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Abstract: This article critically reviews advances and numerical modeling in absorbers
and desorbers used in absorption refrigeration systems, emphasizing the applications,
limitations, and future perspectives of computational fluid dynamics (CFD). This study’s
main contribution lies in the detailed and critical analysis of the use of CFD in physi-
cal models of absorbers and generators of absorption chillers. In addition, several heat
exchanger technologies, such as falling film, membranes, and bubbling, are addressed,
highlighting CFD-based studies” main findings and challenges. The article also explores
the integration of artificial intelligence (AI) in CFD analyses, aiming to optimize modeling
and system performance. It was found that the application of CFD analyses in absorbers
and desorbers of absorption systems has proven to be an essential tool for developing and
optimizing these systems. Finally, research gaps were identified, especially regarding the
miniaturization and optimization of these exchangers, and directions for future studies are
proposed.

Keywords: absorption refrigeration; absorbers and desorbers; computational fluid
dynamics (CFD)

1. Introduction

Recent efforts to implement more sustainable refrigeration systems have significantly
increased, focusing on high efficiency and low energy consumption using natural refriger-
ants with low global warming potential. This trend is largely driven by global warming,
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which has increased energy consumption for cooling since 1990, exacerbated by the COVID-
19 pandemic heightened demand for domestic cooling [1]. In this context, absorption
refrigeration systems present a promising alternative. These systems offer several advan-
tages, including adaptability to low-temperature heat sources, natural refrigerants with
low global warming potential (GWP), a long service life, and their role as a key technology
in reducing primary energy consumption and environmental impact [2].

Despite its significant potential, the commercial advancement of vapor absorption
refrigeration technology faces two primary challenges: the large equipment volume and
the high initial investment costs [3,4]. Numerous research initiatives are currently focused
on developing strategies to optimize these systems and facilitate their miniaturization,
making them economically competitive with traditional refrigeration systems [5,6]. Given
the complex heat and mass transfer processes that occur in the absorbers and desorbers of
absorption refrigeration systems, these components are recognized as critical for enhancing
overall system performance [7]. This underscores the necessity of studying their behavior
to optimize internal heat and mass transfer. Prioritizing research on advanced technologies
related to operational modes, as well as the exploration of new fluids and innovative mod-
eling approaches, is essential [8-10]. Specifically, adopting new or improved distribution
methods and configurations for these components can significantly impact the performance
of the entire system [4].

To achieve this improvement, it is essential to conduct tests on new geometries, pa-
rameters, and materials. From this perspective, the CFD numerical modeling approach
offers an economical and accurate method for investigating machinery compared to con-
ventional experimental research. It enables the analysis of aspects that are often impossible
to verify experimentally, such as the equipment’s temperature field and mass fraction. It
also facilitates examining and modifying computational domain conditions and operating
parameters in comprehensive studies [11-16]. Although many studies have demonstrated
the potential of CFD analysis methodologies for the sorption processes in absorption refrig-
eration systems, most of the reviews found in the literature do not focus on CFD simulations
but instead on experimental or traditional numerical studies [4,13,17,18]. Amaris et al. [19],
in their review paper, presented the main technologies used for absorbers but focused
only on experimental studies. Similarly, Amaris and Bourouis [7] identified, summarized,
and discussed only the experimental studies dealing with the boiling process in desorbers
specifically for use in absorption heat pump technologies.

Integrating artificial intelligence (Al) techniques into CFD modeling represents a
significant advancement, offering opportunities to enhance computational efficiency and
simulation accuracy. Numerous studies have demonstrated Al’s potential to reduce com-
putational costs [20-22]. Additionally, Al methodologies such as reinforcement learning
have effectively optimized designs and control systems leveraging CFD outputs [23,24].
Adopting Al techniques in CFD analysis is becoming increasingly vital in the context of
absorption refrigeration systems. These methods enhance the optimization and precision
of simulations and present innovative solutions to the complex challenges inherent in these
systems while maintaining lower computational costs [25-27]. Furthermore, reviews of the
sorption elements in absorption chillers tend to focus on a single mode of operation of the
exchangers or exchangers applied in areas other than refrigeration. Wen et al. [12] summa-
rized previous studies on fluid flow and coupled heat and mass transfer in falling films
for both dehumidification and absorption refrigeration systems. Mahamoudou et al. [28]
reviewed analytical/numerical approaches to analyze thermal, mass, and hydrodynamic
phenomena in falling film absorbers. Similarly, Zhao et al. [29] presented a review of compu-
tational studies on the impacts of falling film hydrodynamics and heat transfer performance
in tube bundles. Zhai et al. [30] provided a review of various aspects of absorption cycles
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such as technological development, prospects, cycle configurations, working fluids, and
current applications. This work, however, focused exclusively on membrane-based heat
exchangers, such as the one presented by Sui and Wu [31] and Asfand and Bourouis [32].

Figure 1 summarizes the main objectives of review papers on modeling the sorption
elements over the last 5 years. As shown in Figure 1, several review papers on absorption
refrigeration systems address thermodynamic analyses, experimental studies of absorption
chillers, heat exchangers used, and applications of absorbers and generators. However,
there is a gap in the performance of critical reviews that focus on applying CFD (Com-
putational Fluid Dynamics) techniques in absorbers and desorbers. Additionally, there
is a lack of specific studies on new heat exchanger technologies, such as the use of mem-
branes and hybrid falling film systems, which have not yet been widely explored from the
perspective of CFD techniques. Another relevant point is the widespread use of constant
thermophysical properties in most studies, resulting in simplified models that limit appli-
cability in real conditions, where properties vary significantly during the absorption and
desorption processes. In the same context, the scarcity of research on new working fluids
stands out, highlighting the need for reviews that consider more sustainable alternatives,
such as ammonia-based mixtures or solutions with low toxicity and less environmental
impact. In addition, there is an imbalance in the approach of studies, which often focus
on absorbers, while generators, which are fundamental parts for the efficiency of systems,
receive less attention. Finally, the importance of integrating artificial intelligence techniques
with CFD is highlighted, aiming to increase the accuracy of simulations and reduce their
computational costs. In this sense, this review study seeks to bring an innovative approach
by exploring the application of CFD in absorbers and generators of absorption refrigeration
systems, contributing to the advancement of this area of research. Despite the diversity of
studies, there is still a need for a more specific review of CFD modeling for absorbers and
desorbers used specifically in absorption refrigeration chillers.

D U . GAP? - Critical analysis
: of CFD modeling for
absorbers and desorbers
in absorption chillers

Discussion on absorption

systems heat exchanger

technology.

Studies of the various
applications of absorbers

s REVIEW
PAPERS

i : Discussion of experimental
. . Teassmsnnansensninny » and Computational studies
on absorbers and desorbers.

and generators.

Figure 1. Summary of the main objectives of review articles on the sorption elements of absorption
chillers over the last 5 years.

The primary objective of this article is to present a comprehensive review of the
current state of CFD-based studies on absorbers and desorbers utilized in absorption
refrigeration systems. This is achieved through a critical analysis of the most significant
studies conducted over the past five years. The research encompasses key absorber and
desorber technologies, essential heat and mass transfer mechanisms and models, and
commonly used working fluids, as well as their implementation in the adopted tools.
Additionally, it highlights the integration of AI with fluid dynamics analysis.

This work is organized into six sections. Section 1 presents the importance of CFD
studies in sorption exchangers used in absorption chillers, highlighting the gaps identified
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in the review papers in the field. Section 2 outlines the search methodology. Section 3
focuses on the tools and models most commonly used in CFD analyses and examines
the studies that identify the leading technologies employed as absorbers and desorbers.
It also discusses the most common working fluids and details how their properties are
incorporated into the fluid dynamics tools. Section 4 presents studies that have integrated
fluid dynamics analysis with Al methods to enhance the modeling and optimization of this
equipment. Section 5 offers a critical review of the current state of research and prospects
for future work, emphasizing gaps in the literature. Finally, some conclusive remarks and
brief recommendations for future work are put forward in Section 6.

2. State-of-the-Art Literature Survey

The search was conducted using the Scopus scientific repository, where relevant
articles were explored. The primary keywords were combined using Boolean operators to
identify the most pertinent manuscripts on the selected topic.

When accessing the repository, the search focused on the titles of the articles, keywords,
and abstracts. Papers published within the last five years were selected. The initial search
utilized the keywords “absorption or desorption” and “CFD” (QUERY 1), progressing with
more specific keywords and narrowing the results to absorption chillers (QUERY 2). Finally,
the keywords “absorber” and “desorber” were incorporated into the query to further refine
the results to align with the specific objectives of our work (QUERY 3). The stratification of
the results by document type is presented in Table 1, with Boolean operators indicated in
the table legend.

Table 1. Overview of the articles found according to the specified search queries.

DOCUMENT TYPE QUERY 1 QUERY 2 QUERY 3
Article 509 26 12
Conference paper 100 3 0
Review 18 2 0
Conference Review 13 3 1
Book Chapter 7 0 0
Total 647 34 13

Note: QUERY 1: (absorption* OR desorption) and CFD; QUERY 2: (absorption* OR desorption) and CFD and
(chiller* OR refrigeration*); QUERY 3: (absorption* OR desorption) and CFD and (chiller* OR refrigeration*) and
(absorber* OR dessorber* OR generator*).

3. Absorber and Desorber Technologies: CFD-Based Studies

Unlike experimental research, which demands significant time and financial resources,
numerical simulations offer detailed insights into thermal and hydraulic behavior, enabling
adjustments to operating conditions and design variables [31,33]. These methods have be-
come increasingly popular for detailed flow analysis in cooling applications, particularly in
absorption refrigeration. However, the accuracy of CFD solutions depends on the physical
models representing real-world processes and the boundary conditions applied [34].

Various software packages are available for CFD analysis, each with unique advan-
tages and limitations. Table 2 summarizes the advantages and disadvantages of the most
used CFD software such as ANSYS/Fluent 14.0 in the field of absorption refrigeration.
Research on the simulation of flow and heat and mass transfer in absorbers and desorbers
of absorption chillers predominantly employs the commercial software ANSYS FLUENT
2024. However, studies also utilize ANSYS CFX 2023, COMSOL Multiphysics 6.3, and
open-source software such as OpenFOAM-v2412.
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Table 2. General comparison of the CFD software used in the field of absorption refrigeration.

Software Advantages Disadvantages
High license fee
ANSYS FLUENT [35] Significant computing resources required
High precision and robustness Steep learning curve
Intuitive interface R
Extensive technical support . High license fee
ANSYS CFX [36] Student version (limited) Limited compared to ANSYS FLUENT

for certain types of flows
Significant computing resources required

COMSOL Multiphysics [37]

Easy integration with other physics
(Multiphysics)

Intuitive graphic interface
Good documentation and
technical support
Student version (limited)

High license fee
Requires powerful hardware for
complex simulations
Less specialized in pure CFD

Open Source (general) [38]

Usually free or at a low cost
Open source allowing for user
customization
User community support
Simulations are typically configured
using text files, which allows for easy
linking of the simulation configuration to

Unintuitive graphical interfaces
Advanced programming knowledge may
be required
The associated licenses may have detailed
and complex requirements
and restrictions
Less formal technical support

Some advanced features found in
commercial software may be missing

third-party applications (e.g., for
optimization tools)

Table 2 also highlights the different characteristics found between commercial and
open-source software. While commercial tools like ANSYS FLUENT and COMSOL Mul-
tiphysics offer comprehensive documentation and extensive technical support, they are
costly and generally require substantial computational resources. On the other hand, open-
source software such as OpenFOAM is more cost-effective and highly customizable but
may require advanced programming knowledge from users. Furthermore, open-source
software also lacks formal user support [38].

The selection of software is influenced by several factors, including cost, licensing
restrictions, ease of use, implementation of properties, availability of solvers, pre- and
post-processing tools, and technical support, among others. A critical consideration in
this decision is whether to opt for open-source or commercial CFD software. Open-source
software is often available at a lower cost, sometimes even free; nonetheless, it may lack
technical support. In contrast, commercial packages typically provide comprehensive
documentation and dedicated technical support for users [38].

Another difference is that in open-source CFD software, such as OpenFOAM, the
material property library is often less extensive than in commercial software. While some
community-developed libraries exist, they are limited compared to the comprehensive
databases in commercial tools like ANSYS FLUENT /CEX or COMSOL Multiphysics. How-
ever, even commercial software often lacks specific information for certain fluids, particu-
larly across a wide temperature range.

An approach for incorporating properties is through UDFs. UDFs are custom code
snippets created by users to enhance model functionality, allowing them to extend the
software’s capabilities beyond standard options. This enables the development of tailored
calculation routines, custom boundary conditions, heat or mass sources, and more. Several
studies, including those by Yang et al. [39], Sui et al. [40], Sui et al. [41], Turkmen and
Atilgan [42], and Zhang et al. [43], have employed UDFs to dynamically update fluid
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properties in response to concentration and temperature variations during the absorption
or desorption process.

Table 3 summarizes how the properties of the primary fluids used in absorption
chillers are implemented in four different CFD software packages. Since ANSYS FLUENT
and ANSYS CFX are tools from the same manufacturer, they share similar libraries and

methods for inputting property values.

Table 3. Means of implementing fluid properties in software.

Fluid ANSYS FLUENT/CFX COMSOL Multiphysics OpenFOAM
H,O properties included in its I ... HO properties included in its
4 library [40]. H0 prololc?ll;tles 1nzéuded mn its library (initial configuration
. The properties of H,O-LiBr Th orary [43]. . may be necessary) [47].
®) must be defined by the user e properties of F,O-LiBr The properties of HO-LiBr
a . y must be defined by the prop . 2
T (typically through UDFs or 46 y must be defined by the
manually entered data) [44]. user [46]. user [47].
Q NHj; properties included in its
E library (it may be necessary to . ..
) set up UDFs for specific NHj3 properties must be ?TH3 prope.rqe.s 1r1c1u<.fled m its
Z properties) [11,48]. defined by the user [45]. ibrary (an initial Fonﬁgurahon
S The properties of binary The properties of binary Tﬁlay be reqmred) .[47]'
Z mixtures must be defined by mixture must be defined by ; he properfies of bmary
i the user (typically through the user [46]. mixture must be defined by
ol UDFs or manually entered the user [47].
Z data) [44].

In general, while there are studies in the literature that utilize CFD to investigate
absorbers and desorbers, many of these studies fail to clarify how fluid properties were
integrated into the software or the specific values employed. Furthermore, those studies that
do provide these values typically rely on constant parameters. This lack of detail presents
challenges in reproducing research related to the CFD technique and the application of
absorbers and desorbers in absorption refrigeration systems.

Building on these limitations, recent research efforts have shifted toward enhancing
absorption systems by exploring new exchanger technologies that can reduce both their
size and cost. The complex simultaneous heat and mass transfer that occurs within these
components demands exchanger geometries that, in some cases, lack optimization [4].
In this regard, strategies that aim at improving performance and miniaturizing these
systems generally focus on enhancing the efficiency of heat and mass exchange within the
solution [49].

The absorber is generally pointed out as the most critical component, significantly
influencing both system performance and size [50]. Consequently, absorbers are the focus
of extensive experimental and numerical investigations [17]. Additionally, there exists a
body of research examining desorbers in different configurations as well [31].

The following subsections explore the sorption technologies utilized in both absorbers
and desorbers, highlighting studies from the past five years. A table summarizes the
types of equipment, fluid technologies, and objectives of the selected articles. Additionally,
works using Al to optimize CFD analyses of sorption exchangers are highlighted. Finally, a
table presents the software used by the authors, the transport phenomena models, basic
configurations, and key results reported in the articles.
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3.1. Absorber and Desorber Technologies

The following papers have used CFD to model multiphase flows, heat transfer, and
mass transfer in absorbers and desorbers, focusing on falling film, bubble, and membrane
technologies. These studies were analyzed to highlight the main contributions generated
by computational analyses, providing a comprehensive overview of the advances and
challenges faced in the field. By highlighting the contributions and limitations of these
studies, we sought to better understand the crucial role of computational modeling in the
optimization and development of these devices.

3.1.1. Falling Film

The absorption of water vapor by a falling film (Figure 2) is a configuration commonly
found in absorbers today. Heat and mass transfer occur on the surface of the falling film,
which is permeable to the refrigerant. This technology was initially studied for refrigeration
applications and implemented by Ref. [51] in NH3-H,O absorbers.

Weak solution
=== Strong solution
== Refrigerant vapor
Cooling water

Figure 2. Schematic representation of the falling film absorption process in horizontal tubes. The
weak solution enters the absorber and forms a uniform film as it flows down the tubes. The refrigerant
vapor is absorbed into the film, resulting in a strong solution as it flows to the bottom of the system.
The heat released during absorption is removed by cooling water circulating inside the tubes, enabling
thermal control of the process [17].

Figure 2 illustrates falling film absorption in horizontal tubes, highlighting the flows
and interactions involved. The weak solution (depicted in yellow), containing a low
refrigerant concentration, enters the absorber at the top of the exchanger and flows over the
set of tubes, forming a uniformly distributed film. Simultaneously, the refrigerant vapor
(shown in light blue) enters the absorber (also from the top), which is absorbed into the
weak solution film as it flows along the tube surfaces. During this process, the refrigerant
concentration in the solution increases, turning it into a strong solution. Absorption occurs
due to heat removal from the process, which is transferred to a cooling fluid (depicted
in black) circulating inside the tubes. This thermal flow is essential for maintaining the
efficiency of the absorption process.

Two-dimensional analyses are commonly employed to reduce the computational time
of simulations. Shi et al. [52], for example, utilized the Lattice Boltzmann method (LBM)
to model and simulate the distribution of wave velocity and energy during the liquid
film falling process. This simulation assumed laminar flow with a semi-parabolic velocity

I were used

distribution. In their study, a length of 1 m and an initial velocity of 0.1 m-s~
for the falling film flow of HyO-LiBr. The results indicated that wave flow resulted in a

modest enhancement of heat and mass transfer, with the local dimensionless numbers for
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mass (Sh) and heat (Nu) transfer increasing by factors of 4 and 2, respectively, compared to
laminar flow.

In addition to considering laminar flow, another common simplification in studies
within this field is the assumption of constant thermophysical properties of the fluid. In
the study by Tahir et al. [53], for example, a 2D laminar numerical model was developed
with constant properties and symmetrical flow. The authors analyzed the influence of
liquid load in both drop and jet modes, as well as the concentration of the LiBr aqueous
solution film. Two concentrations of LiBr solution were examined, 45% and 65%. The
results indicated that the jet mode exhibited greater stability at concentrations above 65%,
with a variation of £0.5%, compared to lower concentrations. However, heat transfer was
enhanced at lower concentrations due to reduced film thickness and thermal resistance,
increased recirculation, and a higher velocity field.

The complexity of flow patterns in falling film absorbers and desorbers necessitates
simplifying assumptions to achieve a closer representation of real equipment. To improve
this accuracy, Subramaniam et al. [50] examined critical factors such as droplet formation
and breakage, which often lead to oversimplified laminar flow models. They developed a
two-dimensional model utilizing the VOF methodology in ANSYS FLUENT, indicating that
flow patterns significantly influence absorption. The drop-by-drop flow mode facilitates
the mixing of concentration profiles, thereby sustaining absorption. In contrast, the absence
of mixing leads to a dramatic decrease in absorption after the initial stages.

New hybrid models have been developed to enhance the analysis of solution film
characteristics. Vakilipour and Hekmatkhah [54] conducted a comprehensive examination
of two-phase (gas-liquid) flows, both steady and unsteady, to investigate the absorption
characteristics of the falling H,O-LiBr film. An arbitrary fully coupled Lagrangian-Eulerian
interface tracking (ALE-IT) algorithm was developed to calculate transient heat and mass
transfer, as well as the precise location of the absorption process. The energy and transport
equations for chemical species were discretized implicitly and coupled with the flow
equations of motion. This coupled solver enables accurate calculations of interfacial heat
and mass transfer, allowing predictions of increased absorption from a falling corrugated
film compared to a stable film. It was observed that cooling the wall temperature enhances
the absorption rate, with the highest heat and mass transfer rates estimated across the
interface at a Strouhal number of 0.03. The dynamic structures of interface instabilities,
characterized by solitary and capillary waves, significantly influence the absorption rate.
An increase in the rate was noted adjacent to capillary interface waves, while the absorbing
flow was suppressed in the presence of solitary waves.

Zhang et al. [43] developed a hybrid multiphase model to analyze a liquid film flowing
over a thin layer of compressed silicon carbide foam during a desorption process. This
improved method combines the VOF and Euler—Euler models. Compared to the results
obtained from liquid film flow over a rigid surface, the mass transfer performance is
observed to degrade when the liquid film flows over a porous layer. This occurs because
as the liquid flow rate in the porous medium increases, the slow species transport within
the porous medium begins to have a considerable negative effect on the overall mass
transfer performance. Furthermore, the desorption rate on the liquid side is significantly
influenced by the properties of the porous layer due to flow resistance, revealing a non-
linear relationship between the desorption rate and the liquid flow rate.

In addition to enhancing the understanding of flows in equipment utilizing falling film
technology, several studies have explored alternative methods to improve the performance
of falling film absorption, thereby increasing the efficiency of absorption systems. These
investigations are typically conducted through experimental and numerical approaches.
In the CFD analysis, Gao et al. [55] established a falling film absorption model for a H,O-
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LiBr solution, considering actual cooling water channels and tube wall thickness. They
examined the impact of adding copper oxide nanoparticles (nano-CuO) on falling film
absorption. A two-dimensional model was developed using COMSOL Multiphysics, which
considers laminar flow, the physical transport of concentrated chemical species, and heat
transfer in fluids. This model was applied to a falling film of LiBr solution flowing along a
vertical copper wall under stationary conditions, utilizing the PAEDISO solver, which is less
common in such analyses. The results indicated that the enhancement effect of nano-CuO
was more pronounced at higher inlet temperatures and lower solution concentrations.

3.1.2. Bubble

Bubble absorption and desorption technology is gaining prominence due to its effective
heat and mass transfer performance, as well as its applicability in mobile devices [56,57].
In practice, two distinct operational scenarios exist, each characterized by significantly
different bubble behavior. In the first scenario, illustrated in Figure 3a, the flow of bubbles
occurs freely within a solution in a “pool-type” configuration. In this case, the absorbent
solution and refrigerant vapor enter a reservoir resembling a pool, where bubbles disperse
freely in the solution. The heat generated during absorption is removed by a cooling
fluid that passes through a submerged tube within the reservoir. In the second scenario,
shown in Figure 3b, the operation occurs in a shell-and-tube configuration. Here, the flow
of bubbles is significantly influenced by the walls of the tubes, which act as structural
barriers, altering the flow pattern and the interactions between the bubbles and the fluid.
This configuration provides more controlled heat and mass transfer processes [57]. These
different configurations directly affect process efficiency, as the interaction between the
bubbles, the fluid, and structural surfaces varies depending on the operational environment.

solution
outlet

coolingfid |

solution
outlet

Refrigerant
vapor

Cooling fluid rﬂ

Absorbent
solution (b)

Figure 3. Schematic diagram of the bubble absorber in two distinct configurations: (a) pool-type
configuration, where the absorbent solution and refrigerant vapor mix in a reservoir with free bubble
flow and heat is removed by a cooling fluid passing through a submerged tube; (b) shell-and-tube
configuration, where bubbles are generated inside the tubes and the cooling fluid flows externally to
the tubes in the opposite direction.

The first type of exchanger was investigated by Panahizadeh et al. [58] in the desorp-
tion model, where they employed a two-phase Euler-Euler approach utilizing an extended
boiling model from Rensselaer Polytechnic Institute alongside a k-¢ turbulence model. The
numerical model was applied to three types of pipes: a bare pipe, a pipe with a notched
fin, and a pipe with a low fin. The objective was to assess the impact of fin design on the
boiling heat transfer rate within the absorption chiller generator and to compare the results
with those from the bare tube. The findings indicated that the implementation of a tube
with a notched fin or a low fin increases the rate of inhomogeneous nucleation, leading to
earlier boiling compared to the bare tube, and reduces the thermal energy required in the
generator of an absorption chiller.

The modeling of bubble exchangers featuring a shell-and-tube configuration is ad-
dressed in the studies conducted by Mohamed and Karimi [59] and Dong et al. [46]. The
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first study performed a CFD analysis of a shell-and-tube desorber with baffles to maximize
heat exchange. The primary objective was to assess the optimal spacing of the baffles within
the heat exchanger. Their findings indicated that reducing the baffle spacing resulted in an
increased heat transfer coefficient, with a decrease from 137 mm to 101 mm leading to a
48% increase in the coefficient.

In the exchanger examined by Dong et al. [46], steam is injected into the LiBr solution
through a hole at the bottom of the absorber, where bubbles are generated and subsequently
rise through the solution, creating various flow regimes. The steam enters the solution
due to a pressure differential, facilitating heat transfer to the cooling water outside the
tube. A heat and mass transfer model incorporating composite heat exchange (both con-
duction and convection) was developed to explore this process under vacuum conditions.
COMSOL Multiphysics was utilized to create an axisymmetric, two-dimensional model of
the exchanger.

The results found by Dong et al. [46] revealed that enlarging the orifice diameter
from 2 mm to 6 mm significantly improved the heat and mass transfer coefficients. Larger
orifices produce larger bubbles, increasing the gas-liquid interface contact in the absorption
process and promoting better convective heat and mass transfer. Similarly, increasing the
bubble velocity from 0.1 m-s~! to 0.5 m-s~! yielded even more significant enhancements.
This increasing bubble speed intensifies convection between phases, promoting a higher
mass transfer rate. Conversely, raising the concentration of the solution from 50% to 60% re-
duced the heat and mass transfer coefficients. The increase in concentration alters the fluid
properties, resulting in higher density, viscosity, and surface tension while simultaneously
reducing thermal conductivity and specific heat. These changes impede mass transfer due
to the increased inertial force and surface tension, which affect bubble size. Additionally,
the increased concentration reduces the molecular spacing, thereby intensifying molecu-
lar interactions. This impedes thermal motion and consequently reduces both heat and
mass transfer.

Lima et al. [11] conducted a two-dimensional numerical analysis using ANSYS-CEX
to study an NH;3-H,O bubble absorber. The equipment consisted of a plate heat exchanger
with three channels, where the refrigerant vapor and solution flowed downwards in
the central channel while the cooling water flowed upwards in the side channels. A
single common inlet was considered for both flows to simplify the model, and it was
analyzed as a distributed flow along the inlet. Additionally, the analysis neglected heat
exchange by conduction. The results were compared with those in the literature and,
despite simplifications, showed errors of less than 10%, except for the mass fraction of
the solution. The parametric analysis revealed that a 10% increase in the ammonia mass
fraction at the absorber’s inlet led to a 17.9% increase in the amount of ammonia present at
the absorber’s outlet compared to its inlet value, while a 10% reduction in the ammonia
mass fraction at the absorber’s inlet caused a 29.8% increase.

Understanding bubble behavior during the transfer process poses a significant chal-
lenge in this operational mode. Using the VOF model, some researchers have simulated
absorbers and desorbers, achieving good results. Zapata et al. [60], for example, evalu-
ated vapor bubble absorption in NH3-LiNOj; solution using an optimized CFD model
ANSYS FLUENT. The results showed that the VOF and mixing models are suitable for
predicting the absorption process in the bubble absorber, evaluated as a function of mesh
density refinement. The absorbed flow estimated from the CFD model varied between
32 x 10 2 kg:m 257! and 4.4 x 1073 kg-m~2.s~!, while the solution-side heat transfer
coefficient varied between 457 W-m~2-K~! and 786 W-m~2-K~1.

In a related study, Zapata et al. [48] analyzed and validated a 3D CFD bubble absorber
model in ANSYS FLUENT, developed to simulate the absorption process in a double
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vertical tube with the NH3-LiNOj solution. They compared three multiphase models: the
Volume of Fluid (VOF) model, which successfully converged in 4.5 h with a residual of
10~7; the mixture model, which failed to converge after 6 h; and the Eulerian model, which
resulted in a divergent solution after 6 h of simulation. The results showed that the VOF
coupled with the Realizable x-epsilon mass transfer model offered the best performance, with
errors of less than 10% when compared to the experimental data. The maximum absorption
rate and heat transfer coefficient were 0.00441 kg-m?-s ! and 786 W-m~2.K~1, respectively.

3.1.3. Membrane

In 1980, Zerweck obtained a patent for the membrane-based absorption cycle [61].
Following an extensive development period, membrane-based absorption technology has
significantly advanced to meet diverse demands, including cooling, heating, and gas dehu-
midification, among others. An analysis of current development trends indicates that the
membrane-based absorption cycle is an emerging technology that is attracting increasing
attention from both researchers and industry. However, it faces certain challenges, includ-
ing high costs and potential high-pressure losses, as well as the durability of the membrane,
especially when used in salt-based working fluids [4,30].

Membranes are widely utilized in the process industry due to their relative simplicity,
reliability, high separation rates, large interfacial areas, and low energy consumption, which
enhance heat and mass transfer. In the absorption cycle, the membrane serves as a barrier
that permits the passage of small molecules, such as refrigerant vapor, while restricting
larger molecules, such as absorbent molecules.

Figure 4 illustrates the schematic operation of membrane-based exchangers function-
ing in the absorption (Figure 4a) and desorption (Figure 4b) mode. In the absorption mode
(a), refrigerant vapor flows through the membrane while the absorbent is retained in a
narrow flow channel due to the selective permeation properties of the membrane. The
absorbent solution flows through this channel, facilitating the entry of refrigerant vapor
into the solution due to the partial pressure difference. In the desorption mode (b), the
refrigerant vapor is extracted from the hot solution due to the difference in vapor pres-
sure, even at low temperatures. Consequently, the desorption process occurs before the
absorbent solution reaches its boiling point [43,62].

B Vapor refrigerant
)
g ®o. 02.9°,.°
b —
e =2 [T Membrane
5 ©.@.”@....
7 i} -
é' @e? o) e o @@ @.
= E Aqueous solution
E Vapor refrigerant - .
3 °
=
) ;0 Membrane
=
2
2
[« W

Aqueous solution

Figure 4. Schematic diagrams of a membrane-based sorption exchanger operation in (a) absorp-
tion and (b) desorption modes. In the absorption mode (a), refrigerant vapor passes through the
membrane due to a partial pressure difference. In the desorption mode (b), the process is reversed:
refrigerant vapor is released from the heated solution due to the vapor pressure difference across the
membrane [62].
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Sui et al. [63] conducted a parametric study on H,O-LiBr absorbers with flat mem-
branes using a 2D CFD model in ANSYS FLUENT to elucidate the impact of membrane
parameters on the absorption process. The results indicate that membrane porosity is the
most critical parameter influencing the absorption rate, surpassing the effects of membrane
thickness and pore diameter. The optimal values recommended for membrane porosity,
pore diameter, and thickness are 0.8, 1 um, and 60 um, respectively. Furthermore, the study
demonstrates that a reinforcement structure with inclined grooves induces swirling of the
solution, increasing the effective heat transfer area and significantly improving absorption
performance at lower solution pressure drops. Among the proposed structures, the herring-
bone groove enhances the absorption rate by 1.62 times with a 19.01% solution pressure
drop. In contrast, the inclined groove reinforcement achieves an improvement of 1.56 times
in absorption rate and a pressure drop reduction of 20.77%.

Sui et al. [40] conducted simulations in ANSYS FLUENT to study the effect of the
design variables on the absorption process in an HyO-LiBr membrane absorber, employing
UDFs to update fluid properties due to the lack of solution parameters in the CFD materials
database. The study revealed that adding baffle modules at the solution channel inlets
altered the entrance effects by disturbing the boundary layer, leading to a 20% increase in
the absorption rate and a 230% improvement in volumetric cooling capacity. Figure 5 illus-
trates these effects, showing how the boundary layer disturbance at the channel entrance
promotes a more significant mixing of the absorbent solution and enhances its interaction
with the refrigerant vapor. This increase in the solution velocity improved the absorption
performance, reducing the solution residence time within the channels and increasing the
solution pressure drop. The study also determined that the optimal solution film thickness
and velocity were 0.5 mm and 4.0 mm-s~!, respectively, balancing absorption efficiency
with acceptable pressure drops.
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Figure 5. Comparison of absorption rates in an HyO-LiBr membrane absorber with and without
baffles at the solution channel inlets. The presence of baffles disrupts the boundary layer, promoting
greater mixing of the solution and interaction with the refrigerant vapor, resulting in a 20% increase
in the absorption rate [40].

In a similar study, Sui et al. [41] applied the same principle to update the solution
properties in the case of a microchannel membrane absorber. The findings suggest that
the channel width has an insignificant impact on the heat and mass transfer behavior.
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Furthermore, the pressure drop increases by 16.6% as the solution channel width decreases
from 1.8 mm to 1.0 mm. Finally, the implementation of groove structures at the bottom of
the solution channel to generate a swirling effect allowed for a 13.17% reduction in pressure
drop, accompanied by a 0.57% higher absorption rate.

Ttirkmen and Atilgan [42] also conducted CFD modeling in ANSYS FLUENT with the
aid of UDFs for property integration. They investigated the optimization of membrane-
based absorbers and desorbers in absorption refrigeration systems, considering various
parameters such as the channel height, the solution inlet velocity, and the different solution
pairs (H,O-LiBr, H,O-LiBr/LiNO3/Lil/LiCl, H,O-[EMIM][OAc], and H,O-LiCl). The
results indicate that channels with a height of 0.5 mm performed best, while the liquid
H,O-[EMIM][OACc] was the most efficient for absorption with an optimal inlet velocity of
0.027 m-s~ L. In the desorption mode, the HyO-LiCl solution showed the best performance
while H,O-[EMIM][OACc] exhibited the lowest pressure drop. Different microchannel
structures were compared, demonstrating a significant increase in absorption rates at the
cost of a greater pressure drop. The H,O-[EMIM][OACc] solution proved advantageous in
terms of absorption rate and pressure drop, while the H,O-LiCl solution was advantageous
for desorption rates. The authors recommend exploring more parameters and conducting
three-dimensional analyses and experiments to determine the optimal conditions.

Medina-Caballero et al. [64] presented a numerical simulation of a membrane desorber
utilizing an air gap membrane distillation configuration. The analysis was conducted using
ANSYS FLUENT and involved a three-dimensional model. The maximum error in the
simulated temperature was 11.9% compared to the experimental data. The results indicated
a temperature difference of 288.15 K between the solution volume and the membrane
interface. Additionally, stagnant areas within the solution channel resulted in velocity
variations of five orders of magnitude compared to the midpoint of the channel. This
poorly distributed flow created a “jet” effect within the solution channel, leading to an
inhomogeneous concentration distribution at the membrane interface. Consequently, a
concentration difference of up to 1.35% was observed between a point at the boundary of the
membrane interface and a point located in the middle of the channel. Therefore, geometric
modifications to the membrane desorber device could enhance the desorption rate.

3.2. General Discussion on the Different Sorption Exchanger Technologies

Table 4 summarizes the technologies discussed, including the research objectives and
key characteristics of the studied equipment. Notably, there have been few studies in
the last five years on absorber and desorber technologies for CFD-modeled absorption
refrigeration systems. This gap highlights the urgent need for research to align with
technological advancements and changing market demands.

Most studies on CFD for absorbers and desorbers focus on understanding flow phe-
nomena, aiming for a comprehensive analysis of the key parameters that influence heat
and mass transfer within the system. This focus ultimately seeks to enhance the COP while
reducing the size and cost of the global system.

In the field of CFD modeling, conventional fluids, particularly the H,O-LiBr pair,
dominate most studies. The prevalence of H,O-LiBr in CFD research can be attributed
to several factors: its elevated thermal COP for positive cooling applications, simpler
configuration [4], its favorable thermophysical properties, good chemical stability, an
extensive property database, the availability and non-toxicity of water as a refrigerant,
and the potential for specific applications [31,65]. Nevertheless, the literature highlights
investigations into new working fluids, reflecting significant advancements in research and
broadening the scope for optimization and innovation in absorption refrigeration systems.
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Table 4. Summary of the characteristics and objectives of research regarding absorbers and desorbers

for absorption refrigeration systems.

Ref.

Exchanger

Technology Operating Mode

Working Fluid

Objective

[50]

[52]

[54]

[55]

[53]

[43]

Capture the key parameters’ impact on
the film’s flow.

H,O-LiBr

Simulate the distribution of wave speed
and energy in the process of falling
liquid film.

Absorber

Examine the absorption characteristics
of the fluid from a fully coupled
ALE-IT algorithm.

Falling film
H,O-
(LiBr+nanoparticles)

Analyze the effect of adding copper
oxide nanoparticles on the absorption
performance of the falling film.

H,O-LiBr

Analyze the influence of liquid charge
and concentration on the
hydrodynamics of the solution film.

Absorber/Desorber
NH;3-H,O

Analyze how the existence of a porous
substrate in the flow field affects the
mass and momentum
transfer performances.

[48]

[60]

[11]

[46]

[58]

[59]

Analyze and validate a double
vertical absorber.

NH;-LiNO;

Absorber

Analyze the performance considering
global heat transfer parameters.

NH;-H,0

Predict the hydrodynamic behavior of
flat plate absorbers.

H,O-LiBr
Bubbles

Study the absorption process under
vacuum conditions.

Investigate the effect of using fins and
grooves in copper tubes on the boiling
heat transfer rate, comparing it with
smooth tubes.

Desorber H,O-LiBr

Evaluate the spacing of the baffles
inside the heat exchanger for the
optimization of an exchanger.

[63]

[40]

[41]

[42]

[64]

Analyze the effects of membrane
parameters on the absorption process.

Discuss the influence of design
variables on the absorption process.

Absorber H,O-LiBr

Membrane

Investigate improvement strategies to
reduce the pressure drop of the solution
side and improve the absorption
characteristics of the equipment.

Hzo-LiBl‘, H20'
LiBr/LiNO3/Lil/LiCl,
H,O-[EMIM][OAC]
and H,O-LiCl

Absorber/Desorber

Optimize absorbers and desorbers
considering different
design parameters.

Desorber H,O-LiBr

Study an air gap membrane desorber.
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Table 5 presents a summary of the primary software utilized by researchers in the
studies covered by this present review, along with the transport phenomena models, infor-
mation on fluid properties, basic configurations, and the key findings of the related studies,
focusing on the last five years as the analysis period. For the articles cited in Table 5, unless
otherwise specified in the models and complementary equations column, the governing
equations used in the models are the continuity, momentum, and energy equations.

Table 5. A summary of the software used, their properties, basic configurations, transport phenomena
models applied to sorption, and the main conclusions from articles on modeling sorption exchangers
with CFD over the past five years.

Transport Phenomenon Models

Ref. Software Properties Basic Settings Multi-Phase Models and Significant Findings
Complementary
Models .
Equations
The VOF + realizable
k-epsilon model was the
most appropriate.
VOF model; Viscous models: The model identified
48] 3D, mixture model; laminar, temperature profiles on the
transient state Eulerian k-epsilon, solution side of the absorber;
model k-omega these gradients were not
identified in experimental
studies or one-dimensional
simulations.
The 2D model effectively
tracked the impact of the
2D/3D, YOF; Species various flow aspects on the
continuous . heat and mass
[50] steady state, Transportation
laminar flow surface force Model transfer processes.
method (CSF) The computational cost and
Constant solution time of the 2D model
ANSYS properties are worth its use.
(database + .
FLUENT ternal rof No information Heat transfer performance is
external ref.) VOF: on the ener better at lower
2D, Continué)us equa ﬁon?y concentrations due to lower
[53] transient state, a4 g film thickness, more
laminar flow surface force Adiabatic recirculation, higher velocity,
method (CSF) condition (no 4 !
and lower
heat flow) .
thermal resistance.
The VOF model has a good
performance in low-density
mesh elements.
The mixture model has better
. performance in smaller
3D, VOF and Reahz.able numbers of elements and
[60] ; ; k-epsilon
transient state mixture smaller volumes.

viscous models

The absorbed mass flow and
the heat transfer coefficient on
the solution side are the most
sensitive variables for CFD
absorber performance.
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Table 5. Cont.
Transport Phenomenon Models
Ref. Software Properties Basic Settings Multi-Phase Models and Significant Findings
Models Complem.entury
Equations
Reducing the spacing of the
baffles significantly
Calculation of incr.ez.ised .the heat trans:fer
the global heat coefficient in the wall, with a
3D, . 48% increase when reducing
[59] . Not informed transfer .
laminar flow coefficient using the spacing from 137 mm to
the Kern method 101 mm- .
There was also an increase in
velocity and a drop in
c static pressure.
onstant
properties RPI boiling
(external ref.) model; extended
tlli‘lgliezie 'The use of finn'ec’1 tubes
model: increases thg ‘b01hng heat
Two-phase energy equ;ition transfer coefﬁc.le.nt, enhances
[58] .2D' Eulerian— is only th? wettab{llty of the
transient state Fulerian determined for solutlop, an.d increases the
the liquid phase: nucleation sites for bubbles,
the Vgpor };)hase’ which leads to faster and
is assumed to be more efficient boiling.
at the saturation
temperature
ANSYS When the liquid fki)lm flows
over a porous substrate, a
FLUENT ShTrV.VOOdf greatsr thickness of the
C(;Zr?ak?::)c;niio(: liquid film leads to poorer
& dd P . mass transfer performance.
No information 2D, Hybrid model arlraniszl;}’:tcl,(f)n/ A non-linear and complex
[43] on fluid pseudo-steady (VOF and concelrjltra ted relationship exists between
properties state Euler-Euler) species; the mass transfer rate of the
no informa/tion liquid phas.e ar.1d the .ﬂov.v
on the energy rate of the liquid, which is
equation also affected by the
properties of the
porous medium.
The porosity of the
membrane had the greatest
impact on the absorption
rate, with a 32% increase in
the absorption rate when
Single-phase increasing the porosity from
D simplified 0.6 to 0.8.
[63] steady ; tate model . Transp(.)rt of The introduc’sion. (?f inclined
laminar ﬂovx; approach with species grooves significantly
mass and heat improved heat and mass
sources transfer performance.

Grid and inclined groove
structures presented the best
overall performance among

the different
groove geometries.
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Table 5. Cont.

Ref. Software

Transport Phenomenon Models

Properties Basic Settings Multi-Phase Models and
Models Complementary

Equations

Significant Findings

[40]

ANSYS
FLUENT

3D, Species

. 1
steady state, Not informed trar;:i}:}olrr’cnzls(;de
laminar flow

source terms

The average absorption rate
increases with the inlet
velocity of the solution, an
ideal velocity of 0.004 m-s~.
As the thickness of the
solution channel decreases,
there is a decrease in the
absorption rate and an
increase in the pressure drop.
A channel thickness of
0.5 mm is recommended for
a balance between pump

load and absorber
performance.

The addition of baffles
increases the average
absorption rate by around
20% and the volumetric
cooling capacity by up to
3.3 times compared to
conventional falling
film absorbers.

Knudsen
number to

3D, The author evaluate water

considered a
steady state, . vapor transport;
. single-stage
laminar flow transport of
model
concentrated
species

The width of the solution
channel has a negligible
impact on heat and mass
transfer but causes a 16.6%
increase in pressure drop
when reduced from 1.8 mm
to 1.0 mm.
Among the groove
structures analyzed, the
circular groove was the most
efficient, reducing the
solution pressure drop by
13.17% and improving the
absorption rate by 0.57%.
The circular groove structure
proved to be more effective
than thinner channels,
improving the absorption
rate with a slightly lower
pressure drop, evidencing
that groove structures are
promising for optimizing the
hydraulic and absorption
performance of
microchannel
membrane-based absorbers.




18 of 30

Energies 2025, 18, 314

Table 5. Cont.
Transport Phenomenon Models
Ref. Software Properties Basic Settings Multi-Phase Models and Significant Findings
Complementary
Models .
Equations
Microchannels of 0.5 mm
height performed better in
absorbers and desorbers.
The H,O-[EMIM][OACc]
Species solution proved to be the
transport model most efficient in terms of
with source absorption, while H,O-LiCl
[42] " jD’ tat Not ified terms; was the best for desorption.
Steady siate, Ot specthie diffusion model;  The optimum solution inlet
laminar flow . 1
transport of velocity was 0.027 m-s™".
concentrated Different microchannel
species structures resulted in
significant increases in
absorption rates but also
disadvantages in terms of
ANSYS pressure drop.
FLUENT There is a temperature
difference between the
volume and the membrane
interface of up to 288.15 K.
Realizable Stagnant areas in the
. k-epsilon; solution channel caused
Properties (no N ) . .
. . Poiseuille flow; velocity differences of up to
information on :
Knudsen 5 orders of magnitude
whether the . . . ..
roperties are 3D diffusion compared to the midpoint in
[64] prop ! Not specified ~ Stefan diffusion the solution channel.
constant or steady state .
. model; There was a concentration
variable): . . o
database + porous media difference of up to 1.35%
model; between the interface and
the middle of the membrane.

chemical species

external ref.
transport model

Desorption rate can be
improved with geometric
modifications to the
membrane

desorption device.

Increases of 10% and 20% in
the refrigerant vapor result
in an increase of 0.93% and

1.7% of ammonia in the
solution at the absorber

Heterogeneous
CFX library 2D, model; outlet, respectively.
(] ANSYS CFX properties steady state homogeneous Increases of 10% and 20% in
model the absorbent solution flow
result in a 1% and 2%

reduction in the mass
fractions of ammonia in the
absorbent solution.
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Table 5. Cont.

Ref. Software

Properties

Transport Phenomenon Models

Models and

Basic Settings
Complementary

Multi-Phase

Models

Equations

Significant Findings

[55]

COMSOL
Multi-
physics

External
references

2D,
steady state,
laminar flow,
constant liquid
film

Two-phase
flow

Transport of
concentrated
species

Reducing the temperature
of the inlet solution and
increasing its concentration
improves the mass
transfer process.

The mass transfer coefficient
reaches a maximum near the
inlet and gradually
decreases downstream.
The addition of copper oxide
nanoparticles significantly
increases the mass transfer flow.
The effect of the nanoparticles
is more pronounced under
conditions of high
temperature and low solution
concentration at the inlet.

Variable
property
function of the
solution
temperature
and
concentration

2D, laminar
flow

Two-phase
flow; phase
field;

The diameter of the orifice
and the speed of the bubble
result in significant
improvements in the transfer
coefficients while increasing
the concentration of the
solution reduces them.
The heat and mass transfer
coefficients increase with
increasing orifice diameter
and bubble velocity but
decrease with increasing
LiBr solution concentration.

Not
informed

No information
on the
properties

2D,
laminar flow
followed by
wave flow

LBM for
multiphase
flow

Periodic and
random
perturbation
methods (to
simulate
fluctuations at
the interface of
falling films)

The wavy flow has an
apparent increase in heat and
mass transfer.

When the falling film tube
reaches a certain length, the
absorption capacity starts
decreasing.

Constant
properties
(external ref.)

2D,
transient state,
laminar flow

Simulating

two-phase

flow with a
mobile

interface using

an ALE-IT
algorithm

Transport of
concentrated
species

Unstable interfacial waves
significantly enhance heat
and mass transfer in the
absorption process.
Increasing the difference
between the temperature of
the inlet solution and the
liquid sidewall resulted in
higher interfacial heat and
mass flow rates, both in
stable and unstable flows.
Varying the frequency of the
inlet velocity oscillation
affected the formation and
dissipation of interfacial
waves, directly impacting
heat and mass transfer.




Energies 2025, 18, 314

20 of 30

The CFD modeling of absorbers and desorbers has predominantly been conducted
using ANSYS FLUENT in conjunction with the multiphase VOF model, often coupled with
other solvers (Table 5). This preference arises from the software’s capability to accurately
capture the dynamics of the vapor-liquid interface, where intense and simultaneous heat
and mass exchange occurs. Effectively capturing the motions at this interface is essential
for accurately simulating the heat and mass transfer behavior of the equipment.

Examining the basic configurations presented in Table 5, it is common to use a 2D
model to represent the equipment. This approach can reduce the number of mesh cells
by up to 98% compared to a 3D model, leading to significantly lower computational costs
and execution time [50]. Due to its computational efficiency, the 2D model is particularly
advantageous for conducting parametric studies with varying input conditions, and it was
selected by 70% of the authors who performed CFD analyses of this equipment.

Although seldom utilized, 3D analysis provides a significantly larger surface area,
particularly in the phase change region, where heat and mass transfer intensities are
heightened. In certain scenarios, such as the simulation of falling films or flow in porous
media, 2D simulations may fail to accurately represent the actual behavior of flow and
mass transfer due to the complex dynamics involved [12,66].

While 2D simulations are limited in their ability to fully capture intricate dynamic
flows, they have proven adequate for the hydrodynamic analysis of internal flows in
heat and mass exchangers [50,67]. The decision between employing 2D and 3D models
for the CFD analysis of absorbers and desorbers in absorption chillers depends on the
specific objectives of the study. For rapid and less complex parametric investigations, where
computational efficiency is imperative, the 2D model may be more appropriate. Conversely,
for a comprehensive and precise understanding of heat and mass transfer phenomena, or
when the geometry is particularly complex, the 3D model is favored.

Along with simplifying the model to 2D to reduce computational time and effort,
authors often apply other conditions to the physical model of heat and mass transfer. This
is due to the complexities of flow behavior during the absorption and desorption processes
of binary fluids, making it challenging to simulate real-world flow conditions accurately.

Despite the popularity and usefulness of CFD, there are still specific challenges in this
type of modeling in the context of absorption refrigeration. Table 6 summarizes the main
challenges faced in the CFD modeling of sorption exchangers and the solutions proposed
by some authors to overcome them. These solutions are typically presented as simplifying
conditions that facilitate mathematical modeling and reduce computational time. For
example, assuming uniform flow distribution or neglecting specific secondary effects
are standard practices. In most cases, when appropriately applied, such simplifications
do not significantly impact the underlying physics of the problem. However, further
investigations are necessary to fully understand the effects of these assumptions on the
final simulation outcomes.

Figure 6 summarizes the main software, models, working fluids, and technologies of
sorption heat exchangers used in the CFD analyses of absorbers and desorbers in absorption
chillers over the past five years. Generally, the ANSYS FLUENT was the most used, with
the VOF multiphase model being the most prevalent. The predominant working fluid was
H,O-LiBr.
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Table 6. Summary of the challenges, proposed solutions, and justifications found in research from the
past 5 years regarding CFD models for sorption exchangers in absorption refrigeration.

Challenges Proposed Solution Justification Ref.
Steady State _ Simplifies analysis by [11,40-42,52,55,63,64]
ignoring time variations.
-, Facilitates the problem
' ‘ Boundary conditions definition and solution. [11,55,58,63]
Complexity of physical
models Facilitates mathematical

Laminar flow

modeling and reduces
computing time.

[40-42,46,50,52-55,63,68]

Stationary and non-slip walls

Reduces the need for detailed
resolution near walls.

[40,48,63]

Constant fluid properties

Simplifies the energy and
momentum equations.

[50,53,58—60]

Use of User-Defined Allows for dynamic updates
Functions (UDFs) for property  of fluid properties, improving [40,42]
updates during simulations simulation accuracy.
Incorporation of property s .
libraries from experimental Enhances }‘ehablhty by using [11,46]
validated data.
. data or open-source databases
Accurate representation of
fluid properties Assumes that the
thermodynamic properties of
both phases at the interface
The vapor-liquid interface is can be determined directly
o e [46,50,54,55]
at equilibrium from the phase equilibrium
conditions, making it easier to
simulate and analyze the
system’s behavior.
Incompressible fluid Reduces the Comp lexity O.f the [46,50,64]
mass conservation equation.
Reduces the computational
Use of symmetry domain and computing time. [46,50,53]
Computational limitations Reduction in grid size or
Simplified mesh optimization of grid [40,50,53,55,64]
distribution in critical regions.
o Simplifies meshing and
Simplified geometry [11,46,48,50,53,55,58-60,68]

reduces computing time.

COMSOL
Multiphysics

SOFTWARE VOF : Most

STATE OF

TECHNOLOGIES
RESEARCH

MODELS & P Misture

Figure 6. Summarizing the key software, models, working fluids, and technologies of sorption heat

exchangers.
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4. Artificial Intelligence Techniques for CFD Analysis in Absorption
Refrigeration Systems

Artificial intelligence (Al) integration is increasingly significant in CFD analysis, par-
ticularly in modeling absorption systems. Al techniques enhance the optimization and
accuracy of simulations, providing innovative solutions to the complex challenges associ-
ated with these systems. Al is extensively employed to facilitate the resolution of advanced
thermodynamic equations, which are often essential for accurately representing absorption
systems’ behavior and extracting information about the system and equipment [69,70].
While not the sole approach, Al has been widely utilized to enhance the thermal perfor-
mance of heat exchangers, including absorbers and desorbers. Table 7 presents several
studies that have successfully employed various Al tools to optimize these systems. The
table summarizes the objectives of each recently conducted study, which include improv-
ing thermal performance, identifying optimal operational parameters, and enhancing the
accuracy of simulations.

Table 7. Studies on the application of artificial intelligence in absorption systems.

AUTHORS

OBJECTIVE

Panahizadeh et al. [25]

Optimize the best predictive model for the behavior of an absorption cooling system in a refinery,
focusing on the COP and cooling capacity. This was achieved by applying three machine learning
methods: Artificial Neural Networks (ANNSs), support vector machines (SVM), and
genetic programming.

Alcéantara et al. [71]

Propose a methodological strategy to determine the transient behavior of a single-effect HyO-LiBr
absorption chiller, utilizing machine learning techniques such as linear regression (LR), decision trees
(DT), random forests (RF), and ANNSs.

Al-Rbaihat et al. [72]

Employ a support vector machine regression method combined with particle swarm optimization to
identify the optimal operational parameters of an NH3-H,O absorption chiller.

May Tzuc et al. [27]

Train an ANN to correlate the thermal properties of the solution and the absorption flow with easily
measurable parameters, including concentrations, mass flow rates, pressures of saturated and diluted
solutions, ammonia vapor flow and temperature, ambient temperature, and solution temperature.

Ashouri et al. [73]

Develop a multi-label machine learning model for membrane-based absorbers used in sorption heat
exchangers, integrating the accuracy of numerical models with the efficiency of analytical models.

Zhai et al. [74]

Utilize Al to develop more accurate models for heat and mass transfer, as well as pressure drop in the
solution for microchannel membrane-based desorbers and absorbers in absorption
refrigeration systems.

Artificial intelligence (AI) has also been applied in modeling absorption systems using
CFD, albeit on a smaller scale. With advancements in computing power, conducting more
promising CFD simulations has become possible, allowing for more detailed predictions
of flow behavior and heat and mass transfer, as well as preserving void spaces, velocity
changes, and temperature variations [75]. However, low accuracy and high computational
cost are significant limitations for developing CFD analyses. Machine learning techniques,
such as Artificial Neural Networks (ANNSs), can be an ally in these cases, as they often
achieve results more quickly and have a greater capacity for generalization than traditional
numerical methods [73,75,76]. This makes Al a potential ally in improving the efficiency
and accuracy of CFD analyses.

Recently, some authors have used Al and CFD tools to facilitate simulations and
reduce computational time. Dione et al. [77] combined a numerical model based on Monte
Carlo ray tracing and a CFD model to evaluate the outlet temperature of a linear Fresnel
reflector. The outlet temperature was used as input data for the thermodynamic simulation
of the NH3-H,O absorption chiller model.
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Sui, Sui, and Wu [26] conducted a multi-objective optimization study that combined
machine learning and CFD models to maximize absorption rates while minimizing pressure
drop in the solution. The absorber is based on a microchannel membrane with inclined
grooves. The authors employed eight machine learning algorithms to identify the optimal
ionic absorbent liquid. Sui and Wu [78] also developed an Al model to minimize flow
maldistribution in membrane-based absorbers. The discrete model solves matrix equa-
tions using MATLAB to predict flow distribution in polymeric flat membrane absorbers
(PFMAs). By integrating a genetic algorithm (GA) for design optimization, a uniform flow
distribution in PFMAs is achieved. The results obtained from both the discrete model
and the optimization model are validated through CFD simulations. Figure 7 shows the
flowchart for the calculation process used by the authors, detailing steps such as the defini-
tion of design parameters, the processes involved in the discrete and CFD models, flow
maldistribution corrections, and the validation and analysis of the final results.

Start

Determine design
parameters
|
|

]

CFD model

Discrete model

!

No Acceptable Yes

validation

‘ Yes

Analyze results

l

End

Figure 7. Flow chart for the optimization process used in this study, including the integration of
discrete models, CFD simulations, and Al-assisted tools, adapted from Sui and Wu [78].

Indeed, Al is emerging as a powerful tool in CFD analyses, particularly in modeling
absorption systems. Applying Al techniques, such as ANNs and machine learning algo-
rithms, offers new opportunities to optimize simulations and enhance model accuracy,
addressing complex and nonlinear challenges. Although the number of studies integrating
CFD and Al remains relatively limited compared to the vast potential of these technologies,
existing research has already demonstrated promising results. This innovative combination
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is a research area with significant potential for future exploration, highlighting a substantial
gap that can be addressed with advancements in these methodologies.

5. Final Critical Considerations for the Application of CFD Modeling to
Absorbers and Desorbers

Figure § illustrates the distribution of the articles cited in Table 4 based on the operating
mode of the sorption exchanger. In general terms, the literature utilizing CFD analyses in
the absorbers or desorbers of absorption chillers remains quite limited. Over the past five
years, only 17 studies have been identified in this area.

Ya“.‘“% fse

&
g ¢

~

SE
o

3

Figure 8. Summary of the number of articles that have studied sorption exchangers through CFD in
the last 5 years and the exchanger technology used.

Research on the CFD analysis of absorbers has attracted more attention than that
of desorbers, primarily due to the critical role that absorbers play in determining the
efficiency and performance of absorption systems [7]. Absorbers” heat and mass transfer
characteristics are complex and diverse, requiring detailed studies to optimize performance.
In contrast, desorbers typically exhibit more straightforward thermal processes, resulting
in less emphasis on research in this area [79]. However, the desorber is also a crucial
component for miniaturizing and enhancing system efficiency, especially for chillers that
operate with the HyO-LiBr fluid pair, where the phase change occurring in the desorber is a
typical problem of these systems, mainly due to the challenges related to the crystallization
of lithium bromide. Therefore, it should be considered for future research, particularly in
analyzing the technologies and fluids involved in desorption.

Most of these studies focus on absorbers, with falling film, membrane, and bubble
technologies being the only ones reported (Figure 8). While it is common to find experi-
mental and numerical works on sorption exchangers operating with spray technology, no
CFD studies have been identified.

It is also observed that most research primarily investigates hydrodynamic behavior,
focusing on the thickness, distribution, and velocity of the flow (Table 4). Consequently,
generic models for heat and mass transfer are considered through the governing equations
(Table 5). While hydrodynamic studies are fundamental and provide crucial insights into
the performance of heat exchangers, there is a clear need for further investigations that
consider the nuances of heat and mass transport. For instance, variations in the thermo-
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physical properties of the solution, the effects of surface tension, and the characteristics of
the exchanger surface, among others, should be examined. Such studies would contribute
to more accurate and in-depth characterizations of heat and mass transfer, primarily aiding
in the optimization of these systems.

Typically, articles that conduct a more in-depth study of heat and mass transfer and
employ commercial software to solve the governing equations also include an external
mass transfer model coupled with the internal models in the form of UDFs for mutual
collaboration. However, in the studies presented here, the use of UDFs was limited to
variations in fluid properties (Table 5). Moreover, even with the success achieved by
applying multiphase models such as VOF and the mixture model, the complexity of
interface phenomena is not yet fully understood. Further research is necessary to improve
the accuracy in capturing interface dynamics.

Applying Al techniques, such as ANNs and machine learning algorithms, might help
optimize simulations and enhance the accuracy of existing models. It is seen that the appli-
cation of artificial intelligence in computational fluid dynamics modeling for absorbers and
desorbers offers significant potential to address challenges related to complex absorption
and desorption processes in absorption refrigeration systems. That is why integrating
Al with physics-based CFD models (hybrid approaches) enhances accuracy while main-
taining consistency with thermodynamic principles, as demonstrated in the literature [25].
Techniques such as ANNSs, support vector machines, and genetic algorithms have proven
effective. However, their performance depends on specific system characteristics, requiring
customized optimization, as has been reported in various studies [23,73,80]. However, the
training phase, especially for deep learning models [81], can be computationally demand-
ing [73,74]. Lastly, thorough validation against experimental data or high-fidelity CFD
results is critical to ensure the reliability of Al-based models. Establishing standardized
benchmarks for comparing Al and traditional methods will be vital for guiding future
research and fostering broader adoption in the industry [75].

Regarding the working fluids, more information about the properties of these fluids
should be mentioned. Most studies consider the property value constant and use external
references to validate the implementation of these data (Table 5). Providing the methods for
implementing the properties would facilitate the inclusion of different materials with similar
characteristics in future studies. These measures would allow for expanding research with
equipment using new fluids, especially new environmentally friendly refrigerants and their
combinations, in addition to the traditional H,O-LiBr working pair.

Regarding the future directions on the subject, it can be suggested that integrating
physics-based and Al models offers a promising pathway for achieving higher accuracy
while reducing computational demand. Another gap to fill is the investigation of innovative
refrigerant mixtures with low environmental impact, extending the scope of current research.

6. Conclusions and Recommendations

The survey and discussion of the state of the art regarding the development and
modeling in CFD of absorbers and desorbers in absorption chillers have been thoroughly
studied and analyzed. A series of conclusions and recommendations on where studies
should focus is presented as follows.

6.1. Conclusions

e It was found that the CFD techniques are essential for advancing the understanding of
sorption processes, enabling detailed analysis of flow phenomena and the impact of
operating parameters;
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e Alintegration—in particular, machine learning models—has shown potential for opti-
mizing CFD simulations, reducing computational costs, and providing new insights
into system behavior;

e  Most studies have adopted the VOF method; however, when considering turbulence,
the RNG «-¢ method is the most commonly used;

e  The HyO-LiBr working fluid is the most extensively studied fluid for CFD-based
studies on sorption exchangers for absorption refrigeration systems;

e  The primary focus is optimizing absorption and desorption processes by enhancing
exchangers and exploring new geometric configurations to improve the absorption
or desorption flow of the binary fluid. Additionally, most research is aimed at under-
standing and enhancing the hydrodynamics of flows in heat and mass exchangers;

e  Owing to its ease of implementation regarding flow characteristics, ANSYS FLUENT
is widely used to simulate both the absorption and desorption processes, including
those involving falling films, membranes, and bubbles. Furthermore, some researchers
are developing proprietary codes to study the simultaneous transfer of heat and mass.

6.2. Recommendations

In general, it can be highlighted that, according to a critical review of the state of the
art, the application of CFD analyses in the absorbers and desorbers of absorption systems
has proven to be an essential tool for developing and optimizing these systems. Still, further
investigations are needed to better characterize the flow regime and heat and mass transfer.
Several recommendations for future work are suggested:

v There is a significant need for the computational study of new technologies such as
adiabatic absorbers and desorbers;

v" More CFD studies must be conducted with desorbers to explore and optimize the per-
formance of these components. CFD modeling can help better understand the thermal
phenomena and mass transfer occurring in the desorber, allowing for optimization of
its performance and minimizing issues such as crystallization;

v" The role of new fluids in increasing absorption/desorption capacity is still an ongoing
area of research, necessitating further studies in this field;

v' Potential research could be conducted to compare the behavior of absorption and
desorption processes within heat exchangers by applying different multiphase and
turbulence models. The goal would be to evaluate the models available in various
software tools, identify any differences, and determine which model best represents
real-world conditions;

v" The application of Al techniques, such as ANNs and machine learning algorithms,
needs to be further explored, and also, the adaptation of CFD models for large-
scale systems and the optimization of the results for industrial applications requires
further investigation;

v" Advances have been evident in studies on the absorption process in absorbers and
generators. However, gaps still need to be filled, such as models where thermo-
physical properties are varied, as well as a dynamic interface and more effective
desorbent technology.
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