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HIGHLIGHTS

e Development of a 3D CFD bubble absorber model using the NH3/LiNO3 solution.
o Detailed methodology for the CFD development and validation.

e Heat and mass transfer per area parameters required for mesh test and validation.
e The CFD model adequately reproduces the experimental data.

ARTICLE INFO ABSTRACT
Keywords: The absorber is a key component of absorption cooling systems, and its further development is
CFD essential to reduce the size and costs and facilitate the diffusion of absorption cooling systems.
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and validated to provide reliability.

Computational fluid dynamics (CFD) can facilitate the characterization of the equipment used in
absorption cooling systems at lower costs and complexity, but they must be properly developed

This study provides a detailed description and assessment of a 3D CFD bubble absorber model

developed to simulate the absorption process in a vertical double pipe with the NH3/LiNO3 so-
lution. It includes a comprehensive methodology to develop the CFD model and its validation
considering the effect of the solution flow and the cooling water temperature on absorber per-
formance parameters such as the absorption mass flux and the solution heat transfer coefficient.
The results show that the ‘Volume of Fluid model’ and the ‘Realizable k-epsilon model’ provide
the lowest residuals and computational times in the simulations while a good correspondence
between the CFD model and the experimental data with errors below 10% and 7% for the ab-
sorption mass flux and solution heat transfer coefficient, respectively, was obtained. The
maximum absorption rate and heat transfer coefficient were 0.00441 kg m 2 s~* and 786 W m 2

K1, respectively.

1. Introduction

Vapour absorption refrigeration systems (VARs) are recognized as important alternatives to the traditional vapour compression
systems, based on the possibility of using solar thermal energy [1-3] or residual heat [4-6] as energy input. This approach can reduce
the environmental impacts associated to the high electricity consumption of vapour compression systems and increase the use of
environmentally friendly working fluids. However, absorptions systems are still non-competitive with mechanical compression
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systems in term of size and costs, requiring further developments to address these disadvantages towards a widespread used at global
scale.

The basic VARs consist of an absorber, a generator, a solution pump, a condenser, an expansion device, and an evaporator. Given
the complex heat and mass transfer processes taking place in absorbers and desorbers, they are acknowledged as key components for
VARs [7-9]. Therefore, understanding of the behaviour of these components is of the essence to improve the global performance of
VAR systems.

Different studies have implemented various strategies to improve the performance of absorbers [10]. Depending on the operation
mode, absorbers can be classified as bubble absorber, falling film absorber, adiabatic absorber, and membrane absorber. Particularly,
bubble absorbers provide higher heat and mass transfer coefficients as compared to falling film absorbers [11,12]. Studies assessing
absorbers can be classified as experimental/visual and numerical studies [13,14]. Experimental studies imply the design of complex
and costly experimental test facilities to characterize the bubble absorption process. In several cases, the design of the test facility and
its associated cost hinder the reproducibility of the experiments. On the other hand, numerical and theoretical studies have been
highlighted as useful alternatives to facilitate a comprehensive understanding of the variables affecting the heat and mass transfer
processes for various binary fluids [15-20], as it is the case of studies on the flow characteristics and bubble formation in absorbers
showing that the limiting resistance for heat transfer is usually in the binary fluid side [15]. Moreover, the mass transfer has been found
to decrease along the absorber as the solution approaches the equilibrium conditions [17]. Furthermore, the solution mass flow,
solution mass fraction, solution temperature, heat dissipation temperature, hydraulic diameter, and length of the absorber were found
to have stronger effects on the vapour absorption than on the vapour phase conditions [10].

In terms of working fluids, the NH3/LiNOj3 solution appears as a promising alternative to overcome the limiting aspects of the
conventional NH3/H20 and H0/LiBr solutions used in absorption refrigeration systems [21,22]. Some advantages of the NH3/LiNOsg
solution, includes eliminating the vapour rectification after the generator, which permits lower driving temperatures contrasted to
NH3/H20 absorption systems. Additionally, there is no risk of crystallization at the regular operating conditions for air-cooled ab-
sorption systems in warn environments as compared to HpO/LiBr absorption systems. However, the high viscosity of NH3/LiNO3
solution has been found to limit the heat and mass transfer during the absorption process contrasted to the use of NH3/H>0 solution
[23,24]. Therefore, it is required to improve the heat and mass transfer processes in absorbers and generators using NH3/LiNOg to
development competitive NH3/LiNOs absorption systems [25,26].

While there is a need to further study NH3/LiNOg absorption systems, little numerical studies assessing the operation of absorbers
with NH3/LiNO3 are available in literature [4,27,28]. A numerical model of a vertical tubular absorber for NH3/LiNO3 and
NH3/NaSCN solutions is reported [27]. To develop the model, the Nusselt’s and penetration theories were implemented to simulate the
heat and mass transfer in the desorber, contrasting the results with experimental data. The results showed mass transfer coefficients
deviations ranging from 0.64 to 1.60 times the experimental data. Moreover, a theoretical model of a plate absorber was developed to
compare the temperatures and thermal load profiles along the absorber operating with the NH3/H>0, NH3/LiNO3, and NH3/NaSCN
solutions [28]. Results indicated that the NH3/LiNOs provided the lowest mass transfer and heat flow in comparison to the others two
solutions due to its high viscosity. Moreover, Amaris et al. [29] reported empirical heat and mass transfer correlations and artificial
neural networks-based models to assess the absorption process in a plate absorber with NH3/LiNO3_ In this case, the authors reported
absorption mass flux and heat flow with maximum errors of 10.8% and 11.3%, respectively, with respect to the experimental data.

The computational fluid dynamics (CFD) is an innovative and powerful numerical modelling approach that can facilitate the
characterization of different systems at low cost and less complexity. Therefore, CFD represents a valuable complement of the
experimental studies. However, there are little studies reporting the application of CFD modelling to absorbers in vapour absorption
refrigeration systems [30-35]. A CFD model to assess a HoO/LiBr membrane-based absorber was developed using the laminar model
for the solution flow coupled to the multiphase model Mixture to solve the phase interactions [30]. Calculations were developed with a
combination of the Semi-Implicit Method for Pressure Linked Equations, while the density and viscosity of the H,O-LiBr were
calculated with user define functions (UDF) as a function of the solution concentration and temperature. Results show that the solution
film thickness mostly affects the mass transfer mechanism. The absorption rate increased by a factor of 3 when the solution channel
thickness was reduced from 2 mm to 0.5 mm, while the absorption rate increased by a factor of 2.5 when the inlet solution flow velocity
was increased from 0.00118 m s ! to 0.00472 m s~ '. Moreover, a CFD model was developed to simulate the drop and jet flow regimes
between the tubes in a falling film absorber using a solution of HoO/LiBr [32]. The internal diameter of the tube was of 19.05 mm,
while the space between tubes was of 24.5 mm. The thermophysical properties of the solution were considered constant in the range of
the operating conditions assessed. The volume of fluid model (VOF) was used to represent the interface between the phases and an
adaptative mesh refinement method was employed to increase the quality of the mesh and the accuracy of the mass diffusivity co-
efficient for water vapour in the aqueous LiBr solution. The results show that changing the regime from drops to jets, reduces the rate of
average vapour mass flux one order of magnitude, from 6.3-10 2 kg s~ ' m~2to 4.76-10~* kg s~! m~2 A CFD model was developed in a
bubble absorber to evaluate the effect of two injectors with an injection angle of 30° to the vertical axis, on the heat and mass transfer
processes using R134a-DMF [34]. The absorber consisted of a vertical tube with 65 mm of internal diameter and 5 mm of thickness.
The methodology followed in this study includes the use of the k- SST model coupled with the multiphase model mixture to solve the
phase interactions, while the user define function was employed for the solution thermophysical properties estimation. The results
show that the heat and mass transfer coefficients increased 40% and 170%, respectively, contrasted to the no swirl case vertical nozzle.
However, in this case, the mesh independent study and validation of the model are not clearly described. More recently, a CFD model
was developed in Ansys-CFX to assess the performance of a flat plate absorber with NH3/H20 [35]. The absorber is a 3 channels plate
heat exchanger, where the refrigerant vapour and solution flowed downward in the central channel while the cooling water flowed
upward in the side channels. The geometry consisted in an absorber with eight gas injectors and 389 mm length, 127 mm depth, and
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3.3 mm of thickness for the flow of the solution, 2.54 mm of thickness for the cooling flow. The k-¢ turbulent model and the Navier
Stokes equations were used in the CFD model to solve the heat and mass transfer processes. Results from the model were compared to
the experimental from Kang et al. [36] in a plate absorber with offset strip fins and the data reported by Cerezo [37] in a plate absorber
with internal corrugations. The model resulted in errors of 8.2% for the outlet cooling temperature, 4.2% for the outlet solution
temperature, and 18.5% for the outlet ammonia mass fraction in the solution.

Although these studies demonstrated the potential of CFD methodologies to assess absorbers with working fluids such as NHs/H20
and H,0/LiBr, various geometry configurations, and operating conditions, there are methodological gaps that need to be clarified. For
example, it is unclear which criteria must be considered to adequately select the number of elements for the mesh, which variables are
adequate for mesh independence test validation, and which methodology to follow for the model validation. In previous studies, the
model validation has been based on the mean absolute error.

This study aims at assessing a tubular bubble absorber using NH3/LiNO3 by means of a CFD model, considering an adequate
methodological process for validation. To this end, the development of a three-dimensional (3D) CFD absorber model is presented in
detail, to characterize the heat and mass transfer processes using the NH3/LiNOj3 solution. Data from 11 experimental tests is used to
validate the model, using the absolute mean deviation (AMD%) and the relative mean deviation (RMD%) as measures of the error
between the model results and the experimental data series. Additionally, the sum of squared errors (SSE), the root mean square error
(RMSE), and root mean square deviation (RMSD) are considered in the validation.

2. Methodology for the absorber modelling

In this section is described the methodology followed for the development of the CFD model of the absorber under study.

2.1. Description of the absorber and test conditions

The bubble absorber considered is a vertical double pipe heat exchanger as shown in Fig. 1.

The cooling water flows downward through the annular channel, while the solution and vapour flow upward in the internal
channel. The operating conditions considered for the CFD absorber model to simulate the absorption process, correspond to those of
NH3s/LiNO3 absorption chillers driven with low temperature heat sources, as considered for experimentation in Refs. [38,39].

The dimensions of the double pipe bubble absorber are shown in Table 1. The operating conditions of the absorber are presented in
Table 2.

The mass fraction of ammonia in the solution at the absorber inlet was set to 0.45. The variables selected to assess the performance
of the absorber with the CFD model are the solution temperature, ammonia mass fraction, absorption mass flux, and solution heat
transfer coefficient at the absorber outlet. The absorption mass flux was estimated as in Ref. [38], whereas the solution heat transfer
coefficient was obtained directly from the CFD model.

2.2. CFD model details

The 3D-CFD model was developed using the software ANSYS Fluent® (V.19.2), and a Dell Precision TX3500 workstation with an
Intel®Xeon® X3470 processor (8 MB Cache, 2.93 GHz, Turbo, HT).

2.2.1. Geometry and mesh details

The 3D geometry of the tubular bubble absorber was built using ANSYS Design Modeler® software (ANSYS, Inc. V.19.2), using the
finite volume method for discretization. Moreover, the computational domain was divided into 27,402 hexagonal elements and 83,576
nodes using the Ansys Inc® Meshing. The quality of mesh elements was evaluated using the orthogonal quality method with a
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Fig. 1. Scheme of the bubble absorber implemented in the CFD.
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Table 1
Dimension of the tubular absorber components.
Parameter Outer tube (m) Inner tube (m) Injector (m)
External diameter 0.0150 0.0095 0.0037
Hydraulic diameter 0.0035 0.0075 0.0017
Length 1.0 1.1 0.008
Table 2
Operating conditions of the absorber for the CFD simulations.
Parameters Mass Flow (kg h™) Inlet temperature (K) Pressure (Pa)
Cooling water 91.05-109.5 308.2-313.8 2.00 - 10°
NH3/LiNO; solution 20.2-71.5 318.15 5.16 - 10°
NHj3 vapour 0.01 298.15 5.50 - 10°

maximum value of 0.99966 (SD 0.23873) and then skewness method with a maximum value of 0.97424 (SD 0.2087). In both cases, the
best quality of the elements coincides when values are close to 1.0. This procedure was implemented to improve both the solution
accuracy and the model convergence. Fig. 2 and Fig. 3 depict the geometry and mesh of the 3D-CFD model developed.

Four mesh densities with different cell sizes were used in the CFD model:

e Mesh 1: 27,402 elements with 83,576 nodes,

e Mesh 2: 87,326 elements producing 261,978 nodes,
e Mesh 3: 128,877 elements producing 230,791 nodes,
e Mesh 4: 554,804 elements producing 846,193 nodes.

The mesh independence test is an essential step to develop a CFD model, which guarantees the quantity of the mesh elements and
that results are not meshing dependent. Therefore, an adequate study selecting the variables to assess the performance of the mesh is
required. The mesh independence test discussed in Ref. [35], uses the mass fraction of ammonia and the temperature profiles of the
solution as variables for the mesh independence test. The model was validated using the outlet ammonia concentration (with an error
of 18.5%) and the outlet solution temperature (with an error of 4.2 %) using a mesh of 48,000 elements. In a different study, Asfand
et al. [30] selected the ammonia absorption rate as the variable for the mesh independence test. The results of the model using a mesh
size of 15 x 15,000 cells, were compared to one set of experimental data, pointing to errors lower than 1 % in the absorption rate.
However, the methodology used is not described in the study and it is unclear how these results were obtained.

In this study, the test of the model grid independence was initially conducted using the solution temperature profiles and the
ammonia concentration at the outlet of the inner tube. These results are presented in sub-section 3.2.

Fig. 2. Geometry of the CFD model, (a, b, c) lateral views, and (d) top view.
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Fig. 3. Mesh used in the discretization of the CFD model.

2.2.2. Multiphase models selection
Three multiphase models were tested in the CFD model:

e Volume of fluid (VOF).
e Mixture.
e Eulerian.

Furthermore, four Eulerian Phases from the material panel were used in the 3D-CFD model:

e Phase 1: ammonia-lithium nitrate solution.
e Phase 2: ammonia vapour.

e Phase 3: water liquid.

e Phase 4: ammonia liquid.

Additionally, two mass transfer mechanism were activated from phase 2 to phase 1 and from phase 2 to phase 4 with constant rate
(1/s). Moreover, seven viscous models were tested in the CFD model:

e Laminar model.
e The k-epsilon models series (standard, RNG and realizable).
e The k-omega models series (standard, BSL and SST).

Best results in terms of the residual convergence (107) were obtained with the Realizable k-epsilon model. Therefore, this model
was selected for the 3D-CFD model. Finally, the energy equation was activated to simulate the heat transfer process and the tem-
perature profiles in the absorber.

2.3. Governing equations

The governing equations are based on the Navier-Stokes equation solved for transient conditions in each phase. The three-
dimensional continuity, momentum, turbulence, and energy equations, which were addressed using the Eulerian multiphase
approach, are shown following:

Continuity equation

0 3 =/ . .
xt (tg8q) +V (O‘qsqvq) = Z (mpq - mqp) +Sq @
p=1
Equation for momentum
d — —— = — | =
a:(pv)JrV.(pv V)=-V,+V.7)+pg + F 2)

Turbulence model.
The k — € Realizable turbulence model equations are as follows:
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The following default turbulence coefficients in the model were used: C; = 1.44, C2 = 1.92 and C3; = 0.09.
Conservation of energy was described using the following equation:
Energy equation

0 LN -
a (pE) + V(? (ﬂE +p)) =V. <keffVT — Zhj Jj + (?e”. \4 >> + Sh (5)
J
More details on the formulated equations can be found in Refs. [40,41].

2.4. Boundary conditions and solution methods

The boundary conditions used in the CFD model are show in Table 3. At the inlet, the boundary condition “pressure inlet” es-
tablishes the fluid pressure for the inlet flow. It is suitable for both, incompressible and compressible flow calculations. The “pressure
outlet” boundary condition was used in the outlets, because it was compatible with the multiphase model selected [40]. The boundary
“wall” was applied to the walls to simulate the solid boundary conditions of the bubble absorber. Walls in the CFD model were treated
as stationary, and the shear condition selected for walls was the “no-slip”.

The solution methods used include a solver type that is pressure-based coupling with velocity formulation absolute in transient
state. The absolute velocity formulation is recommended for low velocities in the flow [40]. The time step considered in the simu-
lations was of 0.001 (s), with a minimum number of time steps of 2200 required for a good performance of the model. Table 4 shows
the solution methods selected.

Finally, the thermophysical properties of the liquid water, ammonia vapour, and ammonia liquid were determined from the Fluent
software data base. The water was assumed to be incompressible, exhibiting Newtonian behaviour, while material properties were
considered constant during the simulations. The thermodynamic properties for the NH3/LiNO3 solution were obtained from Refs.
[42-44], while the enthalpy values were estimated according to the methodologies reported in Refs. [45,46].

2.5. Conditions for CFD model validation

To validate the CFD model, its results were compared to the experimental data reported in Ref. [38], which corresponds to the
results obtained for a NH3/LiNOj3 tubular bubble absorber with smooth surfaces. First, the normality of the simulated and experimental
data series was validated using the Shapiro Wilks test (n > 50), where a P > 0.05 indicates normality. Additionally, the T-student test
was used to compare the mean, the Mann-Whitney test was used to compare the ranges, and the Levene test was used to compare
variances (n > 50). In this case, a P > 0.05 indicates that there are not statistically significant differences between the data series.

The accuracy tests were used to compare the simulated results for temperature, ammonia concentration, absorption mass flux, and
solution heat transfer coefficient with the experimental data. Accuracy tests include the calculation of the absolute mean deviation
(AMD%), and the relative mean deviation (RMD%) as measures of the error between the simulated and experimental data series.
Additionally, the sum of the squared estimate errors (SSE), the root mean square error (RMSE) and the root mean square deviation
(RMSD).

3. Results and discussion

This section provides the results obtained from the calibration and validation of the CFD model. It also shows the capability of the
CFD model to predict the performance of the absorber at different solution mass flows and cooling water temperatures.

Table 3
Boundary conditions of the CFD model.
Zone Boundary Observations
Annulus inlet Pressure inlet; direction specification method: normal to I=0.185%, k = 0.1006 m?®s 2, ¢ = 0.172 m? s>, volume fraction for phase 3
side boundary (water): 1.0
Inner tube inlet 1=0.316%, k =253-10 °*m*s % ¢ =4.03-10 *m*s 3,
NHj3 mass fraction for phase 4 (NH3/LiNOj3 solution): 0.452
Injector inlet 1=0.567%, k=7.17 - 10" °m?s 2, & = 1.07 - 10~° m?® s~3, volume fraction for
phase 2 (ammonia vapour): 1.0
Annulus outlet Pressure oulet; backflow direction specification method: ~ k = 0.01 m®s 2, & = 0.01 m® s>
side normal to boundary Pressure = 2.0 - 10° Pa
Inner tube k=0.01m?s 2 ¢e=001m%s®
outlet Pressure = 5.13 - 10° Pa
Injector outlet Contact region-interface Pressure = 5.13 - 10° Pa
Walls Stationary Wall Steel

*I: turbulence intensity; k and e: parameters of the turbulence model.
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Table 4

Solution methods selected.
Variable Methods
Scheme PISO
Gradient Least squares cell based
Pressure Presto
Momentum Third-Order-MUSCL
Volume fraction Compressive
Energy Third-Order-MUSCL
Turbulent kinetic energy Third -Order-MUSCL
Turbulent dissipation rate Third -Order-MUSCL
Transient formulation Second order implicit

3.1. Calibration and validation of the CFD model

3.1.1. Turbulence and mixture models selection

The Volume of Fluid model (VOF) [30,32] and the Mixture model [34] have been used in other studies, and were tested in the initial
simulations under steady-state conditions. The initial tests were conducted at a solution mass flow of 20 kg h™?, inlet solution tem-
perature of 318.7 K, ammonia concentration of 0.4587, cooling water temperature of 101.3 kg h~! and cooling water temperature of
311.54 K.

Table 5 shows that in terms of the solution convergence, the VOF model shows the best model with 25% less computational time,
and a lower magnitude of residuals (10~7), with an explicit formulation and interface modelling sharp/dispersed. In agreement with
[40], it was designed for two or more immiscible fluids where the position of the interface between the fluids is of interest. In this
model, the fluids shared a single set of momentum equations, tracking the volume fraction of each fluid in each computational cell
throughout the domain.

Moreover, for the viscous model, the best results were obtained with the Realizable k-epsilon model coupled with the VOF model,
for different validations of separated flows and flows with complex secondary features like it is the case in bubble absorbers.

3.1.2. Mesh independence test

The present study considers the solution temperature (T) and ammonia concentration (Xyy3) at the outlet of the absorber for the
mesh independence test. Table 6 shows the mesh independence test for the present study contrasted to experimental data for a solution
temperature of 320.95 K and ammonia concentration of 0.4587.

Table 6 shows that the errors for the outlet solution temperature and ammonia concentration in the four mesh densities are below
3.5% which represents a good mesh performance in all the cases. Also, it can be noted that the mesh 2 reduced the error in 17% and
10% respectively, contrasted to mesh 1. However, the computational time increased by 44%. Moreover, contrasted to mesh 1, mesh 3
reduced the error in 50% and 94% respectively, while the computational time increased by 156%. Finally, mesh 4 reduces the error in
67% and 48% respectively, while the computational time increased by 367 %. These results show that the computational time in-
creases linearly with the mesh size, while the error reduces at a lower rate, and can even increase like the error for Xyys in mesh 4.

Based on these results, the mesh quality criteria implemented, and considering that errors are low enough for all the cases, mesh 1
stand as an adequate alternative for the CFD simulations.

3.1.3. Mass transfer results

The CFD model developed permitted to obtain the outlet ammonia concentration and the absorption mass flux in the inner tube of
the absorber at different operating conditions according to Table 2. Fig. 4 shows the comparison between predicted and experimental
data for the outlet ammonia concentration. Results show that at the given operating conditions and considering mesh 1, the error
between predicted and experimental data for the outlet ammonia concentration is in the range of +0.7%. The predicted values evi-
dence a clear trend and an adequate slope. Results indicate that apparently, the mesh 1 could be used to evaluate the absorber per-
formance using the CFD model. However, Fig. 5 shows that errors for the ammonia absorption mass flux are significantly higher in the
range of +£40%., with disperse results that show no clear trend. These results can be explained because of the low quantity of mesh
elements used near to the walls of the tubes and vapour-liquid interphase.

Based on the high errors in the ammonia absorption mass flux, mesh 2 with 128,877 elements was used to test its effect on the
absorption mass flux prediction. Fig. 5 shows that a mesh with more elements improves the ammonia absorption mass flux prediction.

Table 5

Results of the multiphase models used.
Parameters VOF model Mixture Model Eulerian Model
Solution Converged No converged Diverged
Residuals 1077 1073 Diverged
Computational time (h) 4.5 6 6
Memory requirements (GB) 5 11 11
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Table 6
Predicted temperature and ammonia concentration profiles for each mesh assessed for the CFD model.
Mesh Elements CFD-model Error (%) Computational time (h) Memory requirement (GB)
T (K) Xnus (W/W) T Xnws
1 27,402 317.2 0.4734 1.2 3.1 1.8 0.5
2 87,326 317.6 0.4719 1.0 2.8 2.6 0.5
3 128,877 318.5 0.4532 0.6 0.2 4.6 1.0
4 554,804 319.6 0.4662 0.4 1.6 8.4 1.2
0.462
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Fig. 4. CFD model results with mesh 1 vs. experimental results [38] for the outlet ammonia concentration.
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Results are now within an error of +10% with a mean error of 6.6% while the trend of the results is well defined.
These results evidence that, regardless of the low error of the outlet ammonia concentration of the CFD model, the mesh inde-
pendence test must also include the ammonia absorption mass flux. Furthermore, the validation of the CFD model must be developed
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using sufficient experimental data to test the performance of the CFD model in different points, and adequately predict the effect of
different variables on the absorption process.

3.1.4. Heat transfer results

The results of the CFD model for the outlet solution temperature and solution heat transfer coefficient were contrasted to the
experimental data in Ref. [38] and presented as follows. The results presented were obtained using mesh 2. Fig. 6 shows the solution
temperature at the centre of the outlet of the inner tube for mesh 3.

The results show a temperature deviation under +3 K as compared to the experimental data, which correspond to errors lower than
1%. In fact, 82% of the simulation data presented temperature deviations lower than +1.8 K. The highest accuracy on the results were
obtained for inlet solution flow rates over 30 kg h™!. Results between 318 K and 320 K correspond to a cooling water temperature of
308.15 K, while results between 320 K and 322 K correspond to a cooling water temperature of 313.15 K. The values predicted with the
model for the solution temperature, evidence that the model can adequately simulate the heat transfer process between the solution
side and the cooling water side. This demonstrates the robustness of the CFD model to simulate the effect of this variable.

Moreover, the comparison between the results of the CFD model and the experimental data for the solution heat transfer coefficient
is presented in Fig. 7. It is important to highlight that the LMTD for the experimental solution heat transfer coefficient was obtained
considering equilibrium conditions for the outlet solution flow. Results can be different depending on how the LMTD is approached.
The results show error values lower than +7%, where the error is lower than 5% for 82% of the data and the mean error is around
3.3%, showing a clear trend and correspondence between the CFD model results and the experimental data.

3.1.5. Model validation

One issue of CFD methodologies discussed in literature is related to the model validation based on the CFD model results. In some
studies, there is either no report of a validation process included, or the validation is conducted using a single set of experimental data,
using variables like temperature, ammonia concentration, or ammonia absorbed. In this study, a validation methodology is describe to
increase the reliability of the results. In this case, the validation includes the statistical comparison of the variables reported in the
specialized literature: outlet temperature solution, outlet ammonia concentration, solution heat transfer coefficient, and absorption
mass flux.

The Shapiro-Wilks test showed that only the data series of ammonia concentration corresponded to a normal distribution,
therefore, the T-student test was used to compare the mean Mann-Whitney test and compare the ranges, whereas the Levene test was
used to compare variances. According to Table 7, results show that there are no statistical differences between the experimental and
simulated data series of ammonia concentration and solution temperature at the outlet of the inner tube (P > 0.05), supporting the
percentages of error obtained in the previous sections. Conversely, the experimental and simulated data series for absorption mass flux
and solution heat transfer coefficient do not present statistical differences for the indicators compared (P < 0.05). This means that the
CFD model with 128,877 mesh elements (i.e. mesh 2), provides adequate accurate results for the four evaluated variables considered in
the validation. The deviations in the accuracy tests varied from 1% to 11%, which confirms the statistical results and accuracy of the
CFD model contrasted to the experimental data series. It demonstrates that the 3D-CFD model implemented is robust and have good
accuracy and precision.

3.2. Solution flow and cooling water temperature vs absorber performance

This sub-section shows the effect of the solution mass flow and cooling water temperature on the absorption mass flux, solution heat
transfer coefficient, and solution temperature profile.

Fig. 8 shows the ammonia absorption mass flux of the CFD model as a function of the solution mass flow and cooling water
temperature (Tcw). Results indicate that at the given solution mass flows, the absorption mass flux varies between 0.00316 kg m 2 s~
and 0.00420 kg m~2 s~! for a cooling water temperature of 313.15 K, whereas it varies between 0.00370 kg m 2 s~! and 0.00441 kg
m2s! fora cooling water temperature of 308.15 K. As discussed in Ref. [39], the mass flow set for the flow of cooling water
(corresponding to the transition regime) limits the potential of the absorption mass flux when increasing the solution mass flux for each
cooling water temperatures. That is the reason why at the given conditions, the absorption mass flux does not tend increase for solution
mass flows between 20 kg h™! and 60 kg h™!. Moreover, the results from the CFD model show that small increments in the absorption
mass flux are obtained at the highest mass flow set for each cooling water temperature. Also, the CFD model adequately interpretate
the effect of the cooling water temperature on the absorption mass flux that increases as the cooling water temperature decreases. This
effect is explained because of the higher potential for absorption when improving the heat dissipation of the exothermic heat generated
during this process.

Fig. 9 depicts the solution heat transfer coefficient in the CFD model as a function of the solution mass flow and cooling water
temperature. Results indicate that for defined solution mass flows, the solution heat transfer coefficient ranges between 490 Wm 2K !
and 709 W m 2K~ ! for a cooling water temperature of 313.15 K. Moreover, for a cooling water temperature of 308.15 K, the solution
heat transfer coefficient ranges between 457 W m~2 K~ ! and 786 W m~2 K™ 1. As expected, the solution heat transfer coefficient rises
when the solution mass flow is increased, and the cooling water temperature is reduced. This trend is evident since, increasing the
solution mass flow and reducing the cooling water temperature, result in a rise of the heat transfer rate higher than the rise of log-
arithmic mean temperature difference (LMTD).

Fig. 10 shows the temperature profile in the inner tube at 0.1 m intervals. The temperature profiles taken in the tube centre show
that between 0.1 m and 0.8 m, the temperature increases at a rate of 0.64 K-1.07 K, while between 0.8 and 1 m the increasing rate is
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Table 7
Results of the accuracy test.
Test Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
Outlet mass fraction (kgnus kg 1NH3/LiN03) Outlet solution temperature (K) Absorption mass flux Solution heat transfer coefficient
kg m 257! Wm2K!
AMD 0.0021 0.0018 1.031 0.920 0.0003 0.0003 77.95 79.59
RMD 0.61 0.50 0.34 0.29 9.28 11.95 15.45 16.13
SSE 0.00006 0.00003 11.62908 12.56397 0.00000 0.00000 101,065 103,100
RMSE 0.00001 0.00000 1.05719 1.24000 0.00000 0.00000 9188 9373
RMS 0.45430 0.45322 320.093 318.449 0.00366 0.00367 658 634

*Exp. — Experimental, Sim. — Simulated; AMD - Absolute mean deviation; RMD — Relative mean deviation; SSE — Sum of the squared errors; RMSE —
Root mean square error; RMS — Root mean square deviation.
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Fig. 8. Simulated absorption mass flux vs. solution mass flow for two cooling water temperatures.

significantly lower ranging from 0.2 K to 0.4 K. This indicates the heat and mass transfer rates in the final section are lower than those
at the initial section, suggesting that the solution is close to its equilibrium conditions. Considering that the inlet solution temperature
was set to 318.15 K while the vapour inlet temperature was set to 298.15 K, it is observed that in the first absorber section centre, up to
0.1 m, the temperature is lower than the inlet solution temperature. Then, the temperature increases progressively along the absorber
length because of the exothermic absorption process. Moreover, when the temperature is measured in a medium point between the
tube centre and the inner tube internal surface, the temperature profile changes drastically indicating that different temperature
gradients can be found in the radial axe with respect to the centre along the absorber length. This means that the temperature in the
tube centre is affected by the inlet ammonia flow temperature while the ammonia is absorbed by the solution flow and the saturation
condition is reached.

Fig. 10 also shows that the solution temperature measured at the outlet of the absorber can vary depending on the measurement
point. At the medium point between the tube centre and the inner tube internal surface, the solution outlet temperature is higher than
that at the tube centre. Considering that the outlet temperature values predicted by the model were underestimated (see Fig. 6), outlet
solution temperature measurements at the medium point mentioned before are closer to the experimental values.

Furthermore, results also show that the outlet solution temperature increases with increasing the solution mass flow, because of the
higher absorption rate. Moreover, at the same solution flow, the outlet solution temperature decreases for lower cooling water
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temperatures, because it improves the heat transfer potential between the solution and cooling water flow.

4.

Conclusions

In this study, a CFD bubble absorber model was developed and used to simulate the absorption process in a tubular absorber using

the NH3/LiNOj solution. Results reported were compared against experimental data from the literature whereas a proper validation of
the model was also reported. The following conclusions can be drawn from this study:

The Volume of Fluid model coupled with the Realizable k-epsilon model are adequate to simulate the simultaneous heat and mass
transfer processes in a NH3/LiNOs tubular absorber considering the lowest residuals, computational time, and memory
requirements.

The mesh independence test showed that the outlet temperature and mass fractions are not reliably parameters for this study. Even
when low errors are obtained for these variables, the solution heat transfer coefficient and absorption mass flux can present high
errors. Therefore, an appropriate methodology for the mesh independence test should include these heat and mass transfer
variables.

Results indicated that further mesh refinement can be required to improve the CFD model accuracy when considering parameters
like the absorption mass flux and solution heat transfer coefficient. Results in this study showed that the validation of the model is
essential to guarantee adequate results from the CFD model. All in all, the validation results showed that there are no significant
statistical differences between experimental and simulated data series.

The CFD model is reliable to simulate the absorption process in a NH3/LiNO3 vertical double pipe heat exchanger bubble absorber
considering the effect of the solution mass flow and cooling water temperature. In this case, the absorption mass flux obtained
ranged between 0.00316 kg m~2 s~! and 0.00420 kg m~2 s~! and between 0.00370 kg m~2 5! and 0.00441 kg m~2 s~ for a
cooling water temperature of 313.15 K and 308.15 K. Meanwhile, the solution heat transfer coefficient ranged between 490 W m 2
K ! and 709 W m 2K}, and between 457 Wm 2 K ! and 786 W m 2 K ! for the corresponding cooling water temperatures.
The temperature profiles in the solution side of the absorber showed temperature gradients in the radial axe with respect to the tube
centre along the absorber length, due to the temperature difference between the inlet solution flow and the inlet ammonia flow.
These temperature gradients could not be identified in experimental studies or from simulations using one-dimensional models.
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e The CFD model developed will be used to study heat and mass transfer enhancement techniques, developing advanced bubble
absorber designs, and exploring new working fluids.
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