transfer in
alternating structure of tubes and longitudinal trough mesh packing in lithium bromide
solution absorber. International Journal of Refrigeration 2015; 53: 34-41.

[129] Mortazavi M, Isfahani RN, Bigham S, Moghaddam S. Absorption characteristics of
falling film LiBr (lithium bromide) solution over a finned structure. Energy 2015; 87: 270-
278.

[130] Chen Y, Cao R, Wu J, Yi Z, Ji G. Alternate heat and mass transfer absorption
performances on staggered tube bundle with M-W corrugated mesh guider inserts.
International Journal of Refrigeration 2016; 66: 10-20.

[131] Isfahani RN and Moghaddam S. Absorption characteristics of lithium bromide (LiBr)
solution constrained by superhydrophobic nanofibrous structures. International Journal of
Heat and Mass Transfer 2013; 63: 82-90.

[132] Isfahani RN, Sampath K, Moghaddam S. Nanofibrous membrane-based absorption
refrigeration system. International Journal of Refrigeration 2013; 36: 2297-307.

[133] Berdasco M, Coronas A, Valles M. Theoretical and experimental study of the
ammonia/water absorption process using a flat sheet membrane module. Applied Thermal
Engineering 2017;124: 477-485.

[134] Berdasco M, Coronas A, Vallés M. Study of the adiabatic absorption process in polymeric
hollow fiber membranes for ammonia/water absorption refrigeration systems. Applied
Thermal Engineering 2018; 137: 594-607.

[135] Kulankara S and Herold KE. Surface tension of aqueous lithium bromide with heat/mass
transfer enhancement additives: the effect of additive vapor transport. International Journal
of Refrigeration 2002; 25: 383-3809.

67


http://ezproxy.cuc.edu.co:2054/science/article/pii/S0140700710001829
http://ezproxy.cuc.edu.co:2054/science/article/pii/S0140700710001829
http://www.scopus.com/source/sourceInfo.uri?sourceId=20968&origin=resultslist
http://ezproxy.cuc.edu.co:2054/science/journal/03605442
http://www.sciencedirect.com/science/journal/01407007
http://www.sciencedirect.com/science/journal/03605442
http://www.sciencedirect.com/science/journal/01407007
https://www.sciencedirect.com/science/journal/13594311
https://www.sciencedirect.com/science/journal/13594311

©CO~NOOOTA~AWNPE

[136] Hozawa M, Inoue M, Sato J, Tsukada T, Imaishi N. Marangoni convection during steam
absorption into aqueous LiBr solution with surfactant. Journal of Chemical Engineering of
Japan 1991; 24 (2): 209-214.

[137] Hihara E and Saito T. Effect of surfactant on falling film absorption. International Journal
of Refrigeration 1993; 16(5): 339-34.

[138] Hoffmann L, Greiter |, Wagner V, Weis V, Alefeld G. Experimental investigation of heat
transfer in a horizontal tube falling film absorber with aqueous solutions of LiBr with and
without surfactants. International Journal of Refrigeration 1996;19(5): 335-341.

[139] Moller R and Knoche KF. Surfactants with NHs-H,0, International Journal of
Refrigeration 1996; 19(5): 317-321.

[140] Nordgrent M and Setterwall F. An experimental study of the effects of surfactant on a
falling liquid film. International Journal of Refrigeration 1996; 19(5): 310-316.

[141] Kim KJ, Berman NS, Wood BD. The interfacial turbulence in falling film absorption:
effects of additives. International Journal of Refrigeration 1996; 19(5): 322-330.

[142] Kang YT, Akisawa A, Kashiwagi T. Visualization and model development of Marangoni
convection in NHs-H,O system. International Journal of Refrigeration 1999; 22(8): 640-649.

[143] Yoon JI, Kim E, Choi KH, Seol WS. Heat transfer enhancement with a surfactan on
horizontal bundle tubes of an absorber. International Journal of Heat and Mass Transfer
2002; 45: 735-741.

[144] Kyung IS and Herold KE. Performance of horizontal smooth tube absorber with and
without 2-ethyl-hexanol. ASME Journal of Heat Transfer 2002; 124: 177-183.

[145] Kang YT and Kashiwagi T. Heat transfer enhancement by Marangoni convection in the
NH;-H,O absorption process. International Journal of Refrigeration 2002; 25: 780-788.

[146] Park CW, Cho HC, Kang YT. The effect of heat transfer additive and surface roughness
of micro-scale hatched tubes on absorption performance. International Journal of
Refrigeration 2004; 27: 264-270.

[147] Cheng WL, Houda K, Chen Z-S, Akisawa A, Hu P, Kashiwagi T. Heat transfer
enhancement by additive in vertical falling film absorption of H,O/LiBr. Applied Thermal
Engineering 2004; 24: 281-298.

[148] Kim JK, Jung JY, Kim JH, Kim MG, Kashiwagi T, Kang YT. The effect of chemical
surfactants on the absorption performance during NHs/H,O bubble absorption process.
International Journal of Refrigeration 2006; 29: 170-177.

[149] Nakoryakov VE, Grigoryeva NI, Bufetov NS, Dekhtyar RA. Heat and mass transfer
intensification at steam absorption by surfactant additives. International Journal of Heat and
Mass Transfer 2008; 51: 5175-5181.

[150] Fu SJ and Shigang S. Experimental study on vertical vapor absorption into LiBr solution
with and without additive. Applied Thermal Engineering 2011; 31(14-15): 2850-2854.

[151] Oronel C, Amaris C, Bourouis M, Vallés M. Heat and mass transfer in a bubble plate
absorber with NH3/LiNO3z and NHa/(LiNOz+H,0) mixtures. International Journal of Thermal
Sciences 2013; 63: 105-114.

[152] Choi US. Enhancing thermal conductivity of fluids with nanoparticles. ASME Fluids
Engineering Division 1995; 231: 99-105.

[153] Ma X, Su F, Chen J, Zhang Y. Heat and mass transfer enhancement of the bubble
absorption for a binary nanofluids. Journal of Mechanical Science and Technology 2007; 21:
1813-1818.

68


https://www.jstage.jst.go.jp/AF06S010ShsiKskGmnHyj?chshnmHkwtsh=Nobuyuki+Imaishi
http://www.sciencedirect.com/science/article/pii/014070079390006T
http://www.sciencedirect.com/science/journal/01407007
http://www.sciencedirect.com/science/journal/01407007
http://www.sciencedirect.com/science/journal/01407007/16/5
http://www.sciencedirect.com/science/journal/13594311

©CO~NOOOTA~AWNPE

[154] Jung JY, Cho C, Lee WH, Kang YT. Thermal conductivity measurement and
characterization of binary nanofluids. International Journal of Heat and Mass Transfer 2011;
54:1728-1733.

[155] Sul HY, Jung JY, Kang YT. Thermal conductivity enhancement of binary nanoemulsion
(O/S) for absorption application. International Journal of Refrigeration 2011; 54(7-8): 1649-
1653.

[156] Cuenca Y, Vernet A, Vallés M. Thermal conductivity enhancement of the binary mixture
(NH3+LiNOs) by the addition of CNTs. International Journal of Refrigeration 2014; 41: 113-
120.

[157] Keblinski P, Phillpot SR, Choi SUS, Eastman JA. Mechanism of heat flow in suspensions
of nano-sized particles (nanofluids). International Journal of Heat and Mass Transfer 2002;
45: 855-863.

[158] Das S, Putra N, Thiesen P, Roetzel W. Temperature dependence of thermal conductivity
enhancement for nanofluids. Journal of Heat Transfer 2003; 125: 567-574.

[159] Buongiorno J. Convective transport in nanofluids. Journal of Heat Transfer 2006; 128:
240-250.

[160] Haddad Z, Abu-Nada E, Oztop HF, Mataoui A. Natural convection in nanofluids: Are the
thermophoresis and Brownian motion effects significant in nanofluid heat transfer
enhancement?. International Journal of Thermal Sciences 2012; 57: 152-162.

[161] Ding Y, Chen H, He Y, Lapkin A, Yeganeh M, Siller L, Butenko YV. Forced convective
heat transfer of nanofluids. Advanced Powder Technology 2007; 18(6): 813-824.

[162] Bahiraei M. Particle migration in nanofluids: A critical review. International Journal of
Thermal Sciences 2016;109: 90-113.

[163] Kim JK, Jung JY, Kang YT. The effect of nano-particles on the bubble absorption
performance in a binary nanofluids. International Journal of Refrigeration 2006; 29: 22-29.

[164] Kim JK, Jung JY, Kang YT. Absorption performance enhancement by nanoparticles and
chemical surfactants in binary nanofluids. International Journal of Refrigeration 2007; 30:
50-57.

[165] Kim H, Jeong J, Kang YT. Heat and mass transfer enhancement for falling film
absorption process by SiO, binary nanofluids. International Journal of Refrigeration 2012;
35: 645-651.

[166] Ma X, Su F, Chen J, Bai T, Han Z. Enhancement of bubble absorption process using a
CNTs-ammonia binary nanofluid. International Communication in Heat and Mass Transfer
2009; 36: 657-660.

[167] Lee JK, Koo J, Hong H, Kang YT. The effects of nanoparticles on absorption heat and
mass transfer performance in NHs/H,O binary nanofluids. International Journal of
Refrigeration 2010; 33: 269-275.

[168] Pang C, Wu W, Sheng W, Zhang H, Kang YT. Mass transfer enhancement by binary
nanofluids (NHs/H,O + Ag nanoparticles) for bubble absorption process. International
Journal of Refrigeration 2012; 35(8): 2240-2247.

[169] Ashrafmansouri SS and Esfahany MN. Mass transfer in nanofluids: A review.
International Journal of Thermal Sciences 2014; 82: 84-90.

[170] Pang C, Lee JW, Kang YT. Review on combined heat and mass transfer characteristics in
Nanofluids. International Journal of Thermal Sciences 2015; 87: 49-67.

[171] Yang L, Du K, Bao S, Wu Y. Investigations of selection of nanofluids applied to the
ammonia absorption refrigeration systems. International Journal of Refrigeration 2012; 35:
2248-2260.

69


http://www.sciencedirect.com/science/journal/01407007
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=56149995000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=9840665400&zone=
http://www.scopus.com/record/display.uri?eid=2-s2.0-84899813456&origin=resultslist&sort=plf-f&cite=2-s2.0-84898038194&src=s&imp=t&sid=E30723EB139BCB9F94AE053BA9BB2FEF.fM4vPBipdL1BpirDq5Cw%3a160&sot=cite&sdt=a&sl=0&relpos=5&citeCnt=6&searchTerm=
http://www.scopus.com/source/sourceInfo.uri?sourceId=13761&origin=resultslist

©CO~NOOOTA~AWNPE

[172] Krishnamurthy S, Bhattacharya P, Phelan PE. Enhanced mass transport in nanofluids.
Nano Letters 2006; 6(3): 419-423.

[173] Linek V, Korda M, Soni M. Mechanism of gas absorption enhancement in presence of
fine solid particles in mechanically agitated gas—liquid dispersion. Effect of molecular
diffusivity. Chemical Engineering Science 2008; 63: 5120-5128.

[174] Fang X, Xuan Y, Li Q. Experimental investigation on enhanced mass transfer in
nanofluids, Applied Physics Letters 2009; 95: 203108.

[175] Veilleux J and Coulombe S. A dispersion model of enhanced mass diffusion in
nanofluids. Chemical Engineering Science 2011; 66: 2377-2384.

[176] Lee JW, Jung JY, Lee SG, Kang YT. CO, bubble absorption enhancement in methanol-
based nanofluids. International Journal of Refrigeration 2011; 34: 1727-1733.

[177] Torres Pineda I, Lee JW, Jung I, Kang YT. CO, absorption enhancement by methanol-
based AI20; and SiO, nanofluids in a tray column absorber. International Journal of
Refrigeration 2012; 35: 1402-1409.

[178] Kang YT, Kim HJ, Lee KI. Heat and mass transfer enhancement of binary nanofluids for
H,O/LiBr falling film absorption process. International Journal of Refrigeration 2008; 31:
850-856.

[179] Pang C, Wu W, Wu R, Chen S. The effect of Al,O3; nanoparticles on the NHs/H,O bubble
absorption performance in binary nanofluids. International Conference on Computer
Distributed Control and Intelligent Environmental Monitoring, 2011, Changsha, Hunan,
China.

[180] Yang L, Du K, Niu XF, Cheng B, Jiang YF. Experimental study on enhancement of
ammonia-water falling film absorption by adding nanoparticles. International Journal of
Refrigeration 2011; 34: 640-647.

[181] Kim YJ, Lee JK, Kang YT. The effect of oil-droplet on bubble absorption performance in
binary nanoemulsions. International Journal of Refrigeration 2011; 34(8): 1734-1740.

[182] Lee JK, Lee KR, Kang YT. Development of binary nano-emulsion to apply for diffusion
absorption refrigerator as a new refrigerant. Energy 2014; 78: 693 — 700.

[183] Sozen A, Ozbas E, Menlik T, Tarik M, Gura M, Boran K. Improving the thermal
performance of diffusion absorption refrigeration system with alumina nanofluids: an
experimental study. International Journal of Refrigeration 2014; 44: 73-80.

[184] Amaris C, Bourouis M, Vallés M. Passive intensification of the ammonia absorption
process with NHs/LiNOj3 using carbon nanotubes and advanced surfaces in a tubular bubble
absorber. Energy 2014; 68: 519-528.

[185] Zhang L, Fua Z, Liu Y, Jin L, Zhang Q, Hu W. Experimental study on enhancement of
falling film absorption process by adding various nanoparticles. International
Communications in Heat and Mass Transfer 2018; 92: 100-106.

[186] Cheng L and Liu L. Boiling and two-phase flow phenomena of refrigerant-based
nanofluids: Fundamentals, applications and challenges. International Journal of Refrigeration
2013; 36; 421-446.

70


http://www.sciencedirect.com/science/journal/01407007
http://www.sciencedirect.com/science/journal/01407007



