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Abstract: The wettability and stability of a solution’s film on the filler surface are the key factors
determining heat and mass transfer efficiency in liquid desiccant air conditioning systems. Therefore,
this study investigates the effects of different air parameters on the flow behavior of a lithium chloride
solution’s film. The effects of air velocity, air flow pattern, and pressure on the wettability and critical
amount of spray are discussed. The results show that the main mechanism by which the air velocity
affects the wettability is that the shear stress generated by the direction of the air velocity disperses
the direction of the surface tension and weakens its effect on the liquid film distribution. In addition,
in the counter flow pattern, the air flow blocks the liquid film from spreading longitudinally and
destroys the stability of the liquid film at the liquid outlet, which increases the critical amount of
spray. The pressure distribution is similar under different operating pressures when the flow is stable;
thus, pressure has little effect on wettability. The simulation results under 8 atm are compared with
the experimental results. It is found that the sudden increase in the amount of moisture removal
when the amount of spray changes from 0.05 to 0.1 m3/(m·h) in the experiment is caused by the
change in the liquid film flow state. In addition, the results show that within the range of air flow
parameters for the liquid desiccant air conditioning system, air flow shear force is not the main factor
affecting the stability of the solution’s film, and there is no secondary breakage of the solution’s film
during the falling-film flow process.

Keywords: liquid desiccant; compressed air; lithium chloride solution; wettability; stability

1. Introduction

Compressed air is widely used in various industries as both a power source as well as
a process gas source for various applications such as drying and pneumatics [1,2]. However,
compressed air can be harmful to production processes when its humidity is too high, lead-
ing to problems such as reducing electrical insulation and causing valve corrosion [3]. As
the use of liquid desiccants is advantageous in lowering energy costs [4–6], a new method
of compressed air drying using liquid desiccant has been proposed. Studies have shown
that this system could effectively use the waste heat of air compressors [7,8]. However,
because the liquid desiccant systems are still in the development stage, there are still some
shortcomings that make them difficult to be applied. First of all, poor heat and mass transfer
will make the device huge [9]. Secondly, studies have shown that droplet entraining will
occur when there is gas–liquid contact, resulting in the corrosion of indoor surfaces [10].
Therefore, controlling droplet entrainment effectively while improving heat and mass ex-
change efficiency is the key to optimizing liquid desiccant systems. The current research on
optimizing the performance of this new method has only focused on system optimization
and control strategies [11,12]. The solution flow behavior on the surface of the filler is an
important part in the dehumidification and regeneration processes. The wettability of the
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solution’s film determines the heat and mass transfer efficiency [13–15], and the stability of
the solution’s film determines the droplet entrainment. Therefore, it is necessary to system-
atically study the solution flow behavior during dehumidification/regeneration processes.

In terms of liquid film wettability, due to the numerous variables of a solution’sfalling-
film process in the liquid desiccant air conditioning system, much work is required for
its theoretical analysis and experimental research. With the development of computer
technology, computational fluid dynamics (CFD) has become an effective method for
studying such problems. Sakhnov et al. [16] researched the effect of the contact angle on
the spreading of a refrigerant mixture over a vertical cylinder using CFD. They established
mathematical models of R21 and R114 refrigerant mixtures flowing over a vertical cylinder,
which were in good agreement with the experimental results [17]. Tan et al. [18] studied
the effect of liquid viscosity and surface tension on surface wettability. They simulated the
flow behavior of several fluids (e.g., ethylene glycol, and acetone) using a volume of fluid
(VOF) model and proposed a formula for predicting the effective interface area ratio. These
studies indicate that the VOF model is suitable for capturing the gas–liquid two-phase flow
interface in simulations. However, in these studies, the gas-phase parameters are ignored
due to the small flow rate. Wen et al. [19] proposed a three-dimensional model to describe
the shrinkage of the liquid film during falling-film flow on a plate and verified the accuracy
of the model through experiments. The results showed that the poor wettability and mass
transfer resistance of the air affected the mass transfer capacity, but they did not elaborate
on the effect of the air parameters on wettability. At present, it is necessary to maintain a
large amount of solution spray to ensure sufficient wetting. However, a larger amount of
spray will consume more pump power and may cause droplet carrying problems. Zhang
et al. [20] argued that there must be a reasonable value for the solution flow rate, but their
research also did not determine the reasonable amount of spray to ensure adequate wetting.
From the above studies, it can be seen that the CFD method can be used to conveniently
and accurately study a solution’s film wettability on the surface of a filler, but the study of
the influence of air parameters on a solution’s film wettability is still scarce.

In terms of the stability of the liquid film, previous studies have shown that the liquid
film may break due to the shear force of the airflow [21]. Wang [22] believes that a wavy
liquid film drawn into the airflow is mainly controlled by shear force and surface tension.
When the shear force causes the extreme deformation of the interface, it will cause a certain
section of the wave to break. In addition, studies have shown that droplets can splash and
form microdroplets when they collide with the liquid film. Dai et al. [23] used the coupled
level set and VOF method to simulate the morphological evolution and splashing process
of liquid droplets impacting an inclined liquid film. They summarized the main water
splashing mechanism caused by droplet impact on a liquid film (with water in the liquid
phase) as follows: the water splashes in the first half of the liquid are mainly caused by the
neck jet resulting from pressure difference, whereas the water splashes in the second half
are formed by the change in the direction of the flow of the impacted liquid film. From the
above studies, the fragmentation of liquid films is related to the shear force of the air flow,
and the impact velocity of droplets in the secondary fragmentation of liquid films is also
affected by the incoming air flow velocity. However, most of these studies on the stability
of liquid films focused on water, and the research on salt solutions is still scarce.

Based on the discussion above, previous studies of surface wettability have focused
on solution properties and filler properties. However, gas-phase parameters also affect the
wettability in the gas–liquid falling-film flow for liquid desiccant processes. Especially for
compressed air drying systems using liquid desiccants, whether high pressure air will have
an effect on the wettability needs to be further discussed. In addition, studies show that
air parameters are one of the key factors affecting the stability of the liquid film. However,
in these studies, the working fluid used is mostly water, the physical properties of which
differ greatly from those of the solution. And the air conditions are also not the same.
Therefore, studying the influence of air parameters on the stability of a solution’s film
according to the working condition and working fluid of liquid desiccant air conditioning
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systems is the key to further control droplet entrainment and optimize the systems. At
present, halogen salt solutions such as lithium chloride, lithium bromide, and calcium
chloride solutions are often used as liquid desiccants in liquid desiccant air conditioning
systems. Among them, a lithium chloride solution (LiCl-H2O) has the lowest surface partial
pressure of water vapor and a low crystallization risk, so it has the highest system efficiency
as a liquid desiccant. Therefore, this study takes LiCl-H2O as the working fluid to explore
the air parameters affecting the solution distribution in a liquid desiccant. The effect of
the air velocity, the gas–liquid flow pattern, and the gas pressure on the wettability of the
solution’s falling film is summarized, and the corresponding critical amount of spray is
discussed, which provides a theoretical reference for choosing the amount of spray and
the optimal air parameters. The causes of liquid film breakage during the flow process are
analyzed, which provides a theoretical basis for further controlling droplet entrainment.

2. Materials and Methods
2.1. Physical Model

Figure 1 shows the physical model of the air–solution flow channel. The corresponding
dimensions and structural vertices are marked in the figure. The dimensions of the falling-
film plates remained the same as those in the previous study [24]. The size of the channel
is 50 × 60 × 7 mm3, and the filler surface is at an angle of 60◦ relative to the horizontal.
The size of the solution inlet is 0.4 × 50 mm2, which is calculated using the Nusselt film
thickness theory. The position of the air inlet and outlet are opposite in the cases of parallel
flow and counter flow, with the corresponding boundary conditions for the two flow
patterns are shown in Tables 1 and 2, respectively. For parallel flow, the size of the air
inlet is 6.6 × 50 mm, which is the channel size minus the solution inlet size. For counter
flow, as the liquid film thickness at the bottom becomes thicker with the development
of the flow, to ensure that the air inlet does not coincide with the liquid film (causing
flooding in the counter flow case), the size of the air inlet is set to half the channel size,
which is 3.5 × 50 mm. Therefore, the size of the solution outlet for the counter flow case is
3.5 × 50 mm, which is the channel size minus the air inlet size. As the size of the solution
inlet for the counter flow case is the same as that for the parallel flow case, the size of the
air outlet is 6.6 × 50 mm.
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Figure 1. A physical model of the air–solution flow channel.

Table 1. The boundary condition settings for the parallel flow pattern.

Face Boundary Condition

a1b1b2a2, b1c1c2b2 Velocity inlet

f1e1e2f2, e1d1d2e2 Pressure outlet

c1f1f2c2, c2f2d2a2, a1d1f1c1, a1d1d2a2 No-slip wall



Buildings 2024, 14, 1474 4 of 18

Table 2. The boundary condition settings for the counter flow pattern.

Face Boundary Condition

a1b1b2a2, f1e1e2f2 Velocity inlet

b1c1c2b2, e1d1d2e2 Pressure outlet

c1f1f2c2, c2f2d2a2, a1d1f1c1, a1d1d2a2 No-slip wall

2.2. Mathematical Modeling

In this paper, Fluent (holding by Ansys in the Canonsburg, PA, United States) is
used for the simulation, in which it is important to simulate the change in the interface
of the air–solution flow. Compared with other interface capturing methods [25,26], the
convergence and mass conservation of the VOF method is superior [27,28]; therefore, it
is used in this study to simulate the falling-film flow. The VOF method defines a volume
fraction in a cell as α, which follows Equation (1):

αs + αa = 1, (1)

where αs is the volume fraction of the solution, and αa is the volume fraction of the air.
The momentum is defined as follows:

∂(ρv)
∂t

+∇(ρvv) = −∇p +∇ ·
[
µ(∇v +∇vT)

]
+ ρg + Fvol , (2)

where ρ is the density, µ is the viscosity, and Fvol is the volume force, which reflects the
effect of surface tension.

The continuum surface force model [29] is used to simulate the surface tension. In this
model, Fvol is defined as follows:

Fvol = ∑
i<j

σij
αiρjκj∇αj + αjρjκi∇αi

1
2 (ρi + ρj)

, (3)

where σ is the surface tension coefficient, and κ is the curvature.
Because the air flow is turbulent in this study, the viscous model is chosen as the

standard k-epsilon model. To solve the coupling of pressure and velocity, the SIMPLE
method is used.

The surface wettability of the filler surface is expressed by the wetting ratio (WR),
which is defined as follows:

WR =
Aw

Ab
, (4)

where Aw is the projection area of the solution’s film on the filler surface, and Ab is the area
of the filler surface.

A flat falling film is usually realized by overflow, corresponding to the liquid phase
inlet of the model in this study, which has a line shape. Therefore, when analyzing the
solution flow behavior, the amount of spray of the solution is expressed by the volumetric
flow rate per unit of length per unit of time. The amount of spray (SP) is defined as follows:

SP =
Qs

W
× 3600 (5)

where Qs is the volumetric flow rate of the solution, and W is the inlet width.
The ranges of the gas-phase parameters are selected according to the liquid desiccant

evaporative cooling air conditioning system, the liquid desiccant system driven by a
heat pump [24], and the compressed air drying system using a liquid desiccant [7]. The
conditions of the LiCl solution in this study are the most unfavorable conditions, as shown
in Table 3. To ensure the accuracy and speed of the simulation results, the grid is divided
into three different densities and we do the same simulation, with grid numbers of 168,000,
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228,000, and 288,000. After a grid independence verification, the mesh with 228,000 grids is
selected. The accuracy of the mathematical model in this simulation has been verified in
previous studies.

Table 3. The LiCl solution’s conditions.

Process Concentration (%) Temperature (◦C)

Dehumidification 35 20

Regeneration 30 60

2.3. Experimental Methods

A schematic and physical diagrams of the flat plate falling-film experimental device
are shown in Figures 2 and 3, respectively. The names of each component are marked in
the figures. The device comprises an arched organic glass plate forming two symmetrical
falling-film surfaces. The falling-film surfaces and the shell form two gas–liquid two-phase
flow channels. The channels are rectangular channels with a width of 15 mm. The flat
parts of the arched glass plate in the channels are treated with surface modification and
used as filler surfaces. Therefore, the filler surfaces inside the channels are flat surfaces,
corresponding to the physical model in the simulation.
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Figure 2. A schematic of the flat falling-film experimental device: 1, the liquid distributor; 2, the
falling-film plate; 3, the solution inlet; 4, the solution outlet; 5, tank A; 6, tank B; 7, the solution pump;
8, the cooler; 9, the electric heater; 10, the fan; 11, valve A; 12, valve B; 13, valve C; 14, valve D.

According to the liquid desiccant evaporative cooling air conditioning system, the
liquid desiccant system driven by a heat pump and a compressed air drying system using
liquid desiccant, the experimental conditions are shown in Table 4.

In order to ensure a high measurement accuracy and a lower cost, the measuring range
of the measuring equipment is usually about 1.5–2 times the required measuring range.
Considering the range of the solution temperature, the solution flow rate and air flow rate
to be measured in the experiment (as shown in Table 4), and the relevant parameters of the
actual products, the measuring equipment adopted in this study are shown in Table 5. The
table also presents the specific parameters of the measurement equipment. The labels T
and F in Figure 2 represent K-type thermocouples, and micro flow turbine sensors and gas



Buildings 2024, 14, 1474 6 of 18

vortex flow meters are used to measure the temperature and the flow rate of the solution
and air flow rate, respectively.

Buildings 2024, 14, x FOR PEER REVIEW 6 of 19 
 

 
Figure 3. A photograph of the flat falling-film experimental device. 

According to the liquid desiccant evaporative cooling air conditioning system, the 
liquid desiccant system driven by a heat pump and a compressed air drying system using 
liquid desiccant, the experimental conditions are shown in Table 4. 

Table 4. The experimental conditions. 

LiCl solution concentration 35% 
Solution temperature during dehumidification process 20 °C 

Solution temperature during regeneration process 60 °C 
Maximum solution flow rate 2 L/min 

Maximum air flow rate 129.6 m3/h 

In order to ensure a high measurement accuracy and a lower cost, the measuring 
range of the measuring equipment is usually about 1.5–2 times the required measuring 
range. Considering the range of the solution temperature, the solution flow rate and air 
flow rate to be measured in the experiment (as shown in Table 4), and the relevant param-
eters of the actual products, the measuring equipment adopted in this study are shown in 
Table 5. The table also presents the specific parameters of the measurement equipment. 
The labels T and F in Figure 2 represent K-type thermocouples, and micro flow turbine 
sensors and gas vortex flow meters are used to measure the temperature and the flow rate 
of the solution and air flow rate, respectively. 

Table 5. The equipment measurement parameters. 

Parameter Equipment Accuracy Range 
Air flow rate Gas turbine flowmeter ±1% 12–360 m3/h 

Solution flow rate 
Micro flow turbine sensor 

Digmesa 939–1525 ±2% 0.15–3.74 L/min 

Solution temperature K-type thermocouples ±0.2 °C −10 to 120 °C 
Solution density Density meter ±0.5 kg/m3 1200–400 kg/m3 

Aerosol refers to a gaseous dispersion system consisting of solid or liquid particles 
suspended in a gaseous medium. The microparticles contained in the air in this study may 
include solid particles contained in the treated air or solution microdroplets. According to 

Figure 3. A photograph of the flat falling-film experimental device.

Table 4. The experimental conditions.

LiCl solution concentration 35%

Solution temperature during dehumidification process 20 ◦C

Solution temperature during regeneration process 60 ◦C

Maximum solution flow rate 2 L/min

Maximum air flow rate 129.6 m3/h

Table 5. The equipment measurement parameters.

Parameter Equipment Accuracy Range

Air flow rate Gas turbine flowmeter ±1% 12–360 m3/h

Solution flow rate Micro flow turbine
sensorDigmesa 939–1525 ±2% 0.15–3.74 L/min

Solution
temperature K-type thermocouples ±0.2 ◦C −10 to 120 ◦C

Solution density Density meter ±0.5 kg/m3 1200–400 kg/m3

Aerosol refers to a gaseous dispersion system consisting of solid or liquid particles
suspended in a gaseous medium. The microparticles contained in the air in this study may
include solid particles contained in the treated air or solution microdroplets. According
to the definition of an aerosol, it can be judged that the microparticles contained in the
treated air are aerosols. In addition, the gas–liquid two-phase flow rate is low in the
liquid desiccant air conditioning system, so that the microparticles can settle in the air
duct. Studies have shown that particles larger than 10 µm can be rapidly precipitated by
their own gravity [30]. Therefore, when considering the problem of indoor air quality, the
measurement of microparticles in the air mainly focuses on microparticles with a particle
size-range below 10 µm. The TSI DustTrak II 8530 desktop aerosol detector (providing
by TSI Corporation in the Shoreview, MN, United States) can measure PM1, PM2.5, PM4,
and PM10 in real time. Therefore, to analyze the effect of the heat and mass exchange
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between the air and the solution on the contained microparticles, we measure the mass
concentration of the microparticles with different particle size ranges in the air at the air
inlet and outlet of the device, which is labelled as DT in Figures 1 and 2, using the TSI
DustTrak II 8530 desktop aerosol detector. The accuracy of the device is 0.001 mg/m3

and the zero drift rate of the device is ±0.002 mg/m3. The mass concentration increment
is defined as the ∆C, which represents the difference between the mass concentration of
particles at the air outlet and that at the air inlet.

3. Results and Discussion
3.1. Effect of Air Velocity on Wettability

In this section, the effect of air velocity on the WR in a parallel flow during the
dehumidification and regeneration processes is discussed. The air velocity in the system is
mainly below 1.5 m/s. The results are shown in Figures 4 and 5. To analyze the reasonable
amount of spray, the critical amount of sprays for different air velocities are shown in
Table 6. The critical amount of spray is defined as the minimum amount of spray to ensure
a full-film flow, as denoted by the dashed lines in Figures 4 and 5.
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For the dehumidification process, Figure 4 shows that before a full-film flow is reached,
the WR increases with increasing air velocity under the same SP. As seen in Table 6, the
larger the air velocity, the smaller the critical spray amount, that is, the better the wettability.
This is because the effect of surface tension causes the solution’s film to converge toward
the center during the flow. When the SP is small, the effect of surface tension causes the
liquid film to form a stream. The shear stress generated by the direction of the air velocity
weakens the component of the surface tension that points toward the center, making the
liquid film easier to spread. For the regeneration process, Figure 5 shows that before a
full-film flow is reached, increasing the air velocity leads to a slight increase in the WR of
the solution under the same SP. However, the critical amount of spray under a non-air flow
is smaller than that where the air velocity is not zero. When the air velocity increases from
0.5 m/s to 1.5 m/s, the critical spray amount remains the same. In general, the air velocity
has little effect on the WR for the regeneration process.

The difference between the dehumidification and regeneration processes is mainly the
temperature. The physical properties of the solution (i.e., its density, viscosity, and surface
tension) change with its temperature. Surface tension causes the liquid film to converge
toward the center, which reduces the wetted area. At the same time, the surface tension also
keeps the liquid film stable and not easily broken, which is conducive to the formation of a
full-film flow. Viscosity is described as the resistance of the fluid to flow, which prevents
the liquid film from converging toward the center during the flow. Therefore, the higher
the viscosity, the better the wettability. According to the previous research [24], during
dehumidification, surface tension is the major factor that limits wettability. Therefore, the
effect of air velocity on the improvement of wettability is apparent. In contrast, during
regeneration, viscosity is the major factor that limits wettability. Thus, the air velocity has
little effect on the wettability. At the same time, the stability of the liquid film becomes worse
when the air velocity is not zero, which will make the critical amount of spray increase.

3.2. The Effect of Air Flow Patterns on Wettability

The gas–liquid flow in the flat falling-film liquid desiccant system is mainly divided
into parallel flow and counter flow. The simulation results show that the effect of air
velocity on the wettability during the dehumidification process for counter flow is the
same as that for parallel flow, that is, the greater the air velocity, the better the wettability
and the smaller the critical amount of spray. However, the improvement of wettability
for counter flow is not as great as that in parallel flow. Figure 6 compares the effect of
different flow patterns on the wettability when the flow velocity is 0.5 m/s and 1.5 m/s
during the dehumidification process. The dashed lines indicate the critical amount of spray
corresponding to the liquid film just reaching a full-film flow, the values of which are given
in Table 7.
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Table 7. The critical amount of spray for different flow patterns.

Flow Pattern Air Velocity (m/s) Critical Amount of Spray (m3/(m·h))

Parallel flow 0.5 0.59

Parallel flow 1.5 0.56

Counter flow 0.5 0.59

Counter flow 1.5 0.58

As seen in Figure 6, for dehumidification, when a full-film flow is not reached and the
amount of spray is the same, the WR increases with increasing air velocity for both flow
patterns. However, the wettability of parallel flow (circle point) is markedly improved,
whereas the wettability of counter flow (star point) is only slightly improved. Similarly,
as seen in Table 7, the critical amount of spray decreases more for the parallel flow when
the air velocity increases, whereas the air velocity has little effect on the critical amount
of spray for the counter flow. This is because, in the counter flow, a nonzero air velocity
hinders the longitudinal spreading of the solution’s film and affects its stability. Therefore,
the improvement of wettability at high air velocities is much smaller for counter flow than
for parallel flow.

The stability of the liquid film at the liquid outlet becomes worse due to the influence of
the reverse air velocity, which is evident during the regeneration process. Table 8 compares
gas–liquid phase diagrams near a full-film flow during regeneration under a non-air flow,
a parallel flow, and a counter flow, where the air velocity is 1.5 m/s. The corresponding
WR values are shown under each phase diagram. The WR that first reaches 1 is marked in
red font, the corresponding SP of which is the critical amount of spray.

Table 8. A diagram of a comparison of the phases of different flow patterns near a full-film flow.

SP
(m3/(m·h)) 0.63 0.66 0.69 0.71 0.72

va = 0
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As seen in Table 8, the liquid film immediately reaches a full-film flow with an
increasing SP in the case where the air velocity is zero. In the case of the parallel flow,
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although the decrease in surface tension can improve the wettability during the wetting
process (SP = 0.63 (m3/(m·h)) in Table 6), near full-film flow conditions, the decreased
stability will make it difficult to reach a full-film flow, which will increase the critical
amount of spray. This situation is even more pronounced in the case of the counter flow.
As seen in Table 8, when the liquid phase is close to a full-film flow, the WR approaches
infinitely close to 1 but does not reach a full-film flow as the SP continues to increase.
Therefore, although the air velocity weakens the surface tension to improve the wettability,
it also reduces the stability. The adverse effect on stability is especially pronounced at
the liquid outlet and air inlet in the case of the counter flow, which increases the critical
amount of spray. Furthermore, during the regeneration process, as the air velocity has
little effect on the improvement of wettability, the disadvantage of the weakened stability
becomes apparent. Therefore, from the viewpoint of wettability, parallel flow is better than
counter flow.

3.3. Effect of Pressure on Wettability

The research shows that the use of a liquid desiccant in dry compressed air has
great energy saving potential, but the current research on solution flow is mainly under
atmospheric pressure. The influence of air pressure on the wettability of a solution’s flow
is still unclear, which brings hidden dangers to the application of compressed air drying
using a liquid desiccant. To compare the effect of pressure on wettability more clearly, this
section simulates the effect of different pressures on wettability when the liquid film is in
a stream-flow state (SP = 0.432 m3/m·h). The simulation results are shown in Figure 7,
which indicate that an increase in pressure has little effect on wettability, even that under
different pressures has no effect on the degree of improvement. As for the effect on the
critical amount spray, the changes in the WR with SP are compared separately under air
velocities of 0.5 m/s and 1.5 m/s, and pressures of 1 atm and 8 atm, as shown Figure 8. The
corresponding critical spray amounts under different conditions are shown in Table 9.
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Table 9. The critical amount of spray for different air velocities under different pressures.

Pressure (atm) Air Velocity (m/s) Critical Amount of Spray (m3/(m·h))

1 0.5 0.59

1 1.5 0.56

8 0.5 0.59

8 1.5 0.56

As seen in Figure 8, the wettability under 8 atm is slightly better than that under 1 atm
when a full-film flow is not reached. However, the stage where the WR is close to 1 but
does not reach 1 is slightly longer under 8 atm than that under 1 atm; therefore, the critical
amount of spray required for the liquid film to reach a full-film flow under 1 atm and 8 atm
is the same. Thus, a higher pressure will cause a slight improvement in the wettability
before the liquid film reaches a full-film flow, but it has no effect on the critical amount
of spray.

We now compare our simulation results with Yin et al.’s experimental results regarding
the effect of the amount of spray on the moisture removal rate during the dehumidification
process, as seen in Figure 9 [7,8]. The moisture removal rate is proportional to the mass
exchange area. For the flat falling-film liquid desiccant system, the mass exchange area is
the area of the solution’s film on the surface of the filler. Therefore, the moisture removal
rate should be proportional to the WR. The circle points represent the experimental results
of the ∆d changing with the SP under different pressures, and the star points represent
the simulation results. As changes in pressure have little effect on wettability, the simu-
lation results of the WR changing with the SP under 8 atm are taken as an example for
comparative analysis.
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As seen in Figure 9, the ∆d increases with the increasing SP under all pressures. This
is because the SP ranges of the experiment are smaller than the critical amounts of spray.
Within the SP ranges of the experiment, the WR increases with the increasing SP, so that
the mass exchange area increases. In addition, as indicated by the black circle in Figure 9,
when the SP increases from 0.05 m3/(m·h) to 0.1 m3/(m·h), the growth rate of the ∆d
is larger, and the WR also increases significantly. This is because of the changing flow
pattern. Table 10 shows the phase diagrams at different SPs. When the SP increases from
0.072 m3/(m·h) to 0.101 m3/(m·h), the flow pattern of the liquid film changes from a drop
flow to a multiple-streams flow, which results in a stepwise increase in the wettability
and the amount of moisture removed. When the SP increases from 0.101 m3/(m·h) to
0.36 m3/(m·h), the flow state changes from a multiple-streams flow to single-stream flow.
Thus, the wettability increases slowly in this range. When the SP > 0.36 m3/(m·h), the flow
state is always a single stream until it reaches a full-film flow. When the SP is within the
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experimental range, the simulation results are reasonable for the compressed air drying
system using liquid desiccants.

Table 10. The phase diagrams of the simulation results at different SPs.

SP
m3/(m·h) 0.072 0.101 0.36 0.59

Phase
diagram
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3.4. The Effects of Air Parameters on a Solution’s Film Stability

We also simulate the solution’s falling-film flow process along the flat plate under
different air flow parameters. Based on the actual situation in the liquid desiccant air
conditioning system, the study mainly simulates the falling-film flow process with an air
flow rate of <2 m/s. The solution spray rate is 0.619 m3/(m·h), which can form a full-film
flow. And the solution condition is the most unfavorable dehumidification condition.

In order to study the solution’s film stability, the gas-solution phase diagram on the
cross-section of the falling-film plate at the center line in the x direction was studied. As
shown in Figure 10, the yellow surfaces are the falling-film surface and the cross-section
taken to research the phase diagram. Table 11 shows the gas–liquid phase diagrams of the
falling-film flow process under a counter flow with air flow rates of 1 m/s and 2 m/s, and
flow times of 0.1 s, 0.2 s, and 0.3 s. In the phase diagrams of Table 11, red represents the air
phase and blue represents the solution phase. The liquid film with an air velocity of 2 m/s
at 0.2 s is slightly disturbed at the front end of the liquid film compared to that under an
air velocity of 1 m/s due to a significant air flow disturbance. However, due to the flat
surface of the liquid film, the high surface tension of the solution, and the low air velocity
under the operating conditions, the entire flow process is very stable. When the air flow
velocity reaches its maximum (2 m/s), the solution’s liquid film will not break due to the
shear force of the air flow throughout the entire process. In addition, the simulation results
show that the stability of the solution’s liquid film is minimally affected under different
pressures. The effect of air flow on the stability of the liquid film should be smaller in the
counter flow than in the parallel flow. Thus, there will be no liquid film breakage within
the given operating range. Therefore, for the flat falling-film flow, the shear force of the
airflow is not the main cause of droplet entrainment during the liquid desiccant processes.
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Considering whether the liquid film will undergo secondary fragmentation due to 
some accidental droplet impact on the liquid film, the flow evolution of a single droplet’s 
impact on the flowing solution’s film was simulated in this study. First, the main factors 
influencing the flow behavior when droplets hit the flowing solution’s film in the operat-
ing conditions of the liquid desiccant air conditioning system were analyzed. Table 12 
shows the main factors and their value ranges that affect droplet impact behavior. We then 
simulated each influencing factor separately.  

Table 12. The main factors influencing droplet impact behavior and their value ranges. 

Main Factor Value Range 
Droplet size (mm) 0.4–1.2 

Droplet impact velocity (m/s) 0–2 
Droplet impact angle 45–90° 

Air velocity (m/s) 0–1.5 (Counter flow/Parallel flow) 
Solution velocity (m/s) 0–0.6 

Figure 11 compares the liquid film morphology at the moment when the liquid film 
deformation reaches its maximum when droplets of different particle sizes collide with a 
flowing liquid film. It can be seen that the larger the droplet size, the greater the liquid 
film’s deformation. The liquid film’s deformation reaches a maximum when the droplet 
size is 1.2 mm. At this point, the liquid film is most unstable, but it has not yet broken. The 
same method is used to study the effects of other factors separately. The results show that 
when the droplet impact velocity is 2 m/s, the gas–liquid two-phase flow behavior is that 
of a counter flow, the liquid film impact angle is 45°, the air velocity is 1.5 m/s, and the 
solution velocity is 0.6 m/s, in which case the flow pattern of the liquid film is most unsta-
ble when droplets collide with it. However, in separate studies of each factor, the liquid 
film does not break when the impact behavior occurs. 
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Main Factor Value Range
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Droplet impact angle 45–90◦
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Figure 11 compares the liquid film morphology at the moment when the liquid film
deformation reaches its maximum when droplets of different particle sizes collide with a
flowing liquid film. It can be seen that the larger the droplet size, the greater the liquid
film’s deformation. The liquid film’s deformation reaches a maximum when the droplet
size is 1.2 mm. At this point, the liquid film is most unstable, but it has not yet broken.
The same method is used to study the effects of other factors separately. The results show
that when the droplet impact velocity is 2 m/s, the gas–liquid two-phase flow behavior is
that of a counter flow, the liquid film impact angle is 45◦, the air velocity is 1.5 m/s, and
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the solution velocity is 0.6 m/s, in which case the flow pattern of the liquid film is most
unstable when droplets collide with it. However, in separate studies of each factor, the
liquid film does not break when the impact behavior occurs.
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Figure 11. Comparison of liquid film morphology when droplets of different sizes collide with a
flowing liquid film.

We further simulate the gas–liquid two-phase flow behavior when droplets collide
with a flowing liquid film under the most extreme conditions, in which each influencing
factor is taken as the value at which the liquid film flow is most unstable when the impact
occurs. The simulation results are shown in Table 13. In the phase diagrams of Table 13, red
represents the air phase and blue represents the solution phase. It can be seen that during
the evolution of a gas–liquid two-phase flow, the difference in neck pressure generated
during impact can cause the occurrence of a neck jet. However, due to the high surface
tension of LiCl and the low solution flow rate, air flow rate, and droplet impact velocity, no
liquid film fragmentation phenomenon occurs.

Table 13. The flow evolution of solution droplets impacting a liquid film under extreme conditions.
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In addition to this, we also analyze the pressure within the watershed. Figure 12 
shows the local phase diagram and pressure distribution when the droplet just hits the 
liquid film (0.003 s) under extreme conditions. It can be seen that due to the small 
impact velocity, the pressure difference generated is approximately 3000 Pa, which is 
much smaller than the 70,000 Pa found in the literature (the impact velocity in the 
literature is 10 m/s). In addition, the surface tension of the solution is higher than that 
of water; thus, there are no microdroplets generated due to the secondary fragmenta-
tion of the droplets. 
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In addition to this, we also analyze the pressure within the watershed. Figure 12
shows the local phase diagram and pressure distribution when the droplet just hits the
liquid film (0.003 s) under extreme conditions. It can be seen that due to the small impact
velocity, the pressure difference generated is approximately 3000 Pa, which is much smaller
than the 70,000 Pa found in the literature (the impact velocity in the literature is 10 m/s). In
addition, the surface tension of the solution is higher than that of water; thus, there are no
microdroplets generated due to the secondary fragmentation of the droplets.
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To further validate the simulation results, we experimentally measured the mass
concentration increment of the microparticles in the air before and after the dehumidifica-
tion and regeneration processes at air volumes of 32.4 m3/h, 64.8 m3/h, 97.2 m3/h, and
129.6 m3/h. According to the previous research, the solution mainly absorbs particles with
a diameter of 0–2.5 µm and releases particles with diameters of 2.5–10 µm [31]. There-
fore, the size range of the microparticles analyzed in this part of the study is reduced to
2.5–10 µm. Define ∆C2.5–10µm to represent the ∆C of the microparticles with a diameter of
2.5–10 µm. If the shear force of the air flow produces droplet entrainment, the ∆C2.5–10µm
will increase with the increasing air flow rate. Figure 13 compares the ∆C2.5–10µm in the air
at different air flow rates after the dehumidification and regeneration processes.
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As can be seen from Figure 13, for the dehumidification process, the ∆C2.5–10µm is
0.005 mg/m3 when the air flow rate is 0.5 m/s. When the air flow rate increases to
1 m/s, the ∆C2.5–10µm decreases to 0.004 mg/m3. When the air flow rate continues to
increase, the ∆C2.5–10µm does not change. Considering that the measuring instrument also
exists at ±0.002 mg/m3 of zero drift, the dehumidification process has little effect on the
microparticles. For the regeneration process, the ∆C2.5–10µm increases with the increase
in the air flow rate. Therefore, the experimental results indicated that the increase in
microparticles is not directly related to changes in the air flow rate, but rather to the air
treatment process. The higher the airflow rate, the greater the shear force of the airflow.
This indicates that the shear force of the air flow is not the main reason for the release of
microdroplets in the liquid desiccant of flat falling-film solutions, which is consistent with
the simulation results.

4. Conclusions

To control droplet entrainment while improving the efficiency of the liquid desiccant
air conditioning systems, this work mainly discusses the effects of air velocity, the air flow
pattern, and pressure on the wettability and stability characteristics of the system during
dehumidification and regeneration using LiCl-H2O. The major conclusions of this work are
as follows:

1. In terms of the film wettability, the main reason that the air velocity affects the
wettability is that the shear stress generated by the direction of the air velocity disperses the
direction of the surface tension and weakens its effect on the liquid film distribution. During
dehumidification, the surface tension is the main factor that makes the wettability worse.
Thus, the effect of air velocity on the improvement of wettability during dehumidification
is apparent: the higher the air velocity, the better the wettability and the smaller the critical
amount of spray. During regeneration, because the viscosity is the main factor that makes
the wettability worse, the air velocity has little effect on the wettability. The gas-phase
flow blocks the longitudinal spreading of the liquid film and destroys the stability of the
liquid film in the counter flow. The adverse effect on stability is especially pronounced
at the liquid outlet and the air inlet, which increases the critical amount of spray in the
counter flow pattern. Therefore, from the viewpoint of wettability, parallel flow is better
than counter flow. The pressure distribution is similar under different operating pressures
when the flow is stable, and the differential pressures under different operating pressures
are also very similar. Therefore, changing the pressure leads to a weak improvement in
wettability but has no effect on the critical amount of spray. By comparing the simulation
data under 8 atm with the experimental data from Yin et al. [7,8], it is found that the sudden
increase in the amount of moisture removal when the SP changes from 0.05 m3/(m·h) to
0.1 m3/(m·h) in the experiment is caused by the change in the liquid film flow state.

2. In terms of the film stability, the simulation results show that the front end of the
liquid film will be slightly disturbed by the shear force of the air flow during the falling-film
process. In addition, the disturbance of the counter flow is greater than that of the parallel
flow. However, due to the stable shape of the flat falling film, the larger surface tension
of a salt solution and the smaller air flow rate, the shear force of the air will not break the
liquid film. The experimental results also show that increasing the air flow rate during
dehumidification does not increase the ∆C2.5–10µm. Therefore, for a flat falling-film flow,
the shear force of the air flow is not the main cause of droplet entrainment during the
dehumidification and regeneration processes. In addition, when a droplet collides with a
flowing liquid film under the most extreme conditions, due to the high surface tension of
LiCl and the low solution flow rate, air flow rate, and droplet impact velocity, the difference
in neck pressure generated by the impact is far from the threshold for causing the solution’s
film to break. Thus, no liquid film secondary fragmentation phenomenon occurs during
the liquid desiccant processes.
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Nomenclature

Ab—the area of the mainly plate, [m2]
Aw—the projection area of liquid film on the board, [m2]
∆d—the difference of the air moisture content between the inlet and outlet, [g/kg]
F—the force, [N]
Q—volumetric flow rate of liquid, [m3/s]
SP—the amount of spray, which is the volumetric flow rate per unit length per unit time, [m3/(m·h)]
v—the velocity, [m/s]
W—the inlet width, [m]
WR—the wetting ratio, [m2/m2]
∆C—The mass concentration increment, [mg/m3]
Greek symbol
α—the volume fraction, [–]
κ—the curvature, [m−1]
µ—viscosity, [Pa·s]
ρ—density, [kg/m3]
σ—surface tension, [mN/m]
Subscripts
a—air
s—solution
vol—volume
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