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ABSTRACT 
The present study aims to assess the vapour bubble absorption into the ammonia/lithium nitrate (NH3/LiNO3) solution by using an optimized CFD 
model. A detailed methodology to build up the CFD model is presented, as well as its validation using experimental data. The operating conditions set 
corresponds to an absorption chiller driven by low-temperature heat sources such as solar energy in warm environments. Results evidenced that the 
Volume of Fluid and Mixture models are adequate to be used in the CFD model to predict the absorption process in the bubble absorber assessed 
depending on the mesh density refinement. Moreover, the heat transfer coefficient from the solution side and the absorption mass flux are the variables 
needed for reliable validation of the model. Finally, the absorbed flux estimated from the CFD model ranged between 3.2×10-3 kg.m−2.s−1 and 4.4×10-

3 kg.m−2.s−1, while the solution side heat transfer coefficient varied between 457 W.m−2.K−1 and 786 W.m−2.K−1, under the conditions considered. 

Keywords: CFD model, absorption chiller, ammonia, lithium nitrate, bubble absorber.  
 

1. INTRODUCTION 
Absorption chillers are identified as sustainable and environmentally 
friendly cooling technologies when activated by renewable energy 
sources (Florides et al., 2002; Ullah et al., 2013; Mendoza et al., 2021; 
Rodríguez-Toscano et al., 2022; Amaris et al., 2023) or by waste heat 
(Ayou et al., 2013; Amaris et al., 2020b). The basic configuration of 
absorption cooling systems (VARs) consists of an evaporator, a 
condenser, an expansion device, a solution heat exchanger, a solution 
pump, an absorber, and a generator. Because of the simultaneous 
transport phenomena occurring in absorbers and generators, these are 
considered the most critical components of VARs (Amaris et al., 2018, 
2020a; Amaris and Bourouis, 2021). The development of these transport 
phenomena directly affects the global performance of absorption 
refrigeration systems. Therefore, understanding the development of the 
heat and mass transfer processes is essential to improving the overall 
performance of VARs. Particularly, there are diverse designs of 
absorbers, including falling film absorbers, adiabatic absorbers, and 
bubble absorbers. Specifically, bubble absorbers have been proved to 
provide larger heat and mass transfer rates contrasted to falling film units 
(Kang et al., 2000; Wu et al., 2018). 

There are different working fluids used in VARS, although the 
ammonia/water (NH3/H2O) and water/Lithium Bromide (H2O/LiBr) are 
the most widely used. However, the NH3/LiNO3 mixture provides some 
advantages like lower heat source temperatures contrasted to those of 
NH3/H2O chillers, and no risk of crystallization in warm climates as 
compared to the use of H2O/LiBr chillers (Aggarwal and Agarwal, 1986; 
Oronel et al., 2010; Amaris et al., 2015). Therefore, assessing the 
performance of absorbers with NH3/LiNO3 chillers is required to further 
contribute to its development and diffusion. To this end, experimental 
research is fundamental to testing and designing the different 
components of VARS. However, experimental studies are usually costly, 
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so alternative research paths can be followed to overcome this economic 
barrier. Numerical and analytical studies allow for a deep understanding 
of the heat and mass transfer phenomena at the interface of multiphase 
flows (Merrill and Perez-Blanco, 1997; Elperin and Fominykh, 2003; 
Suresh and Mani, 2010; Triché et al., 2017; Turkyilmazoglu, 2019, 2021; 
Zhou et al., 2023). These studies involved the modelling of the effect of 
nanofluids  on an ammonia falling film (Zhou et al., 2023), numerical 
evaluation a moving bed heat exchanger (Turkyilmazoglu, 2019), 
analytical assessment of falling film absorber with constant mass 
fraction, (Turkyilmazoglu, 2021), and the phenomenological theory 
analysis of a bubble absorber (Suresh and Mani, 2010). Additionally, 
computational fluid dynamics (CFD) is an adequate alternative to 
experimental investigation. The use of CFD facilitates assessing and 
optimizing the performance of thermal processes and equipment at a 
lower cost and difficulty, provided a reliable validation of the model. 
Therefore, the identification of adequate simulation conditions and 
multiphase models to simulate different flow patterns and complex heat 
and mass transfer processes is of interest in sustainable energy 
conversion systems (Karima et al., 2018; Anand et al., 2020; Mirzaie et 
al., 2020; Soheel et al., 2021; Bhagat and Deshmukh, 2022). 

Given the complexity of modelling heat and mass transfer processes 
in absorbers or generators used in VARs, the open literature discussing 
the use of CFD to model these components is limited. The CFD 
modelling was used to assess a membrane-based absorber using 
H2O/LiBr (Asfand et al., 2015), also H2O/(LiBr + LiI + LiNO3 + LiCl) 
and H2O/(LiNO3 + KNO3 + NaNO3) (Asfand et al., 2016), a falling film 
absorber using H2O/LiBr (Hosseinnia et al., 2016, 2017), a bubble 
absorber using R134a-DMF (Panda and Mani, 2016), a plate bubble 
absorber using NH3/H2O (Lima et al., 2019), and a first approach of the 
absorption using NH3/LiNO3 (Zapata et al., 2021). Moreover, Asfand et 
al. (2015)  reported a CFD model to analyse the local heat and mass 
transfer mechanisms in an H2O/LiBr membrane-based absorber. In this 
CFD model, the laminar model and model Mixture were linked to 
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simulate the phases contact. The authors showed that the solution film 
thickness is a key indicator affecting vapour absorption. In this case, the 
model was validated by comparing the predicted data series with 
experimental results, showing a mean absolute error of 4.82% with a 
standard deviation of 0.0322. 

Panda et al. (2016) developed a CFD model to evaluate the effect of 
two 4.8 mm inner diameter injectors on the absorption process in a 
bubble absorber using R134a-DMF. The model used the k-w SST 
turbulent model linked to the Mixture model to simulate the phase 
contact. Results show that contrasted to a vertical nozzle with no swirl, 
the mass transfer coefficient increased between 120% and 170%, while 
the heat transfer coefficient increased from 20% to 40% in swirl flow.  

Hosseinnia et al. (2016, 2017) modelled the drop and jet flows of a 
falling film of H2O/LiBr on tubes. The phases interface was modelled 
with the volume of fluid model (VOF). The CFD model was validated 
using the Nusselt’s solution, reporting an error around 0.01%. Moreover, 
results demonstrated that the absorption mass flux rate decreases when 
the flow regime changes from drops to jets. 

Lima et al. (2019) developed a CFD model to assess a flat plate 
bubble absorber using NH3/H2O. The model considers the k-e turbulent 
model, and the Navier Stokes approach to simulate the heat and mass 
transfer processes. The CFD model was validated with experimental data 
reported by Kang et al. (1998) for an offset strip fins plate absorber, and 
Cerezo (2006) for a corrugated plate absorber. The results showed errors 
of 8.2%, 4.2%, and 18.5%, for the cooling water temperature, solution 
flow temperature, and outlet NH3 concentration, respectively, at the 
absorber outlet. Finally, Zapata et al. (2021) simulated the performance 
of an NH3/LiNO3 bubble absorber using a CFD model, reporting error 
values lower than 10% for the mass transfer and 7% for the heat transfer 
coefficient of the solution.   

While the studies available in the specialized literature evidenced 
the potential of the CFD modelling to assess the different absorber 
configurations, there are methodological aspects that need to be 
discussed in more detail. Specifically, there is no consistent and detailed 
methodology to select the multiphase model, develop the mesh 
independence test, and validate the model. In that sense, the CFD models 
to simulate absorbers discussed in the scientific literature lack a detailed 
methodology and a reliable validation of the model results. CFD models 
are validated using experimental data. Therefore, the reliability of those 
CFD models to accurately calculate heat and mass transfer variables for 
the different values of operating parameters like the flow and temperature 
of the solution and cooling flows is not demonstrated.  

This study presents the assessment of the heat and mass transport in 
an NH3/LiNO3 tubular bubble absorber by developing an optimized CFD 
model. The study discusses the absorber performance for different mesh 
refinements, and multiphase models, and presents an appropriate 
methodology for model validation. Therefore, the present study focuses 
on the absorber performance considering global heat and mass transfer 
parameters. This research aims to contribute to the development of CFD 
models to assess and design absorbers for VARs.  

2. METHODOLOGY 

2.1 Test section and operating conditions 

The absorber considered in this study is a double pipe heat exchanger 
(see Fig. 1). The refrigerant injector located at the bottom of the inner 
tube has a thickness of 0.002 m. Table 1 shows the geometric 
characteristics of the absorber.  

In this configuration, both the solution mass and refrigerant vapour 
mass flowed up in the inner tube. Moreover, the cooling water flowed 
downward through the annular side.  

The conditions set for the CFD simulation are presented in Table 2 
for an ammonia mass composition set at 45.0%. Those conditions are of 
interest for NH3/LiNO3 absorption chillers activated with low-

temperature heat sources in high heat dissipation environments (Amaris, 
2013).   

The CFD absorber model performance was assessed by comparing 
the model results for the temperature of the solution and ammonia mass 
fraction at the absorber outlet, the absorbed mass flux, and the solution 
side heat transfer coefficient to experimental data. The absorbed mass 
flux was determined considering the solution flow and ammonia 
concentration at the absorber inlet and outlet and in the internal tube 
surfaces area. The absorber outlet solution temperature and ammonia 
mass fraction as well as the solution side heat transfer coefficient were 
obtained directly from the simulation. 
 

 
Fig. 1 Bubble absorber model. 

 
Table 1 Geometric dimensions of the absorber. 

Component Outer tube 
(mm) 

Inner tube 
(mm) 

Injector 
(mm) 

External diameter  15 9.5 3.7 

Hydraulic diameter  3.5 7.5 1.7 

Length  1000 1100 8.0 

 
Table 2 Simulation conditions for the CFD model. 

Fluid Mass Flow 
(kg.h-1) 

Temperature 
(K) 

Pressure 
(Pa) 

Water 91.1 – 110 308 – 314 2.0 x 105 
NH3/LiNO3 mixture  20 – 72 319 5.2 x 105 
NH3 vapour 0.01 298.15 5.5 x 105 

 
2.2 CFD model development 

Geometry and mesh design, the ANSYS Fluent® (V.19.2) interface 
was used to develop the 3D-CFD model, using a Dell Precision TX3500 
workstation with an IntelÒXeonÒ X3470 processor. The finite volume 
method was used for the discretization of the model.  

The mesh quality was assessed using the orthogonal quality and 
skewness methods, guarantying values above 0.97 (SD 0.20) for the 
meshes considered. The quality of mesh elements is higher for values 
closer to 1.0. The mesh quality assessment procedure was performed to 
guarantee adequate solution accuracy and model convergence. Fig. 2 
illustrates the geometry of the 3D model. 

Outer tube

Inner tube

Injector

Cooling water inlet

Cooling water outlet

Ammonia vapor inletWeak solution inlet

Weak solution outlet
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Fig. 2 3D absorber views. 
 

Mesh study, to assess the model performance, four mesh cases 
with different cells were studied: 

1) Elements: 27402 (generating 83576 nodes),  
2) Elements: 87326 (generating 261978 nodes),  
3) Elements: 128877 (generating 230791 nodes),  
4) Elements: 554804 (generating 846193 nodes).  

Fig. 3 depicts the meshes considered in cases 1 and 3 for the 3D model. 
 

 
(a) Base case 

 
(b) Optimized model 

Fig. 3 Meshes considered for the discretization of the model (a) 
base case and (b) optimized model. 

 
Multiphase Models, two multiphase models were used for the 

purpose of the study: volume of fluid (VOF) for the base case and 
Mixture in the optimization. Moreover, four Eulerian Phases were 
considered in the model: 

• Phase 01 for the NH3/liNO3 solution flow, 
• Phase 02 for the NH3 vapour flow, 
• Phase 03 for the cooling water flow, 
• Phase 04 for the NH3 liquid flow, 

The mass transport mechanisms were considered from phase 02 to 
phase 01 as well as from phase 02 to phase 04 with constant rates (1/s) 
equal to 0.02 and 0.14 respectively. The simulations were developed 
using the realizable k-epsilon viscous models. Finally, the energy 
equation was used to simulate the heat transfer processes. 
 

Governing equations, these equations rely on the Navier-Stokes 
approach solved under transient conditions for each case. The 3D 
continuity, turbulence, energy, and momentum approaches are shown 
below (Eq. 1-5). The model and its equations were solved using a 
Eulerian multiphase method. 
Continuity equation 

!
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!
!"
= (ρv(⃗ ) + ∇. (ρv(⃗ v(⃗ ) = −∇% + ∇. (τ6) + ρg(⃗ + F(⃗ 	   (2) 

Model for Turbulence 
The k − ε	Realizable model equations for turbulence are: 
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The following base turbulence coefficients were set for this application: 
C1 = 1.44, C2 = 1.92 and C6 = 0.09.  
Energy equation 
The conservation of energy equation used is as follows: 

7
78
(𝜌𝐸) + ∇. !�⃗�	(𝜌𝐸 + 𝑝)$ = ∇. !𝑘9::∇𝑇 −∑ ℎ;𝐽; + !�̿�9::. 𝑣$<

; $ + 𝑆= 
   (5) 

For more details on the governing equations and formulation 
address to (Versteeg and Malalasekera, 1995; ANSYS, 2013).  

 
Boundary conditions, the conditions set for the base CFD model 

configuration are presented in Table 3. Moreover, the conditions set for 
the optimized CFD model configuration are presented in Table 4. 
Modification of the boundary conditions in the optimized model was 
required due to the change in the multiphase model and mesh cell size. 

The optimized model was assessed at the base case boundary 
conditions and no convergence was obtained. Depending on the mesh 
density and multiphase model defined, the courant number (if it is kept 
low) can converge as well as the CFD model. Therefore, it was necessary 
to modify the boundary conditions for the optimized case. Table 3 and 
Table 4 present the conditions identified for the convergence of the base 
case and optimized case simulation. 

Regarding the methods applied for the resolution process, the solver 
type was pressure-based coupled with absolute velocity in transient flow. 
The formulation of absolute velocity was suggested for low flow 
velocities (ANSYS, 2013).  

Similar to the boundary conditions modifications, the resolution 
method requires to be modified depending on the mesh cell number and 
multiphase model selected to facilitate the convergence of the CFD 
model. Table 5 shows the resolution methods established for the base 
case and optimized case. 

Thermophysical properties of the single-phase fluids were obtained 
from the Fluent database. The water flow was set as incompressible 
whereas the properties of the materials were set constant. The 
thermodynamic properties such as density, viscosity, heat capacity, and 
thermal conductivity for the NH3/LiNO3 were obtained from (Libotean 
et al., 2007, 2008) and (Cuenca et al., 2014). The solution enthalpy was 
estimated as in (Haltenberger, 1939; McNeely, 1979).
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Table 3 Boundary conditions for the base case. 

Zone Boundary Value details 

Annulus 
side 
inlet  

Inlet 
Pressure; 
direction 

specification 
method: 

normal to 
boundary 

2.0×105 Pa 

I = 0.185 %, k = 0.1006 
m2.s-2; e = 0.172 m2.s-3 

velocity = 0.212 m.s-1; 
volume fraction of phase 

3 (water): 1.0 

Inner 
tube 
inlet 

5.16×105 Pa 
 

I = 0.316 %; k = 2.53×10-

3 m2.s-2; e = 4.03×10-4 
m2.s-3; 

velocity = 0.2076 m.s-1; 
volume fraction of phase 
4 (solution NH3/LiNO3): 

0.452 XNH3 

Injector 
inlet 

5.5×105 Pa 
 

I = 0.567 %; k = 7.17×10-

5 m2.s-2; e = 1.07×10-6 
m2.s-3; velocity = 1.78 

m.s-1; volume fraction of 
phase 2 (ammonia vapor): 

1.0 
Outer 
tube 

outlet Outlet Pressure; direction 
specification method: 
normal to boundary 

k = 0.01 m2.s-2; e = 0.01 
m2.s-3 

Pressure = 2.0×105 Pa 
Inner 
tube 

outlet 

k = 0.01 m2.s-2; e = 0.01 
m2.s-3 

Pressure = 5.13×105 Pa 
Injector 
outlet Contact region-interface Pressure = 5.13×105 Pa 

Walls Stationary Wall Steel 
* Re: Reynolds number; I: turbulence intensity; k and e: parameters of 
the turbulence model. 
 
Table 4 Boundary conditions for the optimization case. 

Zone Boundary Value Observations 

Annulus 
side 
inlet  

Inlet 
Velocity 

 0.212084 
m.s-1 

I = 0.185 %; k = 0.1006 
m2.s-2;  

e = 1.72 m2.s-3; volume 
fraction of phase 3 (water): 

1.0 

Inner 
tube 
inlet 

 
0.2636 m.s-1 

 

I = 0.316 %; k = 2.53 m2.s-

2; e = 4.03 m2.s-3; volume 
fraction of phase 4 

(solution NH3/LiNO3): 
0.452 XNH3 

Injector 
inlet 

1.78 m.s-1 
 

I = 0.567 %; k = 7.17×10-5 

m2.s-2; e = 1.07×10-6 m2.s-

3; volume fraction of phase 
2 (ammonia vapor): 1.0 

Outer 
tube 

outlet Outlet Pressure 

k = 0.01 m2.s-2; e = 0.01 
m2.s-3 

Inner 
tube 

outlet 

k = 0.01 m2.s-2; e = 0.01 
m2.s-3 

Injector 
outlet Contact region-interface Pressure = 5.13×105 Pa 

Walls Stationary Wall Steel 
 
* Re: Reynolds number; I: turbulence intensity; k and e: parameters of 
the turbulence model. 
 

 
Table 5 Solution methods established. 

 Variable 
CFD model  
base case 

CFD model  
optimized 

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

 
Model validation procedure, the predicted results were 

contrasted with the experimental results depicted by Amaris (2013) for 
an NH3/LiNO3 tubular bubble absorber under the same operating 
conditions. The normality of the predicted and experimental results was 
assessed by applying the Shapiro Wilks test (n >50) and considering a 
P > 0.05 which indicates normality. The T-student test was employed to 
contrast the mean, the Mann-Whitney test was employed to contrast the 
ranges, whereas the Levene test was employed to contrast variances (n > 
50). A value P > 0.05 suggests no statistically significant discrepancies 
between the results contrasted. Various accuracy tests were performed to 
contrast the selected parameters with the experimental results. The 
accuracy tests comprise the absolute mean deviation (AMD%), the 
relative mean deviation (RMD%), the sum of the squared errors (SSE), 
the root mean square error (RMSE), and root mean square deviation 
(RMSD). 

3. RESULTS AND DISCUSSION 

3.1 VOF and mixture models results 
The literature shows that the CFD modelling of absorbers in VARS has 
been developed using two multiphase models: Volume of Fluid (VOF) 
(Asfand et al., 2015; Hosseinnia et al., 2016) and Mixture (Panda and 
Mani, 2016). Therefore, both multiphase models were used in both the 
base and optimized CFD models.  

When assessing the base CFD model, the VOF model had a 
satisfactory performance. However, there was no converge to the 
solution using mesh 3 (i.e., 128877 elements). The VOF model is applied 
to fixed Eulerian meshes and it is suitable for immiscible fluids where 
the fluids interface plays a key role. For time-dependent calculations, it 
refines the time step for the integration of the volume fraction equation 
by modifying the Courant number under 250. This implies that the 
reduction of the time step to 1/1000 to 1/10000 or 1/100000 involves a 
significant increase in the Courant number, computational time and 
memory requirements, which leads to no converged solution. The VOF 
model has good performances in geometries with a low density of mesh 
elements, where the smallest time step is suitable. Therefore, when 
optimizing the mesh by increasing the number of mesh elements, which 
decreases the volume of the cell, it is recommended to change from the 
VOF multiphase model to the Mixture model for better modelling 
performance and convergence.  
 
3.2 Mesh test results 
The grid independence test applied to the base case using the solution 
temperature and concentration of ammonia at the outlet of the control 
volume is shown in Table 6. These variables were used following the 
recommendations by Lima et al. (2019).  

Results show that predicted values using four meshes are not 
significantly different from the experimental solution temperature 
(320.95 K) and concentration (0.4587), at the absorber outlet. Table 6 
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shows that the calculated error of the chosen parameters with the four 
meshes considered is lower than 3.2 %. Therefore, the CFD model 
describes with good precision the variables selected for all meshes. 
However, the calculation time and memory requirements for mesh 1 are 
lower than meshes 2, 3 and, 4. 

Mesh 2 computational time rose by 44% if compared to that of mesh 
1. Results for mesh 3 show a deviation for the solution temperature 
around 50% lower than that for mesh 1, while the deviation for the 
concentration is 94% lower, however, the calculation time increased by 
156%. Finally, the results for mesh 4 show a deviation for the solution 
temperature around 67% lower than that for mesh 1, while the deviation 
for the concentration is 48% lower. In this case, the calculation time 
increased up to 367%. Based on these results, it is observed that the 
calculation time increased linearly with the mesh density, while the 
deviation dropped at a lower rate. 

Based on the values of error, calculation time, and memory 
requirements, it is concluded that mesh 1 is adequate to assess the 
absorber performance. The number of elements used in mesh 1 is similar 
to the number of elements used by Lima et al. (2019). However, the 
discussion in the next section shows that these outlet parameters cannot 
be recommended for an adequate validation of the CFD model. 
Therefore, additional verifications were needed in this case. 
 
Table 6 Outlet temperature and ammonia concentration vs mesh 
elements. 

M
es
h 

Element
s. 

CFD results Error (%) Tim
e 

(h) 

Mem. 
use 

(Mb) 

TS 
(K) 

Outlet 
XNH3 
(w/w) 

T NH3 
  

4 554804 319.6 0.466 0.4 1.6 8.4 1.2 
3 128877 318.5 0.453 0.6 0.2 4.6 1.0 
2 87326 317.6 0.472 1.0 2.8 2.6 0.5 
1 27402 317.2 0.473 1.2 3.1 1.8 0.5 

* Outlet solution temperature (TS), ammonia concentration (XNH3), 
computational time (time), memory use (Mem. use). 
 
3.3 Heat and mass transfer 
This section shows the results from simulating the absorber performance 
using the CFD model. These results are contrasted with the experimental 
data reported by Amaris (2013). The experimental uncertainties reported 
were 5.7% and 13.4% for the absorbed mass flux and heat transfer 
coefficient of the solution side, respectively.  

Table 7 presents the results from the base CFD model configuration 
for ammonia concentration and absorbed mass flux. The results show the 
base CFD model configuration calculated the ammonia concentration 
with errors lower than 0.7%, with a mean error of 0.47%, if contrasted to 
the experimental results, as was demonstrated with the mesh 
independence assessment. Furthermore, the results indicated that meshes 
with a small number of finite elements have satisfactory performance to 
predict the ammonia concentration at the absorber outlet. However, the 
absorbed mass flux predicted with the base CFD model shows errors 
between 9.5% and 42.9%, with a mean error of 24.7%. Since the 
absorption mass flux is frequently used for dimensioning absorbers, the 
base CFD model with a mesh of 27,402 elements is inadequate under the 
considered configuration. In that sense, a mesh refinement was required 
to improve the performance of the model by increasing the elements from 
27,402 to 230,791 and modifying the boundary conditions and solution 
method.  

Table 8 shows the results from the optimized CFD model 
configuration for ammonia concentration and absorbed mass flux. 

Results show that, as compared to the experimental information, the 
optimized CFD model configuration predicted the ammonia 
concentration with errors lower than 1.4%, with a mean value of 0.36%.  
Table 7 Results from experimental and base CFD model configuration 
for mass transfer parameters. 

# TW  
(K) 

min-W 
(kg.s-1) 

min-S  
(kg.s-1) 

Exp Cal Error  
(%) 

Exp Cal Error  
(%) 

Outlet XNH3 Fab ×10-3 
(kg.m-2s-1) 

1 313.8 102.0 20.3 0.459 0.460 0.3 3.2 3.6 9.5 

2 313.8 101.5 30.2 0.455 0.457 0.4 3.4 4.1 16.4 

3 313.8 105.2 40.4 0.453 0.455 0.5 3.4 4.3 22.1 

4 313.8 106.9 50.3 0.453 0.455 0.2 3.4 4.5 24.0 

5 314.0 105.8 60.2 0.453 0.456 0.7 3.5 5.9 39.9 

6 313.9 109.5 71.5 0.450 0.453 0.5 3.3 5.7 42.9 

7 308.7 105.4 30.0 0.455 0.458 0.6 3.9 5.2 25.4 

8 308.8 91.3 40.6 0.455 0.458 0.7 3.9 5.1 22.4 

9 308.8 90.6 49.7 0.454 0.456 0.5 4.0 6.0 32.6 

10 308.6 105.6 64.8 0.451 0.453 0.4 4.2 5.6 26.2 

11 308.7 91.1 20.5 0.459 0.461 0.4 3.9 4.4 11.1 
*  Water temperature (TW), inlet water mass flow (min-W), inlet solution 
mass flow (min-S), ammonia concentration (XNH3), NH3 absorption mass 
flux (Fab), experimental (Exp), calculated (Cal). 
 
Table 8 Results from experimental and optimized CFD model 
configuration for mass transfer parameters. 

# TW  
(K) 

min-W 
(kg.s-1) 

min-S  
(kg.s-1) 

Exp Cal Error  
(%) 

Exp Cal Error 
(%) 

 Outlet XNH3 
Fab ×10-3 
(kg.m-2s-1) 

1 313.8 102.0 20.3 0.459 0.453 1.4 3.2 3.2 1.7 

2 313.8 101.5 30.2 0.455 0.453 0.6 3.4 3.4 0.8 

3 313.8 105.2 40.4 0.453 0.453 0.1 3.3 3.2 3.0 

4 313.8 106.9 50.3 0.453 0.453 0.1 3.4 3.2 6.1 

5 314.0 105.8 60.2 0.453 0.453 0.1 3.5 3.3 6.6 

6 313.9 109.5 71.5 0.451 0.453 0.5 3.3 4.2 -28 

7 308.7 105.4 30.0 0.455 0.453 0.6 3.9 4.0 2.6 

8 308.8 91.3 40.6 0.455 0.454 0.1 3.9 3.8 3.6 

9 308.8 90.6 49.7 0.454 0.453 0.2 4.0 3.7 8.1 

10 308.9 105.6 64.8 0.451 0.451 0.1 4.2 4.4 6.0 

11 308.7 91.1 20.5 0.459 0.458 0.2 3.9 3.8 3.0 
*  Water temperature (TW), inlet water mass flow (min-W), inlet solution 
mass flow (min-S), ammonia concentration (XNH3), NH3 absorption mass 
flux (Fab), experimental (Exp), calculated (Cal). 
 

Moreover, the error for the absorption mass flux was lower than 
28% with a mean error of 6.67%. Particularly, for experiment No. 6 
(showing -28% of error for the absorption mass flux) there is no 
convergence to a solution, which is explained because of the biggest inlet 
flow solution considered for the model conditions defined in Table 4. In 



Frontiers in Heat and Mass Transfer (FHMT), 19, 33 (2022)
DOI: 10.5098/hmt.19.33

Global Digital Central
ISSN: 2151-8629

 
   

6 

this case, the solution method modifications and the mesh refinement 
method implemented by increasing mesh elements from 27402 to 
230791, reduced the model error for the absorption mass flux from 24.7% 
to 6.67%.  

Fig. 4 compares the results from the CFD model to the experimental 
data of the absorption mass flux. The data presented include the 
calculations for both, the base and optimized CFD model configurations.  

The results from the base CFD model configuration show a low 
correspondence with the experimental results with no clear trend. Results 
from the optimized model configuration show a clear trend with a slope 
close to 45°. Overall, the slope from the results of the base CFD model 
configuration shows a sharper slope contrasted to the slope from the 
results of the optimized CFD model configuration. These results indicate 
that the optimized CFD model configuration can simulate the absorption 
mass flux for different solution mass flows and water temperatures (see 
Table 8). In general, table 8 shows that the absorbed mass flux increases 
as the mass flow of the solution increases and the temperature of the 
cooling water drops. Accordingly, the absorbed mass flux obtained from 
the CFD study ranged between 3.2×10-3 kg.m−2.s−1 and 4.4×10-3 
kg.m−2.s−1. 

 

 
Fig. 4 Comparison of predicted and experimental results for the 
absorption mass flux. 
 
Table 9 Experimental (Exp) and estimated (Cal) heat transfer parameters 
with the base CFD model configuration. 

# TW 
(K) 

min-W 
(kg.s-1) 

min-S  
(kg.s-1) 

Exp Cal Err
or 

(%) 

Exp Cal Err
or 

(%) TS (K) hS (W.      
m-2K-1) 

1 313.8 102.0 20.3 320.9 318.1 0.9 509 664 23 

2 313.8 101.5 30.2 321.0 318.2 0.9 552 660 16 

3 313.8 105.2 40.4 321.2 319.4 0.6 641 660 3 

4 313.8 106.9 50.3 321.3 320.1 0.4 734 661 10 

5 314.0 105.8 60.2 321.5 319.9 0.5 671 662 1 

6 313.9 109.5 71.5 321.3 320.4 0.3 689 662 4 

7 308.7 105.4 30.0 318.7 317.1 0.5 641 663 3 

8 308.8 91.3 40.6 319.2 317.5 0.5 698 663 5 

9 308.8 90.6 49.7 319.2 317.7 0.5 733 763 4 

10 308.6 105.6 64.8 319.7 318.1 0.5 807 663 18 

11 308.7 91.1 20.5 318.9 317.6 0.4 481 551 13 
 

Moreover, the error for the absorption mass flux was lower than 
28% with a mean error of 6.67%. Particularly, for experiment No. 6 
(showing -28% of error for the absorption mass flux) there is no 
convergence to a solution, which is explained because of the biggest inlet 
flow solution considered for the model conditions defined in Table 4. In 
this case, the solution method modifications and the mesh refinement 
method implemented by increasing mesh elements from 27402 to 
230791, reduced the model error for the absorption mass flux from 24.7% 
to 6.67%.  

Table 10 presents the temperature and heat transfer coefficient 
results for the solution flow, calculated with the optimized CFD model 
configuration, and those experimentally obtained. 

Results show that for the optimized CFD model configuration, the 
outlet solution temperature is calculated with errors lower than 1.1%, 
with a mean error of 0.57%. moreover, the solution heat transfer 
coefficient is calculated with errors lower than 5.9%, with a mean error 
of 3.3%. 
 

Table 10 Experimental (Exp) and estimated (Cal) heat transfer 
parameters with the optimized CFD model configuration. 

# TW 
(K) 

min-W 
(kg.s-1) 

min-S 
(kg.s-1) 

Exp Cal Err
or 

(%) 

Exp Cal Err
or 

(%) TS (K) hS (W.     
m-2K-1) 

1 313.8 102.0 20.3 320.9 317.5 1.1 509 491 3.5 

2 313.8 101.5 30.2 321.0 318.1 0.9 552 539 2.3 

3 313.8 105.2 40.4 321.2 319.0 0.7 641 619 3.4 

4 313.8 106.9 50.3 321.3 319.1 0.7 734 709 3.5 

5 314.0 105.8 60.2 321.5 319.0 0.8 671 648 3.4 

6 313.9 109.5 71.5 321.3 319.1 0.7 689 661 4.1 

7 308.7 105.4 30.0 318.7 318.2 0.2 642 604 5.9 

8 308.8 91.3 40.6 319.2 317.7 0.5 698 678 2.8 

9 308.8 90.6 49.7 319.2 318.5 0.2 733 733 0.1 

10 308.9 105.6 64.8 319.7 318.9 0.2 807 787 2.5 

11 308.7 91.1 20.5 318.9 317.9 0.3 481 457 5.0 
 

Fig. 5 Comparison of predicted and experimental results for the heat 
transfer coefficient. 
 

Fig. 5 shows the calculated and experimental results for heat transfer 
coefficient. The calculated values include results from both, the base and 
optimized CFD model configurations. While the results show higher 
errors for the base CFD model configuration, these errors are low. 

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Pr
ed

ic
te

d 
 N

H
3

ab
so

rp
tio

n 
m

as
s f

lu
x 

(k
g 

m
-2

s-1
, ×

10
-3

)

Experimental NH3 absorption mass flux (kg m-2 s-1, ×10-3)

Base model
Optimized model

450

500

550

600

650

700

750

800

850

450 500 550 600 650 700 750 800 850

Pr
ed

ic
te

d 
so

lu
tio

n 
he

at
 tr

an
sf

er
 

co
ef

fic
ie

nt
  (

W
 m

-2
K

-1
)

Experimental solution heat transfer coefficient (W m-2 K-1)

Base model
Optimized model



Frontiers in Heat and Mass Transfer (FHMT), 19, 33 (2022)
DOI: 10.5098/hmt.19.33

Global Digital Central
ISSN: 2151-8629

 
   

7 

Moreover, the results for the optimized CFD model configuration 
show lower errors with a clear trend of the values, while the slope of the 
results is close to 45°. Overall, the results from the base CFD model 
configuration show no clear trend, with a slope lower than the results of 
the optimized CFD model configuration. Results indicate that the use of 
the optimized CFD model configuration is possible to accurately predict 
the solution heat transfer coefficient for different values of solution mass 
flow and cooling water temperature (see Table 10). In general, the heat 
transfer coefficient rises as the mass flow of the solution increases and 
the temperature of the cooling water drops. Since the heat transfer is 
linked to the mass transfer in absorbers, the higher the heat transfer, the 
better the mass transfer when the solution equilibrium conditions at the 
absorber outlet are still not reached. In this case, the heat transfer 
coefficient for the solution side ranged between 457 W.m−2.K−1 and 786 
W.m−2.K−1. 
 
3.4 Model Validation 
The Shapiro-Wilks test shows that the ammonia concentration is the only 
variable with a normal distribution. Therefore, the T-student test was 
implemented to contrast the mean between the experimental and 
simulated data, while the Mann-Whitney test was implemented to 
contrast the ranges and the Levene test to contrast variances between the 
experimental data and simulated data obtained with the base and 
optimize CFD model. The statistical assessment for the base 
configuration model is shown in Table 8.  

The results of the accuracy-test for the base CFD model 
configuration showed a satisfactory performance for the ammonia 
concentration and temperature variables with deviations between 1 % 
and 18 %. However, the absorbed mass flux and heat transfer coefficient 
showed larger deviations, between 1% and 132% indicating that the 
validation of the model must include the mass and heat transfer 
parameters because these are more sensitive variables and used for the 
absorber designing. 

The statistical assessment for the optimized configuration model is 
shown in Table 9.  
 
Table 8 Statistical assessment of the results from the base CFD model 
configuration, experimental (Exp) vs estimated (Cal). 

Test 
Exp Cal Exp Cal 

Outlet XNH3 
(kgNH3·kg−1

NH3/LiNO3) 
TS (K) 

AMD%1 0.002 0.002 0.900 1.015 
RMD%2 0.610 0.580 0.340 0.370 

SSE3 0.0001 0.0001 11.6291 13.7273 
RMSE4 0.00001 0 1.057 1.248 
RMS5 0.4543 0.45653 320.0926 318.5565 

Test 
Exp. Cal. Exp. Cal. 

Fab 
(kg.m-2s-1) hS (W.m-2K-1) 

AMD%1 0.0003 0.0007 77.95 20.54 
RMD%2 9.280 16.650 15.450 7.180 

SSE3 0.0000 0.0000 101065 22640 
RMSE4 0.0000 0.0000 9187.70 2058.18 
RMS5 0.0037 0.004995 657.5691 662.6095 

1Absolute mean deviation; 2Relative mean deviation; 3Sum of the 
squared errors; 4Root mean square error; 5 Root mean square deviation 
* Outlet solution temperature (TS), ammonia concentration (XNH3), NH3 
absorption mass flow (Fab), and solution heat transfer coefficient (hS). 
 

The results showed no statistical discrepancies between 
experimental, and model calculated results. The optimized model 
configuration implemented through a mesh refinement method reduced 
significantly the statistical deviations contrasted to the base model 
between a range of 1% and 11%. This indicates that the optimized CFD 
model configuration was adequate to simulate the heat and mass transfer 
processes in the absorber. In this case, it was not necessary to implement 
the use of user-defined functions (UDF) to vary the thermophysical 
properties of the fluid which means that the optimization method has a 
relevant weight on the CFD model performance. Based on the results in 
Table 8 and Table 9, it is concluded that the absorption mass flux and the 
heat transfer coefficient of the solution heat transfer coefficient are the 
variables recommended to validate a CFD model and simulate absorbers 
in VARS. Moreover, validation should be conducted using a series of 
experimental data to ensure an appropriate prediction of the absorption 
performance parameters at different operating conditions. 
 
Table 9 Statistical assessment of the results from the optimized CFD 
model configuration, experimental (Exp) vs estimated (Cal). 

Test 
Exp Cal Exp Cal 

 Outlet XNH3  
(kgNH3·kg−1

NH3/LiNO3) 
TS (K) 

AMD 0.0020 0.0020 1.030 0.920 
RMD 0.61000 0.50000 0.34000 0.29000 
SSE 0.00006 0.00003 11.629 12.564 

RMSE 0.00001 0.00000 1.05719 1.24000 
RMSD 0.45430 0.45322 320.09256 318.44869 

Test 
Exp. Cal. Exp. Cal. 

Fab (kg.m-2s-1) hS (W.m-2K-1) 

AMD 0.0003 0.0003 78.0. 79.60 

RMD 9.28000 11.95000 15.45000 16.13000 
SSE 0.00000 0.00000 101065 103100 

RMSE 0.00000 0.00000 9188 9373 
RMSD 0.00366 0.00367 658 634 

* Outlet solution temperature (TS), ammonia concentration (XNH3), NH3 
absorption mass flow (Fab), solution heat transfer coefficient (hS). 
 

4. CONCLUSIONS 
In this paper, the optimization of a CFD model to predict the heat and 
mass transfer performance of a bubble absorber using the NH3/LiNO3 
mixture is presented. The methodology to build up the model and its 
validation are detailed in this case. The main conclusions from the 
present study can be drawn as follows 

• The absorbed mass flux and heat transfer coefficient of the 
solution side are parameters that must be considered in the 
validation process of CFD models for absorbers because these 
are more sensitive variables for the CFD absorber 
performance. Moreover, the validation process should be 
conducted with data from a set of experimental tests, rather 
than just considering the results from one experimental test.  

• Implementing the optimization conditions defined for the CFD 
model results in avoiding any significant statistical difference 
between experimental and calculated results values for the 
variables considered. While the CFD model using the VOF 
model converged at a low density of mesh elements, the 
Mixture model was required for the convergence of the CFD 
model at a high density of mesh elements. 
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• The optimized CFD model was found suitable to simulate the 
performance of the tubular bubble absorber as solution flow 
and heat dissipation temperature varied. The absorption mass 
flux was up to 4.4×10-3 kg m−2s−1, while the solution heat 
transfer coefficient was up to 786 W m−2K−1 for the conditions 
considered. 

• The methodology details the development of a CFD model to 
simulate an absorber in VARs and can be applied to develop 
an improved bubble absorber arrangement and explore the 
absorber performance with new working fluids. Further studies 
can include the assessment of different absorber configurations 
considering internal details such as flow patterns and local heat 
and mass transfer parameters. 
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