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Abstract. Humidification and dehumidification processes have a wide range of applications in various Engineering equip-
ment. Cooling towers, for example, are equipment widely used in multiple systems to remove high rates of heat generated
in processes such as nuclear reactors. Recently, similar devices have emerged that use desiccant liquids to remove mois-
ture from the air stream. This type of device has relevant applications in the pharmaceutical industry and air conditioning
systems. Considering the relevance of these various devices presented above, this study proposes to develop a numerical
model capable of evaluating the conditions of droplet mass transfer. This assessment depends on a series of geometric
and constructive characteristics of the equipment’s liquid diffuser. The evaluation is done for different geometric condi-
tions using the OpenFOAM numerical code. The OpenFOAM computational code has no changes implemented, and the
mass transfer coefficient is obtained from the mass and energy transport equations analogy. Different droplet spacing and
airflow results are evaluated numerically, and the Sherwood Number (Sh) is estimated as the mass transfer coefficient
for these conditions. The results provide subsidies for cooling tower systems design according to the type and number of
droplets generated. Other studies for the vapor pressure on the surface of desiccant substances also allow generalizing
these studies to applications in desiccant liquids systems. Newer studies with new droplet sizes are very important to
complement this work.
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1. INTRODUCTION

Cooling technology through evaporative systems have developed significantly during the Industrial Revolution and the
development of power cycles. At that time, compact devices capable of cooling large gas flow using a water counterflow
were designed. This kind of device has high efficiency because combines the effects of heat and mass transfer and it
was known as a cooling tower. Even today, those devices are widely used in large-scale applications in power systems.
Nuclear power plants are common examples of the application of cooling towers as the condensing unit of the power
cycle.

In the operation of cooling towers, the evaporation processes occurring is of particular importance and was subject of
investigations to assess how the overall process could be improved. Bedekar er al. (1998), for example, experimentally
investigated the filling cooling towers with different air-to-water flow ratios. Recent works on the subject have also been
carried out either by experimental techniques or by thermodynamic modeling (Naik ef al., 2017; Aadhithiyan et al., 2021).
However, more recently numerical simulations, through Computational Fluid Dynamics (CFD), have also been employed
in investigations that were concerned with how the phenomenon occurs (Fouda and Melikyan, 2011; Montazeri et al.,
2015; Tan et al., 2021; Adam et al., 2022).

More recently, the use of similar principles for liquid desiccant systems has also become relevant. Although desiccant
systems have various applications, their most common use has been in air conditioning systems. Both liquid desiccant
and humidification systems use dripping or shower mechanisms to carry out their process (Lu et al., 2019; Oladosu et al.,
2023; Long et al., 2022).

In this context, this study aims at analyzing the heat and mass transfer on water droplets for application in air-flow
humidification devices. We performed CFD simulations of the air flow around the model of a standardized droplet
geometry and calculated the drag coefficient and heat and mass transfer coefficients under typical conditions. We also
assessed the influence of the relative speed of the droplet to the air on the heat and mass transfer processes.

2. METHODOLGY

Based on the above considerations, this work proposes a numerical model to estimate the heat and mass transfer of a
established droplet model.
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Figure 1. Physical scheme and numerical domain of the modeling

2.1 Numerical Methodology

2.1.1 Physical and Mathematical Modeling

We assumed an incompressible laminar flow of humid air around a droplet, with negligible body forces field and thrust

effects. Hence, the continuity and momentum equations for the incompressible flow around a droplet model were solved
for the velocity, ¥, and pressure, p, fields, given, respectively, by:
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Additionally, the energy and mass transport were also solved to account for the thermal and mass transport problems,

which were assumed as governed by the general transient-advection-diffusion transport equation for a property ¢, ss
follows:
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where ¢ represent either the humidity concentration and the temperature fields and, moreover, the equations are differen-
tiated by the boundary conditions and by the thermal or mass diffusivity values, as follows:

e thermal problem: ¢ =T, a = ar =k/(pcp);
* mass transfer problem: ¢ = p* (concentration), & = o, = D4 p;

For the thermal problem, it is important to note that no energy generation effects were assumed and the viscous
dissipation was considered negligible. Additionally, we also assumed that the droplet volume remains constant during the
process and that the disturbed wake in the droplet rear flow do not affect the flow on the sibsequente droplet.

2.1.2 Geometry and Boundary Conditions

We assumed a three-dimensional modeling of a droplet. Rigourously, the problem at hand typically involves several
drops that are moving side by side and sequentially, thus, when considering a single droplet, all lateral surfaces can
be treated as symmetry planes (see Figure (1), left panel, for a schematic representation of the described modeling and
its right panel for a description of the geometry and boundary conditions assumed). At the front of the droplet, an inlet
condition was applied with a uniform velocity profile and at the outlet the pressure was assumed zero with a local-parabolic
condition for the velocity field. Finally, on the droplet surface we assumed the no-slip velocity condition.

For the thermal and mass transport governing equations, we assumed the following boundary condtions:

e Attheinlet: T = Ty, p* = p.;
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Figure 2. Problem mesh generated using snappyHexMesh.

* At the outlet and symmetry planes: 97'/0n = 0, dp*/On = 0;
* Droplet surface: T' = T, p* = p5;

2.1.3 Numerical Method

The presented physical model was solved in OpenFOAM code using the solvers simpleFoam, for the fluid flow, and
scalarTransportFoam, for the energy and mass transport governing equations. With the velocity and temperature/mass
fractions fields, we computed the heat and mass transfer coefficients under the given conditions conditions.

The main drop geometric parameters are the maximum diameter D, = 1 mm and total length L. = 2.47 mm. Other
drop physical parameters were estimated from the STL file using MeshLab software. Based on this process, several
unknown characteristics could be measured, such as the drop volume V; = 0.77745 mm? and its surface area for heat and
mass exchange A, = 4.5383 mm?2.

The problem mesh was generated using an OpenFOAM script (snappyHexMesh), created from a STL type file assem-
bled for the drop. The result generates a very fine mesh close to its surface that includes boundary layer elements. A
section of the problem domain to show the generated mesh can be seen at Figure 2. A refinement close to the surface was
used to ensure the accuracy of the obtained results.

2.1.4 Data Analysis

In the case of the thermal problem, the value of the Nusselt number can be determined from the temperature gradient
on a defined surface, so that:
h L. L,
Nu=tle Lo OT
k Ty — To On

surf
and, on the other hand, for the mass transfer problem the Sherwood number can be obtained by:
_h*L. L. Op*

Sh = =
Dap  pi—ph On

surf

By using these dimensionless parameters, we evaluated the rates of heat transfer and evaporation on the surface of the
drop.

Furthermore, the terminal velocity is another important parameter to consider in this study and can be defined as the
speed when weight and drag forces are balanced. Considering this situation, the terminal velocity of the droplet U, can
be calculated as follows:

U o— | 29PuVy
! AtgCp pa

where g is the local gravity acceleration; p,, and p, are the specific masses of water and air, respectively; C'p is the drag
coefficient of the drop, Vj is the volume of the droplet and A, is the frontal area of the drop, calculated based on the
maximum diameter of the drop D,,.

The application of these principles allows to identify the behavior of velocities and temperature or concentrations
profiles and their influence on the average and local heat and mass transfer rates. The study presents some results for the
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variation of the velocity U and Reynolds number of the drop (Re=U L./v). For the case studied, the physical properties
will be assumed as average values for air (Pr= 0.79) and the diffusion of water in air (Sc= 0.8). We evaluated the
following parameters: the drag coefficient (Cp), which allows the determination of the velocity limit of the drop (Uyg),
as explained previously; additionally, considering that the total velocity of the drop was simulated, the complement of
the limit velocity up to the total value is the ascending airflow velocity (U,); finally, we computed the average Nusselt
number, to evaluate the heat transfer, by numerically integrating of the results of the temperature gradients in their normal
direction over the entire surface of the drop.

The initial formulation treated this problem as a laminar flow. However several vortices was formed at the back region
of the drop. Therefore, it was necessary to use a model to treat the effects of turbulence in the surface surroudings. In
this study, the Spalart—Allmaras model was chosen as it is usually indicated in cases where an external flow is studied.
This model is included in the Reynolds Averaged Simulation (RAS) class and has a statistical treatment of the turbulence
terms to define a turbulent viscosity. This method was originally developed by Spalart and Allmaras (1992) for aerospace
simulations with calibrated parameters for accurated separation flows treatment. Details of the implemented model can
be seen at Greenshields (2023).

3. RESULTS AND DISCUSSIONS

Figure 3 shows the velocity magnitude field. In this figure, we can note the formation of recirculating zones, from the
point where the narrowing of the drop begins, which is a consequence of a low-pressure region. Despite this effect, one
can see that the wake formed was short, mainly if compared to that of cylinders, and closed shortly after the drop’s end
tip. Small disturbances in the posterior region remain up to the outlet.

The temperature profile inside the studied region can be seen in Figure 4 for the different inlet velocities. The presented

(@)U =6m/s (a) U =8 m/s
©U =10m/s @ U =12m/s

Figure 3. Air velocity around the droplet for the inlet velocity range tested.
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Figure 4. Air temperature fields for the range of inlet velocities

results also show an affected region of a thin boundary layer around the droplet. There is a larger growth of this disturbed
region only in the narrowing region of the droplet, agreeing with the previously highlighted low-pressure region. Small
differences in these fields can be noted between different free-stream conditions.

We can see that in both the velocity and temperature fields there is a disturbance propagation in the back region of the
drop up to the outlet zone. This condition may affect one of our hypotheses suggesting that flow would be undisturbed
right at the next drop. To better quantify the level of this disturbance, we evaluated the behavior of the velocity field in the
central line of the flow outlet (shown in Fig. 5). We can see that there is a small disturbance in the velocity field resulting
from the flow around the drop with increasing inlet velocity accentuating this disturbance. Nevertheless, the disturbance
it not pronounced for this drop spacing, and a more detailed study on the subject should be carried out in the future.

Table 1 show the physical parameters considered in this study. Although the averaged Nusselt number (Nu,,) is a
very important parameter to obtain the total heat transfer of the drop, it is also relevant to know how the local value Nu,
behaves along the drop surface. Figure 6 shows this information along the surface. The figure clearly shows that the value
of Nuy starts a little low at the stagnation point but quickly rises. Thus, the front region of the drop and the end of the rear

Table 1. Physical parameters computed in this study.

Ulm/s] Re Ch Uglm/s] Uglm/s]  Nu,,
6 926  0.6616 4.94 1.06 27.97
8 1235 0.6189 5.10 2.90 31.12
10 1544 0.5724 5.31 4.69 34.86
12 1852 0.5522 5.40 6.60 37.77
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Figure 5. Velocity profile at the outlet of the flow domain.

region are the places where the highest heat transfer is verified. It should be noted, however, that the region of the drop
rear tip has a high heat transfer rate, but has a small exposed surface. This combination of effects means that the total heat
exchange in this region tends to be very small. As was also predictable, the highest heat transfer rates may occur in the
cases with high total velocity conditions.

4. CONCLUSIONS

Considering the results obtained, we can conclude that:

* the droplet terminal velocity is relevant for the evaluation of heat transfer and cannot be ignored when estimating
the air velocity resulting from the flow;

« the drop frontal region, next to the stagnation point, is where is verified the largest heat transfer (this effect cannot
be perceived in the plot);

* the increase in the total relative velocity implies an increase in the heat transfer rate;

* there is a region at the beginning of droplet strangulation where heat transfer rate is very low. In this region, it was
not possible to establish a correlation between the increase in speeds and the increase in Nu;.

* the velocity perturbation wake, at least in the case with the studied geometry, reaches the outlet domain and, conse-
quently, affects the conditions of the inflow of the next drop.
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Figure 6. Local behavior of the Nusselt number along the droplet vertical length.
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Future works should be developed considering the evaluation of the variation of the drop geometrical parameters.
Other results can still be obtained with the development of this work, such as the estimated mass transfer coefficient
through the Sherwood number, either local or averaged over the drops area. In addition, possible evaluations of the mesh
and eventual comparison with other numerical and experimental results would also contribute to this work. Finally, an
analysis of the effects of disturbances in the flow on the subsequent drops should also be carried out.
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