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ABSTRACT

A numerical investigation of air/water direct contact heat and mass transfer process, by means of
the volume of fluid method in a packing humidifier, with a new two-dimensional model, is used
to conduct the flow characteristic of falling film. Unlike previous models for humidifiers, penetra-
tion mass transfer theory is employed to predict the field of mass fraction of water vapor accurately.
Meanwhile, the influences of water temperature, inlet air velocity, as well as the water vapor concen-
tration in the air and structure parameters, on the heat and mass transfer process have been stud-
ied. It is found that the mass fraction of water vapor increases with the increase in the inlet water
temperature and inlet air humidity, but decreases with the increase in the inlet air velocity. When
the inlet air velocity increases from 0.5 to 2 m s7, the mass fraction of water vapor decreases from
0.029 to 0.019 kg kg™ (or -34.48%), resulting in the decrease in the average mass fraction of water
vapor from 0.0375 to 0.026 kg kg™ (or -30.66%). The effects of inlet water temperature, inlet air humid-
ity, and inlet air velocity under designed parameters are quantitatively assessed, which provide
useful insight into the optimization and design of humidifier.

Keywords: Heat and mass transfer; User-defined function; Penetration mass transfer theory; Volume of

fluid; Humidification

1. Introduction

Packing humidifier is widely used in desalination [1,2],
humid air turbine cycle [3] and other systems due to its
high efficiency and low cost. Packing, as a major device,
plays an important role in determining the performance of
the humidifier. The heat and mass transfer process mainly
occurs in the packing area, which creates a thin water film
in contact with the air. Therefore, it is essential to accurately
predict the two-phase air/liquid heat and mass transfer
process in the humidifier.

* Corresponding author.

To date, numerous studies have been carried out on the
heat and mass transfer process in the packing area [4,5].
Several kinds of numerical models have been developed,
such as Popper model [6], Merkel model [7], and effective-
ness NTU (e-NTU) model [8]. However, all the above mod-
els are based on the assumption that the properties of the
liquid and gas are constant in the cross-section [9].

Regardless of which model adopted, it is of great neces-
sity to comprehend the impacts of different boundary con-
ditions on the heat and mass transfer process, as demon-
strated by experiments. For example, Chen et al. [10] con-
ducted experiments on the heat and mass transfer process
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in the packing bed humidifier, and found that the effects
of the wet-bulb temperature of inlet humid air, as well as
temperature of inlet air and water, are significant. Ahmed
et al. [11] studied the capability of a desalination system
using humidification-dehumidification technology though
new structured packing in the humidifier, showing that if
the inlet water temperature is brought up, the inlet water
flow rate will increase, thus leading to significant increase
in the production of distilled water. Later, Ghalavand et al.
[12] demonstrated that the mathematical model with insu-
lation effect is more precise than the model without insu-
lation effect, with the absolute error reduced to 2.4% with
reference to the experimental data. Xu et al. [13] evaluated
the mass transfer coefficient for the ceramic foam packing
humidifier, and found that the local mass transfer coeffi-
cient increases with the increase in inlet water or air velocity,
but decreases with the increase in inlet water temperature
and inlet air enthalpy. Moreover, He et al. [14] proposed
a water-heated humidification—-dehumidification (HDH)
system to recover waste heat, and analyzed its characteris-
tics at different parameters for heat and mass transfer pro-
cess. It was shown that the modified heat capacity ratio
in humidifier is an important parameter for evaluating
the capability of the HDH system. In summary, the above
studies are useful references for heat and mass transfer
process within packing humidifier particularly in the field
of chemical application. However, experiments are always
time-consuming and are unable to provide the dynamic
flow and thermal fields inside of the humidifier in detail.

1.1. Computational fluid dynamic simulation

With the improvement of high-performance computing
and the development of numerical techniques, computa-
tional fluid dynamics (CFD) has become increasing power-
ful in predicting complex heat and mass transfer process,
which simplifies the complexity and number of experiments.
Early studies employed CFD to simulate the pressure drop
of structured packing. For instance, Scott et al. [15] used
Mellapak N250Y structured packing generated by subjecting
a physical packing element to CT scan. In the process, flow
rates were chosen so that the velocities researched would
match those commonly used in the gas phase of industrial
packing columns, and the pressure drop across the packing
was calculated, which was shown in good agreement with
experiments. Raynal and Royon-Lebeaud [16] employed
CFD model to study the pressure drop of three different
types of structures. It was found that the CFD model under-
estimates the liquid holdup by approximate 20% compared
to experiments. Later, other researchers used the volume of
fluid (VOF) method to predict wetting behaviors and hydro-
dynamic patterns in structured packing [17,18]. Rajesh et al.
[19] developed three-dimensional counter flow model based
on the VOF method to simulate the post combustion car-
bon captured by solvent absorption in a structured packed
column, in which the effect of contact angle on inter-facial
area and liquid holdup was investigated. However, the
solutions were limited to simulate small packing zones
due to the constraints of computational resources, and
industrial-scale packing was almost impossible.

The micro-scale model simplifies the structured pack-
ing into a narrow channel, which solves the problem of
simulating large-scale packing adopting the details of heat
and mass transfer characteristics in a channel with the
available computing power. Till now, there are plenty of
literatures using the micro-scale model to simulate solvent
absorption [20] or dehumidification performance within
absorber and direct contact dehumidification units [21].
The falling film flow on different kinds of channel struc-
tures was investigated with CFD method. Luo et al. [22]
conducted a two-dimensional numerical simulation to
study the dynamic heat and mass transfer process of the
dehumidifier and obtained accurate water vapor concen-
tration and temperature field. Haghshenas et al. [23] con-
ducted CFD on the pressure drop and mass transfer effi-
ciency of counter flow in a structured packing. Moreover,
to describe the influences of liquid film flow more directly
and accurately, flow characteristics have been carried out
by some scholars. Tong et al. [24] studied liquid film flow
over triangular corrugations both numerically and experi-
mentally. Accordingly, resonance between the free surface
and the corrugations is found when the Reynolds number
(Re) of the liquid flow reaches to a certain value, which
has remarkable effect on mass transfer. Haroun et al. [25]
used VOF method to study the impact of the liquid flow
rate and structured packing geometry on mass transfer
and liquid holdup. Xu et al. [26] investigated the falling
film flow on an inclined steel plate with a three-dimen-
sional model focusing on the impacts of the gas-liquid
flow rate on the wetting area and velocity profile. Based
on the above literature review, it is confirmed that the CFD
method is appropriate for the investigation of hydrody-
namic behavior and thermodynamic process in structured
packing.

1.2. Purpose of this paper

Although various simulation models have been devel-
oped, they are based on the assumption that the properties
of the liquid and gas are constant in the cross-section; there-
fore, they cannot predict water vapor concentration and
temperature distribution accurately. Furthermore, most of
the previous studies focused on the effects of inlet air and
water temperature on the hydrodynamic performance, but
the effects of the inlet air velocity and inlet air humidity
on heat and mass transfer process were rarely reported. In
this paper, a micro-scale channel of a counter-flow humid-
ification employing VOF numerical model is established,
with the heat and mass transfer process taken into con-
sideration simultaneously. Meanwhile, in order to predict
the heat and mass transfer performance accurately, a user
defined function (UDF) is developed based on the penetra-
tion mass transfer theory [23]. In addition, the variations
of water vapor concentration in the packing area for dif-
ferent structures, temperatures, and inlet air velocities are
investigated. Therefore, the present study can serve as a
valuable reference for the design and optimization of heat
and mass transfer process within narrow channel in the
humidifier as shown in Fig. 1.
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Fig. 1. (a) Schematic of the humidifier, (b) structured packing, and (c) simplified model of the corrugated channel.

2. Description of CFD model
2.1. Physical model

In this paper, the simulation is conducted for the
unsteady gas-liquid flow with heat and mass transfer in a
corrugated channel, Fig. 1b. The simplified model of the cor-
rugated channel, which is designed with reference to that
used in Luo et al. [22], is presented in Fig. 1c. The length of
the channel is 100 mm and the width is 12 mm. The width of
water inlet is 2 mm through the upper-left runner, while the
width of moist air inlet is 10 mm through the bottom-right
runner. In this way, the water and moist air can realize a
two-phase counter-current flow.

2.2. Governing equations

The energy, momentum, mass and turbulence equa-
tions were used to describe the flow, heat and mass trans-
fer characteristics in the structured packing zone. During

the humidification process, the hot water was cooled, and a
portion of the water was converted to vapor. Concurrently,
latent heat would be released as vapor phase change
occurred. Consequently, the energy and mass source terms
need to be added into the energy equation and species
transport. The mathematical methods used in this study are
described as follows.

* Mass conservation equation:

3
ait’w (pu) =5, 1)

where Slg . is the mass transfer source.

¢ Momentum conservation equation:

g(pu)+V~(puu)=—VP+V~(M(Vu+VuT))+pg+F )

ot
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¢ Energy conservation equation:

%(pg)w[v(pmp)](pi =V (kyVT)+S, ®)

eff

where S, is the energy source term.

® Species transport equation:

da.,
?+vq-qu =0 (4)

2.2.1. Turbulence model

Based on the work of [27,28], the Renormalisation Group
(RNG) k—¢ turbulence model is suitable for the simulation of
narrow channel flow. The turbulence kinetic energy, k, and
its rate of dissipation, &, are obtained from the following
transport equations:

0 0 0 ok
a(Pk) + aTCi(Pk”,-) = axj[“kueff ax]]

+G, +G, —pe-Y,, +5, ®)

0 0 0 0
E(PS) + aixi(pgui) = axj[(xcueff 6:]] +C,, %(Gk + C3¢:Gb)

2

- CZEP% - Rz»; + sz (6)

where o is the inverse of the effective Prandtl number for
g, S, is the source term. The model constants C,, C, and C,,
are 1.41, 1.66 and 0.0835, respectively.

2.2.2. VOF model

The discrimination of the gas-liquid interface adopts
VOF interface tracking technology, which is widely used
for the calculation free surface flow. The position of the gas—
liquid interface is defined by tracking the distribution of
the volume fraction of the i phase in the calculation unit ¢..
Distribution of gas-liquid interface is represented by:

0o,
V.V, =0 7
p o ()
j=1
20 =1 ®)

where ¢, is the distribution of the volume fraction of
the i phase: ¢, = 0 means no phase 7 in the unit and ¢, = 1
means that unit is filled with phase i. Density in gas-liquid
two-phase flow is presented as:

P=0p,+p, 9)

The solution method is similar when choosing the gas
phase as the secondary phase in the VOF method.

2.3. Mass and energy source
2.3.1. Mass source

Most of the existing models are based on the film the-
ory, which assumes that the mass transfer resistance exists
in the corresponding thin layer and the mass transfer in
the membrane is a diffusion process. The disadvantage
of the film theory is that it can only be used to predict
steady state mass transfer processes. Therefore, the pen-
etration mass transfer theory, which ignores the mass
transfer resistance at gas-liquid interface, has been pro-
posed to study the heat and mass transfer process between
water and air. Then, the total mass transfer coefficient K is
calculated as follows [29]:

1.1
= — 4 —
kg

1

(10)

=

Here, the penetration method is employed to calculate
the local mass transfer coefficients k, and kg.

k, =2, /& (11)
nt
k, =2 Dy 12
0= \/; 12)
The contact time T is expressed as:
: 13)

T=
ul, surf

where [ is the liquid flow distance, and U gt is the surface
velocity of the liquid film, which can be calculated by:

-1/3
ul,surf =1.5Q [?’HQJ (14)

ps

The saturated vapor pressure at the gas-liquid interface
can be written as [30]:

T-273.15

P
g, +a,(T ~273.15) +a, (T - 273.15)’

dast

=P, x10exp (15)

where, the constants P, a, a, and a, are 610.7, 31.6639,
0.131305 and 2.63e-5, respectively.
The mass transfer source can be achieved by:

S =K(w,, ~w,,)A (16)
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where w, is the humidity ratio of the moist air and w,, is the
humidity ratio of water vapor on liquid surface that can be
calculated by:

Pdast

w,, =0.622 (17)

a " dast

where P _is the atmospheric pressure.

2.3.2. Energy source

In the humidification process, the heat transfer between
water and air is mainly divided into two parts: the phase
change heat and the sensible heat. The energy source term
can be written in the following form:

S, =h(T,~T,)+$

H,, (18)

1g,k

where 1, is heat transfer coefficient of gas-liquid and H,_, is
latent heat.

3. Simulation method

The computational flow domain was meshed by
structured grids using ICEM (the Integrated Computer
Engineering and Manufacturing code). To accurately and
efficiently calculate heat and mass transfer process, the
gradient form based on structured cells was used. A more
refined mesh was set near the wall of corrugated plate to
capture the flow behavior. In this region, a minimum grid
size of 0.006 mm was specified. As the gravitational force
cannot be neglected, the body force weighted pressure dis-
cretization scheme was adopted. The pressure-based non-
steady-state format was used for calculation with a very
small time step (At = 10°-10*s). The PRESTO! Pressure
interpolation scheme was utilized, which is very suitable

0.0325
0.0300
0.0275
0.0250
0.0225
0.0200

0.0175

Mass fraction of water vapor

0.0150
0.0125

0.0100 +——F——7—

for pressure-velocity coupling [31]. The convection term
adopted the first-order upwind differencing to acceler-
ate the calculation. As for tracking of the gas-liquid inter-
face, the geo-reconstruct format was selected for its higher
accuracy. The mass and energy source items were written
and accessed through user defined functions (UDF) macro
commands provided by Fluent. The average mass frac-
tion of water vapor in the moist air at gas outlet boundary
was monitored to determine whether the stable state was
achieved. As presented in Fig. 2, if the above parameters
start to oscillate around a certain value, it is regarded as
pseudo-steady-state and the calculation is completed.

Initially, the whole computational domain was occu-
pied by moist air, that is, the volume fraction of air was 1
and the volume fraction of liquid was 0 at the beginning of
calculation. The water inlet and air outlet are set as veloc-
ity inlet boundary. Since there is no clear line between water
outlet and air inlet, the whole bottom is set as pressure
outlet boundary. The corrugated plate and the wall are set
as no-slip boundary condition. The inlet velocity and tem-
perature of water and inlet humidity and temperature of
the moist air could be set and modified at the boundary
conditions. For the moist air, the database of Fluent has all
its physical properties. The user only needs to set the two
components of air and water vapor, and mix them with the
relevant formulas contained in the software.

If the gas-liquid flow and heat and mass transfer con-
ditions are calculated simultaneously, the calculation will
be slow to reach convergence. Thus, a two-step calculation
strategy is adopted. Firstly, the pure gas-liquid flow is cal-
culated. When the gas-liquid flow is stable, the UDF is used
to import the mass and energy source terms for calculation

4. Validity of the model
4.1. Verification of grid independence

To ensure the accuracy of simulation results, five types
of grids of different sizes are used for the grid independence

T — T 1
20000 40000 60000 80000 100000 120000 140000 160000 180000

Iteration

Fig. 2. Convergence history of mass fraction of water vapor in outlet air.
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test. In order to save computing resources, the grid density
decreases gradually from the water to the air phase. Near
the wall of water flow, the first layer of grids is kept at y*~1
corresponding to a grid size of 0.01 mm. The temperature
of air and the mass fractions of water vapor at the gas out-
let are monitored under the same boundary conditions to
verify the simulation results.

The calculated air conditions at the gas outlet with the
five types of grids are showed in Fig. 3, confirming that grid
size does have an impact on the simulation results. The dif-
ference in the outlet air temperature predicted by the third
grid (68 x 330) and fourth grid (80 x 330) is within 0.15 K.
As for the mass fraction of water vapor at gas outlet, the
difference between the third and fourth grids is also neg-
ligibly small. Considering the computing resources and
cost, the grid size 68 x 330 is selected for all the simulations.

4.2. Verification of heat and mass transfer performances

To further justify the established model, the calculation
results are compared with those published in literature [32],
as shown in Fig. 4. The data agreement is excellent, with the
error controlled within 7%, which proves that the mathemat-
ical model and UDF adopted in this paper are completely
reasonable.

4.3. Film thickness verification

The state of water is mainly film flow, so the thickness
of the liquid film is an important indicator of the flow
state. The mean film thickness d for laminar flow can be
achieved by the Nusselt film empirical formula, which can
be expressed as:

To verify the accuracy of the model in the flow state, the
average thickness of water film calculated by simulation
model is compared with that predicted by empirical for-
mula, as shown in Fig. 5. Again, the simulation results agree
well with the empirical results, with the maximum error of
*16%. Therefore, it is reliable to apply the present model to
simulate the flow state of humidification.

5. Results and discussion

Based on the established model, the heat and mass trans-
fer process has been investigated under various conditions.
Table 1 summarizes the different calculating conditions
used in the present study.

5.1. Influences of structural parameters

Structural parameters of the model are provided in
Table 2. The parameter ratio (at/A) is varied from 0 to 0.2. It
is observed that when a/A > 0.2 water film splashes, accu-
mulates in the trough and cannot be effectively updated,
which is not conductive to heat and mass transfer process.
Therefore, the parameter ratio in this paper is controlled
within 0.2, which can stabilize the distribution of the water
film.

Fig. 6 shows that different corrugated structures have
different mass fractions of water vapor at air outlet. Initially,
the mass fraction of water vapor at air outlet increases
with the increase of a/A. However, it begins to decrease
when a/A is greater than 0.15. That is to say, the mass frac-
tion of water vapor at outlet air attains the maximum at
a/A = 0.15. The reason is that when a/A increases to 0.15,
local flow separation and water retention occurs, resulting in
slowing down of heat and mass transfer process.

5= 3uRe ” (19) The contours of mass fraction of water vapor and tem-
Q perature under different parameter ratios are demonstrated
3.65
3 64 . - 341
= ]
=3 3.63 | L 340
C £3.621 2 g
8 = 1 - 339 =
S 5361 a8
- = 1 g g
S ©3.60 3388 &
g = 1 c o
5 359+ ==
Lg = . -337 @ =
= g7 -336 0 =
3.56—_ | 335
3.55 1 I 1 1 1
48x330  58x330 68x330 80x330 100%330
Grid size

Fig. 3. Air conditions at the gas outlet with five types of grids.
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Fig. 4. Comparison of the experimental [32] and numerical results:

in Figs. 7 and 8, respectively. It is observed that the humid-
ification performance of corrugated channel is better than
that of flat channel. There are two factors affecting the heat
and mass transfer performance of the corrugated chan-
nel. On the one hand, the corrugated channel increases
the gas-liquid contact area as compared to the flat chan-
nel, thereby enhancing the mass transfer process. On the
other hand, the gas-liquid contact time is longer, which is
also favorable for the mass transfer process. Combination
of the above two factors results in the mass fraction of
water vapor at air outlet to be more uniformly distributed
with higher magnitude.

T T
335 340

(K)

345
T

a,in
(a) water outlet temperature and (b) air outlet temperature.

Fig. 9 shows the liquid film distribution for differ-
ent values of a/A. Contours of liquid volume fraction are
shown in Fig. 9a. At a/A =0 (i.e., un-corrugated case), the
liquid film flows vertically downward along the flat plate
to form a complete liquid film. With a/A Increasing, the
gas-liquid contact area increases, and the liquid film con-
firms with the corrugated wall, exhibiting a wavy shape.
This situation is conducive to heat and mass transfer, so as
to improve the humidification efficiency of the humidifier.
However, a/A cannot be too large. For a/A = 0.3, for exam-
ple, the liquid film breaks in the middle of the corrugated
plate. Fig. 9b shows the distribution of liquid film thickness
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Fig. 5. Comparison of water thickness between simulation results and Nusselt empirical prediction.

Table 1
Summary of calculating conditions

Table 2
Structure parameters of physical model

Water Air Structure o (mm) A (mm) a/A

Parameter T,.. K) 7. T, W U Flat plate 0 10 0
(ms?) (K) (kgkg?) (ms?) Corrugated plate 1 1.0 10 0.10
Basic point 350 1.0 300 1.1 1.0 Corrugated plate 2 15 10 0.15
Range 310-350 1.0 300 11-32 0520 _Corrugatedplate3 2.0 10 0.20

for five different parameter ratios (a/A). At a/A = 0, the
thickness of liquid film decreases monotonically to only
about 1 mm at the outlet. At a/A > 0, the distribution is
in wave form, and becomes increasingly sharp with the
increase in o/A. Finally, at a/A = 0.3, the thickness of liquid
film at troughs is much greater; the accumulation of liquid
causes the fracture of liquid film, which is unfavorable to
the heat and mass transfer.

5.2. Influences of inlet air velocity

As highlighted in the literature review, the impact of the
inlet air velocity on humidification process has been rarely
investigated previously. However, the inlet air velocity
would significantly affect the state of water film and the gas—
liquid contact time, and hence the heat and mass transfer
process. Thus, the inlet air velocity is varied and the results
under different inlet air velocities are presented in Figs. 10
and 11.

The influences of inlet air velocity on the mass frac-
tion of water vapor at x = 8 mm are illustrated in Fig. 10a
and the surface contact angle is 20°. When the inlet air
velocity increases from 0.5 to 2 m s, the corresponding

mass fraction of water vapor decreases from 0.029 to
0.019 kg kg™, and the rate of change is -34.48%. The rea-
son is that the air-liquid contact time becomes shorter at
higher inlet air velocity, which is unfavorable for the mass
transfer process. At the same time, it is observed that the
mass fraction of water vapor decreases at y = 90 mm. The
reason is that the driving force for mass transfer at the out-
let is weakened after moist air is humidified through the
inlet. The average mass fraction of water vapor is shown in
Fig. 10b. When the air velocity increases from 0.5 to 2 m s7,
the average mass fraction of water vapor decreases from
0.0375 to 0.026 kg kg™, and the rate of change is -30.66%.
Moreover, it is discovered that the average mass fraction
of water vapor fluctuates in a wave shape along y direc-
tion. This implies water accumulation in the trough,
which is conductive to heat and mass transfer process, as
demonstrated by a downward trend in the mass fraction
of water vapor. Otherwise, the water vapor mass fraction
displays an upward trend at the peak due to the increase
in turbulence caused by fluctuation of water film.

The contours of mass fraction of water vapor in the
interior of the humidifier are demonstrated in Fig. 11. The
heat and mass transfer process starts from the gas-liquid
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interface and then extends to the gas phase, wherein moist
air is continuously humidified. In order to optimize the
humidification system, the air velocity should be set appro-
priately by taking the packing size into account, including
the packing length and width. A lower air velocity will cer-
tainly provide longer contact time and larger contact area
for mass transfer. However, the air velocity cannot be too
low due to technical requirements and stable operation
of equipment. Note that for the case of inlet air velocity

above 1.0 m s, the width of the channel should be reduced,
as there is a large zone in blue color (i.e., without mass
transfer) in the contour plot.

Moreover, the gradient of mass fraction of water vapor
in the whole channel is analyzed and presented in Fig. 12.
The y-values for the cross sections vary from 20 to 80 mm.
It can be seen that at y = 20 mm, the slope (or gradient)
of mass fraction of water vapor becomes nearly horizontal
near the wall surface, which is different from that at two



10 Z. Hu et al. / Desalination and Water Treatment 258 (2022) 1-15

350
347
344
- 341
338
335
332
329
326
324
321
- 318
- 315
- 312
- 309
306
303
- 300
[K]
a/A=0

a/h=0.1 a/h=0.15 a/k=0.20

Fig. 8. Contour of temperature for different structures.

Volume Fraction of liquid
(@ 097
0.90
0.83
076
069
0,62
055
0.48
0.41
0.34
028
021
0.14
0.07
0.00

=0 a/A=0.1 a/A=0.15 wh=0.2 wh=03

g

Distance between liquid film surface
and wall x (mm)

1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

y-direction distance to channel height ratio y/1

Fig. 9. Liquid film thickness distribution for different structures.



Z. Hu et al. / Desalination and Water Treatment 258 (2022) 1-15
(a)
©0.030 | inlet air velocity
= —o—0.5m/s
j=11]
< —e— 1.0m/s
g —A—2.0m/s
2.0.025 -
[
=
8
2
« 0.020
5]
o
&
Q
£
0015 F
3
=
0.010 . . , ,
v 2 44 66 88 10
y (mm)
(®) 0.050

The average mass fraction of water vapor
)
[l
%)
<>

;

r;ﬁj

A&ﬂ/ inlet air velocity
—=—0.5m/s
—<3+—1.0m/s
] & 2.0m/s

20 40 60 80 100
y (mm)

Fig. 10. Mass fraction of water vapor under different inlet air velocities.

- 0.080
- 0.057
- 0.054
- 0.051
- 0.048
- 0.045
- 0.042
- 0.039
0.036
0.034
0.031
0.028
0.025
0.022
0.019
0.016
0.013
0.010 [ |
[ke/ke] 0.5 m/s

1.0 m/s 2.0 m/s

Fig. 11. Contour of mass fraction of water vapor under different inlet air velocities at a/A = 0.15.

11



Z. Hu et al. / Desalination and Water Treatment 258 (2022) 1-15

y position
—e— 20mm
—&— 60mm
—<4— §0mm

ng®ee,

®oe,

1 ol ol ol ol

12
6
'
c 54
.2 .
g !'\
Ez |
2 &1
< -
E B
E§3_ ..‘.’00
=R
2L o
=]
5 7
1_
O N | N 1
2 4 6

8 10 12

X (mm)

Fig. 12. Gradient of mass fraction of water vapor at different y values.

inlet water temperature
—a— 310K
—e— 350K

5
S r
% b
-
5 4l
=
x
S g
g 831
e B
%00
E
g =20
£
(2
e}
g It
5
z ..
1]
2

X (mm)

Fig. 13. Mass fraction of water vapor under different inlet water temperature.

other locations. As shown in Egs. (11) and (12), the slope of
the curve represents the mass transfer rate. For the curve at
y =20 mm, the mass transfer rate decreases at x = 2-8 mm,
but at x = 8-12 mm it is rising. This is because that near
the outlet, the humidity of air increases as compared to
that at the inlet. Due to the narrower channel width, the
thickening of the viscous boundary layer near the wall
at x = 8-12 mm will cause a longer dwelling time of air
over there. This leads to an increase in the mass transfer
rate between water and air.

5.3. Influences of inlet water temperature

For gas-liquid falling film flow, there are driving forces
due to the temperature difference in sensible heat transfer

and the moisture content difference in latent heat transfer,
both of which give rise to heat and mass transfer between
gas and liquid along the wall. On the one hand, increas-
ing the temperature difference between them can improve
the sensible heat driving force. On the other hand, the
increase in temperature can enhance the evaporation of
water and affect the mass transfer process between gas and
liquid.

Fig. 13 illustrates the humidification performance in
terms of mass fraction of water vapor in moist air at dif-
ferent water temperatures. Obviously, the mass fraction
of water vapor displays a distinct increase with the incre-
ment of water temperature. Specifically, the mass fraction
of water vapor increases from 0.016 to 0.036 kg kg™ when
water temperature increases from 310 to 350 K, which
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Fig. 14. Mass fraction of water vapor under different inlet air humidity.

leads to the increment of water vapor pressure and mass
transfer driving force.

5.4. Influences of relative humidity of inlet air

With other inlet parameters fixed, the increase of mass
fraction of water vapor at air inlet will weaken the driving
force of mass transfer between the air and water. Fig. 14
presents the gradient of mass fraction of water vapor at
the same cross section (y = 80 mm) under different water
vapor concentrations of inlet air. It is found that the gra-
dient of mass fraction of water vapor becomes more and
more vague with the increase of the water vapor concen-
tration at air inlet.

In the case of constant water inlet conditions, the larger
the mass fraction of inlet water vapor, the smaller mass
transfer driving force, attenuating the humidification effect.
At locations far from the water film, the mass transfer gra-
dient can be nearly zero, indicating that no mass transfer
occurs there.

6. Conclusions

Humidification in humidifier poses a complex multi-
phase problem, which involves many factors including the
structural parameters of the corrugated channel and the
boundary conditions. To gain a better understanding of
the micro-scale heat and mass transfer phenomena in the
humidifier, a two-dimensional corrugated channel model
was proposed and developed. The following conclusions are
obtained:

¢ The two-dimensional multiphase-VOF model developed
can accurately predict the two-phase gas-liquid heat
and mass transfer process within structured packing
humidifier. The numerical simulation results agree well
with the reference results within a discrepancy of less
than 6%.

e The corrugated channel has an optimal parameter ratio
of a/A = 0.15 to achieve the best heat and mass transfer
performance.

e Raising the inlet air velocity will reduce the average
mass fraction of water vapor. When inlet air velocity
increases from 0.5 to 2 m s, the mass fraction of water
vapor at air outlet decreases from 0.029 to 0.019 kg kg™
(or -34.48%), resulting in the decrease in the average
mass fraction of water vapor from 0.0375 to 0.026 kg kg™
(or -30.66%).

e The simulation results show that the penetration mass
transfer theory can faithfully predict the water vapor
concentration field, local gradients of water vapor con-
centration and influence of mass transfer on the film sur-
face waves of the humidifier at the location x = 8 mm.

¢ The heat and mass transfer performance of the humidi-
fier is subject to the influences of boundary conditions,
that is, inlet air velocity, inlet water temperature and
inlet air humidity, which determine the mass transfer
driving force. Lower inlet air velocity leads to a lon-
ger gas-liquid contact time and hence better humidifi-
cation performance.

It is noteworthy that the present study focuses on the
gas-liquid mass and heat transfer characteristics in a sim-
plified two-dimensional corrugated channel model. Further
research is required to optimize the structural and flow
parameters, as well as to evaluate the performance of the
actual packing humidifier, such as humidification effi-
ciency, pressure drop, economic viability, etc.

Symbols

— Mass transfer area, m?

Diffusion coefficient of moist air, m? s
Diffusion coefficient of liquid, m? s™

— Momentum source term, N m=
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Heat transfer coefficient of gas-liquid,
Wm?2K?

Latent heat of evaporation, ] kg™

Number of the phases

Turbulence kinetic energy, m? s™

Overall mass transfer coefficient, kg m2s™
Local mass transfer coefficient of gas
phase, kg m?s™

Local mass transfer coefficient of liquid
phase, kg m?s™

Flow distance, m

Atmospheric pressure, Pa

Saturated vapor pressure at the gas-liquid
interface, Pa

Constant pressure, Pa

Mass flow rate of liquid, kg s™

Reynolds number

Mass of the product water, kg

Energy source term, W m=

Mass transfer source at the phase interface,
kg m=

User-defined source terms, kg m™ s
Temperature, K

Velocity vector, m s

Liquid surface velocity, m s™

Inlet air velocity, m s

Inlet water velocity, m s

Humidity ratio of the moist air, kg kg™
Humidity ratio of water vapor on liquid
surface, kg kg™

Liquid to gas ratio

Mass fraction of water vapor at the gas
inlet, kg kg™

Overall dissipation rate, kg m™ s

Amplitude, mm

Dynamic viscosity, kg m™ s
Density, kg m~®

Dissipation rate of turbulence kinetic
energy, m’s™

Contact time, s

Contact angle, °

Volume fraction
Wavelength, mm

PI

Film thickness, mm

Air

Effective

Gas phase

The i-th species
Inlet

Liquid phase
Outlet

Water
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