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Abstract Nanofluids play an essential role in enhancing heat and mass transfer in falling
film absorption processes. To reveal the underlying mechanisms of enhanced
absorption by nanoparticles at the gas—liquid interface, an innovative model considering
the Marangoni effect is proposed for falling film absorption on an inclined plate. The
effects of copper oxide nanoparticles on heat and mass transfer for the inclined plate
falling film absorption, utilizing lithium bromide solution as the working fluid, are
numerically studied using the software COMSOL Multiphysics. The accuracy of the
numerical model is verified by experimental and simulation results, showing superior
agreement when the Marangoni effect is incorporated. The vapor absorption
performance of lithium bromide solution is significantly enhanced by the addition of
nanoparticles. Surface tension amplifies temperature and concentration gradients,
playing a pivotal role in augmenting heat and mass transfer through the Marangoni
effect. The largest temperature and concentration gradients occur at the gas—liquid
interface. The interfacial heat transfer coefficient and mass transfer coefficient decrease
along the length of the inclined plate and gradually stabilize at 15.01 W-m 2-K! and
1.12 x 10* m-s™!, respectively.

Keywords Nanoparticles, nano-LiBr, heat and mass transfer, falling film absorption, Marangoni

effect
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A Area of the mesh, mm?

C Mass concentration, %

D Diffusion coefficient, m?-s™

F Surface tension exerts a volume force on the fluid, N
GClfne Convergence index

Gn Model coefficient of surface tension

Haps Heat of absorption, kJ-kg™!

L Inclined plate width, m

N Additive amount, wt.%

NP Nanoparticle addition amount, wt%

M The total number of cells used for the computations.
P The apparent order

0 Mass flow of solution, kg-s!

R Mesh convergence ratio

T Temperature

V Vapor

a Liquid film acceleration, m-s

cp Specific heat at constant pressure, J-kg!-K-!
ea Relative error

g Gravitational acceleration, m-s™!

h Relative mesh size

i Absorbs heat, kJ-kg™!

kn Heat transfer coefficient, W-m2-K"!

ko Mass transfer coefficient, m-s’!

n Interface normal vector

p Pressure, kPa

r Grid refinement factor

qh Heat transfer flux, W-m2

Gm Mass transfer flux, kg-m2-s"!

u The velocity component in the x direction

v The velocity component in the y direction
Greek symbol

r Flow rate of liquid film around unit wetting, kg-m™'-s"!
A Dimensionless liquid film thickness

a Solution concentration, wt%

6 Falling film thickness, m

o~

The difference between the values of the coarse and fine grids

0 The tilt Angle of the inclined plate, °
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é-‘ Solution outlet concentration, %
D Density, kg'm™
Surface tension, N-m’!

? Simulation value

4 Extrapolated number
(- Difference value
Subscripts

a Approximate

df LiBr with dispersant
ext Extrapolated
f fluid
fine Fine-grid

1 Liquid bulk region
in Inlet

n Normal direction

nf Nanofluids

o Initial value

P Nanoparticles

s The Sth mesh

t Tangential direction
% Vapor

vf Interface

w Wall surface

1. Introduction

The utilization of absorption heat pump with sources of low-grade industrial waste heat
and solar energy offers an efficient means to efficiently harness the energy and reduce
carbon emissions in both industry and building sectors [1], [2], [3]. However, the low
thermodynamic performance and large size of the absorption heat pump have become
the bottleneck limiting its development [4]. An essential component within this system
is the absorber [5], [6], which significantly influences the heat pump's overall
performance [7]. Enhancing the absorption characteristics is crucial for improving heat
pump efficiency [8]. Nanofluids, known for enhancing heat and mass transfer
properties [9], [10], have been selected to improve absorber absorption
properties [11], [12]. In the context of falling film absorption, a dominant heat and mass
transfer process, the introduction of nanoparticles into the solution has been shown to
significantly enhance transfer characteristics [13], [14], [15].
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Choi and Kim [13] discovered that adding nanoparticles could increase the heat transfer
rate of the radiator with nanofluids by up to 6.9 %. Kim et al. [14] conducted
experimental research on the impact of varied amounts of Silicon Dioxide (SiO>)
nanoparticles in falling film absorption of LiBr. The outcomes demonstrated a 46.8 %
increase in heat transfer rate and an 18 % increase in mass transfer rate with an addition
of 0.005 vol% SiOz nanoparticles. Zhang et al. [15] studied the effect of Copper
(Cu), Aluminum Trioxide (Al,03), and Carbon Nanotubes (CNT) nanoparticles on the
falling film absorption process of LiBr. Results indicated that nanoparticles notably
enhanced the absorption process, with Cu nanoparticles showing the highest
enhancement effect. Some researchers proposed that the nanoparticle-induced
enhancement in thermal conductivity [16], coupled with Brownian motion and micro
convection in nanofluids, played key roles in boosting heat and mass transfer during
falling film absorption processes [17], [18], [19]. Simultaneously, these nanoparticles
in the solution tend to aggregate at the surface of the liquid film, diminishing surface
tension and triggering the Marangoni effect [20]. Although nanoparticles can
effectively enhance the heat and mass transfer capabilities of falling film absorption,
there are some limitations in the experimental research, which fails to elucidate the
underlying mechanism.

To address this knowledge gap, some researchers analyzed the effect of nanoparticles
on heat and mass transfer in falling film absorption by numerical
simulation [21], [22], [23]. Yang et al. [21] investigated the falling film absorption
of ammonia water with nanoparticles and dispersants through numerical simulations,

considering changes in falling film thickness and physical properties. They examined
how the physical properties of nanofluids affect the falling film absorption process.
Their findings indicated that the thermal conductivity of nanoparticles influenced the
absorption process, whilst nanoparticle viscosity had the most significant effect. The
absorption rate of the falling film decreased with increasing nanofluid viscosity. Higher
nanofluid mass transfer coefficients were associated with increased absorption rates.
Moghadassi et al. [22] conducted numerical investigations into external absorption in
horizontal circular tubes and analyzed the impact of Al>O; and AlO3-Cu mixed
nanoparticles on heat transfer. They compared the two-phase mixed model with the
single-phase model. Results indicated that, according to the single-phase model,
the Nusselt number (Nu) for mixed nanofluids increased by 4.73 % for mixed
nanofluids when compared to Al,O3/H>O. Moreover, the accuracy of the two-phase
hybrid model demonstrated superior accuracy compared to the single-phase model.
Zhang et al. [23] incorporated the influences of molecular diffusion and convective
diffusion into a mathematical model for the LiBr absorption process within falling films.
They investigated the impact of iron tetroxide (Fe3Os) nanoparticles on the heat and
mass transfer during LiBr falling film absorption. Results indicated enhanced heat and
mass transfer, with the degree of enhancement being directly proportional to higher
nanoparticle concentration and smaller nanoparticle sizes. Hamida et
al. [24] concentrated on the impact of Cu nanoparticles on heat and mass transfer during
falling film absorption, disregarding the Soret and Dufour effects. They observed
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enhanced heat and mass transfer as nanoparticle quantities increased. However, higher
solution inlet concentrations and temperatures constrained the nanoparticle-
strengthening effect. Gao et al. [25] established a falling film absorption model for
LiBr/H>O, accounting for changes in solution properties and the cooling water channel
and tube wall thickness. They studied the influence of adding Copper Oxide (CuO)
nanoparticles on falling film absorption performance. Results indicated that the
enhancement effect of nano-CuO was more pronounced at higher inlet solution
temperatures and lower inlet solution concentrations. Zhou et al [26] developed a
mathematical model based on a falling film absorber with ammonia solution to describe
the enhancement of nanoparticles accurately. The results indicated that the addition of
nanoparticles significantly improved the absorption process in the falling film. And
compared with the solution without nanoparticles, the thermal and mass transfer
efficiencies increased from 0.385 and 0.443 to 0.523 and 0.600, respectively.
Hu [27] simulated the distribution of mass flow rate and heat flow rate at the gas—liquid
interface during ammonia nanofluid falling film absorption, investigating the
mechanism underlying enhanced absorption due to nanoparticles. The results showed
that the heat and mass transfer at the gas—liquid interface was mainly determined by
the diffusion term. The enhancement of film absorption was attributed to
the Marangoni effect, which arose from the destabilization of interfacial surface tension
by the presence of nanoparticles.

In summary, these studies have shown that nanoparticles could effectively strengthen
the heat and mass transfer of falling film absorption and Soret and Dufour effects had
little impact on falling film absorption process. Further, according to Hu’s research [27],
the Marangoni effect occurred in the change of the surface tension of the gas—liquid
interface, contributing to the enhancement of the heat and mass transfer of falling film
absorption. Zhang et al [28] confirmed the existence of the Marangoni effect in gas—
liquid films in aqueous ethanol-NaCl solutions. Hu et al. [29] investigated Marangoni
boiling experiments on a single component fluid (water), a conventional binary fluid
(5 wt% ethanol aqueous solution), and a self-rewetting fluid (5 wt% butanol aqueous
solution). The results confirmed that the Marangoni effect, due to the surface tension
gradient, was the key to fluid heat transfer enhancement. Li et al [30] developed a
theoretical model describing the evaporation kinetics of binary mixture droplets
(ethanol-water) by considering the influence of the Marangoni effect, and simulated
the kinetics of binary droplets on a heated substrate using a cylindrical coordinate
system. The results showed that the temperature difference and ethanol
concentration were the main factors affecting the flow and mass transfer of the binary
mixture droplets. However, the existing models do not reveal the mechanism by which
the Marangoni effect affects solution heat and mass transfer. Enhancing the
performance of absorption heat pumps has remained a focal point within the industry.
To alter the performance characteristics of absorption heat pumps and enhance the
solution absorption capacity, this study employs a novel approach by introducing
nanoparticles into lithium bromide solution for falling film absorption while
considering the Marangoni effect at the gas—liquid interface. The incorporation of
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nanoparticles strengthens the absorption capacity of lithium bromide solution for water
vapor. This technique holds significant applied value in altering the operational
characteristics of absorption heat pump units and enhancing heat transfer efficiency.

2. Mathematical model

2.1 Physical Model

The inclined plate falling film absorber is shown in Fig. 1(a). Employing an overflow
design, the absorber evenly distributes the concentrated solution along the film after it
fills the overflow tank. With a length of 480 mm and inclined at an angle of 37° to the
horizontal plane, the inclined plate is partitioned into three smaller plates by two dam
plates, each 92 mm wide. The quantity of inclined plates utilized is contingent upon
the heat and mass transfer load in the experiment.

100 Dam plate
9 )
> % Falling film /
solution
(|
F o)
/ A/ 2
Over flow /
; o
tank Inclined : =)
plate &
A ] | 1
100 380

(a) Falling film absorber of an inclined plate (unit; mm).

LiBr

Wall Surface

Cooling Water

(b) Schematic of absorption process.
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Fig. 1. Physical model for falling film absorption on an inclined plate.

In this setup, nano-lithium bromide solution (LiBr) flows down along the inclined
plate in a film shape under gravity, making full contact with the vapor on the upper
part of the inclined plate. At the gas—liquid interface, water vapor is absorbed by the
LiBr, undergoing a phase change from the gas phase to the liquid phase. The latent
heat released by water vapor increases the interface temperature, and subsequently,
heat is transferred from the gas—liquid interface to the liquid bulk region. To prevent
an increase in the temperature of the solution which could result in a decrease

in absorption capacity, cooling water is circulated beneath the inclined plate to carry
away the absorption heat from the solution. The physical model for the falling film
absorption on an inclined plate is illustrated in Fig. 1.

2.2 Basic Assumptions
As shown in Fig. 1(b), the liquid film flows along the X-axis, and the Y-axis represents
the thickness direction. The modeling assumptions are as follows.

(1) The surface of the inclined plate is smooth, and the flow is fully developed
laminar flow.

(2) The mass flow rate of the solution is constant.

(3) Water vapor flows to the liquid side through the gas-liquid interface, and the
surface tension at the interface produces a volume force on the fluid flow.

(4) The gas pressure is constant without mass transfer resistance.

(5) The gas -liquid interface is in equilibrium at the initial state.

(6) The wall of the falling film inclined panel is defined as the boundary condition
of constant wall temperature.

(7) Heat transfer in the gas phase is neglected. Heat conduction and mass diffusion
along the flow direction are not considered.

(8) The Soret effect and the Dufour effect due to the uneven temperature and
concentration fields are ignored.

2.3 Governing Equations and Boundary Conditions

The following governing equations can be obtained for the falling film absorption
process of inclined plate based on the above assumptions and the principle of mass,
momentum, and energy conservation, expressed by the following formulas:

au
ax a_ 0
(D)
u a d%u  9%u\ . OF
pnf(u—+v u) pnfg51n6——+unf(ax2+ay)+ﬁ 2
a 9%y 92 aF,
pnf(u—+v V) pnfgcose——+unf(axz+a—y:) o (3
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2 2 )
pnfCP(ua_;+Va—;)=Anf(a_T+aT)+a(QmHabs) (4)

P) P) oxz | ay? ay
ac ac a%c 626)
uax+v6y_an(6x2+6y2 (5)

Where p,,f represents density of nanofluids, kgm™>. pu, 7 represents velocity of
nanofluids, Pa‘s. g represents gravitational acceleration, m-s 2. 4, 5 apparent thermal
conductivity of nanofluid, W-m™!-K ™. ¢, represents specific heat at constant pressure,
J-kg K™, gm represents mass transfer flux, kg-m2-s™'. Hass represents heat of
absorption, kJ-kg!. D,srepresents the diffusion coefficient of nanofluids, m?-s™!.

The boundary conditions are shown in Fig. 2.

: Cin_Cm{T?‘p} T s |
: sl L
T=T. : , ay !
| Tale L AU :
H=t L= Tk e | Outlet | O _ ]
= e | o>
C=C, ! L oCc !
i | : =(] .
R o i e i : L Oy
m'rfmﬁll' if | A
{:{}-’ '>=|Jfl:‘i
i u=>0 i | qﬁ:Habsmﬁ
g el | .
L x_, L oT _,
! ay oy
o B e v TR
L —=—=0 .
lay ________ T, = constant |
a_T_D i*ﬂlel Outlet = T=I:_“_
oy | 0., =4L/min
- l .............
°T _qo

Fig. 2. Boundary conditions.

The boundary conditions are as follows.
(1) At the solution inlet, the temperature, flow rate, and concentration of the
liquid film are uniformly distributed.
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t =tV =VinC=_Cp (6)
Where U represents velocity, m-s~!. u represents the velocity component in
the x direction,
m-s L.v represents the velocity component in the y direction, m-s ™.
(2) The solution outlet is the fully developed boundary.
ov ac

at _ ac _

(3) The falling film wall has no slip and no seepage, u = 0,v = 0, Z—)C/ = 0.The

falling film wall satisfies the third type of boundary condition, T,,= constant.
(4) At the initial interface, the gas-liquid interface phase is in equilibrium,

Cin = Cin (L, p).
(5) Mass transfer energy at the gas-liquid interface, m,; =

ac D
PngDns (5)3/:50 .Thermal energy at the gas-liquid interface, g, = HgpsMyy.

2.4 Model Parameters and Operating Conditions

(1) Momentum source term

The nano-LiBr flows down the inclined plate to form a thin film, the vapor enters
the main liquid bulk region through the gas-liquid interface and is absorbed by the
solution. The addition of nanoparticles introduces extra forces due to the surface tension
caused by the concentration gradient at the interface. According to the divergence
theorem, the surface tension at the interface exerts a volume force on the fluid, serving
as a source term in the momentum equation. According to the continuous surface force
(CSF) model [29], the force exerted by surface tension at the gas-liquid interface on the
solution can be divided into normal interface force F, and tangential interface force
F; along the interface's direction [30], expressed by the following formula:

0¢, &y
F =g—2>2Y . Gw, %w
where
on . on
Y=%u"Ta 9
n=
I3 I3
ax oy
FI3 FI3
Frasm
(10)
and

Fe =[x (E+5)]



(1D

Disregarding the impact of dispersants and added nanoparticles on the surface

S

tension of nano-LiBr, the surface tension of nano-LiBr is calculated as a function of solution

concentration and temperature.

g , 9o _ 9o 0, 0§, 8o AT T

ax ' 9y 98¢, ox ' dy’ ' oT ‘ax ' dy (12)
Therefore, the force in the tangential direction of the interface can be expressed as:
99 [ (% 4 95| 7 4 2% 17 x (24 Ty x
Ft —@nx(a+6y)]xn+aT[nx(ax+ay)]><n (13)
where
n = [cos O sinb 0] (14)
— 9w %w
aT aT
VT = [E > 0] (16)
The force in the tangential direction of the interface can be obtained as:
e = 2 5in) (5in0 25 — 050 %) 1+ 2% sing (5in0 2L — cost 2
Forx = %, sinf ( sinf 2y cosf 3y 357 sin@ | sin@ 3y cosf 3y (17)
t - _295 ing Lw _ a&)_a_‘f ( o _ or
Fyry = ot cos6 (Sln9 3y cos6 3y e cos@ | sin@ 3y cos6 ay) (18)

(2) Nanofluids properties
Nanofluids properties are taken from the literature, for example, density [31],

viscosity [32], specific heat capacity [31], thermal conductivity [33] and surface tension

10



[34], expressed by the following formulas:

Prt :(I_Np)pf+NPpp 19)
— luf 20
lunf (1 _N)2'5 ( )
kT
D, = 1)
67Z-r1unf
(CD, =(1-N)(C), +N(C), (22)
K _ kp+2k; —2N(k; —ky) 23)
ke kp+2k; + N(k; — k)

O'nf _ 1

2k = (Z8FaNp + (a = 3) 28Gu Np) (24)

(3) Other parameters

Other parameters include the thickness of the falling film, interfacial heat transfer
flux, interfacial heat transfer coefficient, interfacial mass transfer flux, and interfacial
mass transfer coefficient.

The thickness of the falling film of the nano-LiBr:

1
_ (3Tunys\3
Onp = (W> (25)
where
a = gsinf (26)
r=2u 27)

The adopted dimensionless liquid film thickness is defined as:

_
b= (28)

The interfacial parameters are expressed as:

aT aT
qn = kh(@)y:é'nf - (Cnf - Cv)Tpnfan (E) (29)
y=6nf
_ 9n
i = (30)
- _ D w 31
Am = pnf nf( ay )y:z?nf ( )
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_ M(x)
m = PnfiSAEw(X) (32)
where ¢, represents heat transfer flux with heat transfer coefficient, W-m™. k,
represents heat transfer coefficient, W-m™2-K!; g,, represents mass transfer flux, kg-m"

2.s!. and ki, represents mass transfer coefficient, m-s™.

(4) Operating conditions

The operating conditions are displayed in Table 1. In this study, the inlet

temperature of the falling film solution (313.15 K), the solution concentration (58 %),
the flow rate of the falling film solution (0.2 ~ 1.0 L/min), the inlet temperature of the
cooling water (298.15 K) and the flow rate (4 L/min) of the cooling water were
selected based on the absorption heat pump operating conditions. The amount of
nanoparticles added (0 to 0.15 wt%), the density of nanofluid (1669.92 kg/m?), the
viscosity of nanofluid (4.443E-3 Pa-s) and the thermal conductivity of nanofluid
(26.1439 W/(m-K)) were determined experimentally [17].

Table 1 Operating Conditions

Parameter Parameter value
Solution inlet concentration (%) 58
Solution inlet temperature (K) 313.15
Solution flow (L/min) 0.2~1.0
Cooling water inlet temperature (K) 298.15
Cooling water flow (L/min) 4
absorb pressure (kPa) 1.2
Inclined plate length (mm) 480
Slope width (mm) 276
Amount of nanoparticles added (wt.%) 0~0.15
Amount of dispersant added (wt.%) 2
Nanofluid Density (kg/m?) 1669.92
Nanofluid viscosity (Pa-s) 4.443E-3
Thermal conductivity of nanofluids (W/(m-K)) 26.1439
Nanofluid diffusivity (m?/s) 8.34864E-10

3. Numerical procedure
3.1 Meshing and Independence Verification

In this research, the laminar flow and heat and mass transfer modules in the
COMSOL Multiphysics software are selected to establish a falling film absorption

model of nano-LiBr for the sloping plate of 480 mm length. The PAEDISO solver for
12
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steady-state simulations and a multi-threaded nested dissection preordering algorithm
are utilized for solving. A structured quadrilateral mesh compatible with the calculation
area is used in the model. The mesh configuration of the falling film is shown in Fig. 3.

Fig. 3. Mesh configuration of the falling film.

As shown in Table 2, the grid is encrypted in both the horizontal and vertical
directions respectively, and three different grids (48000, 96000, and 192000) are used
to evaluate the grid convergence based on the convergence ratio of grids.

R-&21 (32)
£n
where
ENTPr@I (33
ENT P32 (34)

13


https://www.sciencedirect.com/science/article/pii/S1359431123021531?dgcid=coauthor#f0015

_ hms;
Tl = o (38)
_ hmss
32 = s (39)
1
1 M 3 (40)
hms = {H p v (AAS)]
g2 __ €21T51 (4])
ng_l 7‘21_1
21 1= 42
@ 1 ( )
21 1.25¢21 43
cor, = 154 (43)
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Table 2. Mesh sensitivity analysis.
Case ID Meshes Cout
1 ©1 1200=40 57.499
2 ©2 240040 57.498
3 ©3 3600x=40 57496
R _ - 0.5
4 ©a 2400%20 57482
5 ©s 2400x=40 57498
6 ©6 2400=60 57.505
R - - 0.57

Table 3 shows that for the outlet concentration of the absorber, the numerical
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uncertainties in the fine mesh are 0.0019% and 0.0079%, which meet the request for
numerical simulation [36]. Therefore, a 2400x40 grid is chosen for a total of 96000.

Table 3 Calculation of grid discretization error of solution outlet

concentration.

[tem ¢ ¢ b %
21, r's4 1.43 1.43
732, V65 1.4 1.4

P 2.1 1.7

oo fos 57.46 57.47

e'et 0.0017% 0.0070%
ele 0.068% 0.021%

GCI;. ,GCI! 0.0019% 0.0079%

3.2 Model Verification

Under identical operational conditions (with 0.1% CuO addition), a comparison is
made between our numerical outcomes, Wang et al.'s experimental findings [17], and
the numerical results by Gao et al. [25]. This comparison illustrates the alteration in
outlet concentrations during falling film absorption concerning solution flow rates
(refer to Fig. 2). Our simulation results exhibit a better correspondence with the
experiments, with a maximum deviation of 0.3% in the model.

58.5
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A Wangetal [17]
= = -Gao et al [25]
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Qutlet concentration of the absorber/%

56.5 |

56.0 I 1 I 1 I
0.2 0.4 0.6 0.8 1.0

Flowing rate of nano-LiBr/L-min™!
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Fig. 4. Comparison between experimental and simulation results.

4. Results and discussion

4.1. Mechanism of heat and mass transfer by falling film absorption

Fig. 5 shows the mechanism through which nanoparticles enhance the heat and mass
transfer characteristics of falling film absorption. The Marangoni effect reinforces
convection at the gas—liquid interface, enhancing the heat and mass transfer capability
for the falling film absorption. Additionally, when water vapor absorbed by the LiBr
crosses the gas—liquid interface, the LiBr concentration near the interface on the liquid
side is lower than that in the bulk liquid region. Nanoparticles flow to the gas—liquid
interface driven by this concentration gradient, subsequently transporting water
molecules and absorption heat from the gas—liquid interface to the liquid bulk region.
These nanoparticle transport attributes enhance the heat and mass transfer capability of
the solution, as shown in Fig. 5(a). Notably, the Marangoni effect exerts the most
significant impact on enhancing heat and mass transfer during the falling film
absorption process. The presence of Marangoni effect expands the temperature and
concentration gradients, which is a significant factor in the enhancement of heat and
mass transfer by falling film absorption, as shown in Fig. 5(b).
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Fig. 5. Schematic of nanoparticles enhanced heat and mass transfer characteristics for
falling film absorption.

4.2. Marangoni effect verification

To verify the existence of the Marangoni effect at the interface of the heat mass
transfer in falling film absorption, we investigated the velocity, temperature, and
concentration fields at the inlet of a falling film absorption. The investigation was
conducted under operational conditions involving a 50 % concentration solution,
40 °C inlet temperature, 0.05 m/s inlet flow rate, 20 °C cooling water temperature,
0.4 L/min cooling water flow rate, 0.05 wt% nanoparticle addition, and 2 wt%
dispersant addition.
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Fig. 6 illustrates the distribution of the velocity field at the inlet of the falling film
absorption. Color-coded regions indicate the magnitude of velocity distribution, while
the black curves represent the velocity contour. Fig. 6(a), (b) and (¢) shows the
distribution of velocity field for falling film absorption, considering the Marangoni
effect and without considering the Marangoni effect, at X =0 ~ 20 mm,

X =50 ~70 mm, and X =460 ~ 480 mm, respectively. A comparison between the
figures reveals that velocity contours within the falling film are notably denser at the
gas—liquid interface when accounting for the Marangoni effect. Enhanced velocity
gradients exist at the gas—liquid interface, oriented towards it, indicating intensified
solution flow at this interface. Consequently, the Marangoni effect intensifies solution
flow at the gas—liquid interface, heightening the convection effect, particularly
noticeable at the falling film's inlet.
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Fig. 6. The velocity field along the length of the falling film.

19


https://www.sciencedirect.com/topics/engineering/velocity-field

Fig. 7 shows the temperature field distribution at the inlet of the falling film
absorption. Color-coded areas indicate the temperature distribution, while the black
curves represent the heat flux contours. Fig. 7(a), (b) and (c¢) shows the temperature
distribution for falling film absorption, considering the Marangoni effect and without
considering the Marangoni effect, at X =0 ~ 20 mm, X =50 ~ 70 mm,

and X =460 ~ 480 mm, respectively. A comparison between the figures shows that
incorporating the Marangoni effect at the gas—liquid interface results in denser heat
transfer flux contours within the temperature field of the falling film. This leads to
heightened heat transfer at the gas—liquid interface. Therefore, the presence of the
Marangoni effect intensifies convective heat transfer at the gas—liquid interface,
particularly noticeable at the inlet of the falling film absorption.

20


https://www.sciencedirect.com/science/article/pii/S1359431123021531?dgcid=coauthor#f0035
https://www.sciencedirect.com/science/article/pii/S1359431123021531?dgcid=coauthor#f0035

(a) X =0~20 mm

Temperature (K) Temperature (K)

312 312

310 310

308

304 304

302 302

300

300

With Marangoni effect Without Marangoni effect
(b) X =50~70 mm

Temperature (K) Temperature (K)
299 ‘ 299
298 298

With Marangoni effect Without Marangoni effect
(c) X =460~480 mm

Temperature (K) Temperature (K)
299 ‘ 299
298 298

With Marangoni effect Without Marangoni effect

Fig. 7. The temperature field along the length of the falling film.
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Fig. 8 shows the concentration field distribution at the inlet for the falling film
absorption. Color-coded regions indicate the velocity distribution, while the black
curves represent the mass flux contours. Fig. 8(a), (b) and (c) the concentration field
distribution for falling film absorption, considering the Marangoni effect and without
considering the Marangoni effect, at X =0 ~ 20 mm, X =50 ~ 70 mm,

and X =460 ~ 480 mm, respectively. Upon comparing the figures, it becomes
evident that the inclusion of the Marangoni effect at the gas—liquid interface in the
falling film absorber results in denser mass transfer flux contours, indicating
heightened mass transfer at the interface. Therefore, the existence of the Marangoni
effect enhances the convective diffusion effect at the gas—liquid interface, with a more
pronounced impact at the falling film’s inlet.
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Fig. 8. The concentration field along the length of the falling film.
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As shown in Fig. 6, Fig. 7, Fig. 8, the heat and mass transfer within nanoparticle
falling film absorption experience enhancement due to the Marangoni effect
stemming from the gas—liquid interface and the transport attributes of nanofluids. The
nanoparticles near the gas—liquid interface introduce perturbations, resulting in
thinning of the liquid film. This change in the liquid film induces a surface tension
gradient at the gas—liquid interface, known as the Marangoni effect.

4.3. Distribution of temperature field and concentration field

Fig. 9 shows the temperature distribution of nano-LiBr along the length of the falling
film at a flow rate of 1.0 L/min. In Fig. 9(a) and Fig. 9(b), the temperature of nano-
LiBr at both the gas—liquid interface and the main liquid phase region gradually
decreases along the inclined plate's length. A rapid temperature drop occurs within the
falling film length of 0—40 mm. Subsequently, the temperature continues to decrease
along the inclined plate within the range of 40—480 mm. When the nanoparticle mass
fraction is 0.15 wt%, the gas—liquid interface temperature of nano-LiBr ranges from
308.89 K to 298.65 K, while the temperature in the main liquid phase area ranges
from 303.76 K to 298.64 K.
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(a) Gas-liquid interface area.
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Fig. 9. Variation of temperature field along the length of the falling film with

nanoparticles mass fraction.

The primary reason lies in the elevated inlet concentration of the solution, generating
a substantial driving force for mass transfer, leading to a release of significant latent
heat upon water vapor absorption. However, as the solution's concentration
diminishes, the driving force for mass transfer, the rate of water vapor absorption, and
the latent heat released decrease correspondingly. Simultaneously, at a given position
on the inclined plate, the introduction of nanoparticles results in temperature
elevation. This can be attributed to the micro-disturbance caused by nanoparticles,
leading to reduced surface tension at the gas—liquid interface, thereby lowering mass
transfer resistance. Additionally, nanoparticles' addition coupled with the presence of
the Marangoni effect augment the heat transfer capacity within the liquid phase.

The concentration field distribution of nano-LiBr along the length of the falling film
for the flow rate of 1.0 L/min is shown in Fig. 10. In Fig. 10(a) and (b), both the gas—
liquid interface and the main liquid phase region of nano-LiBr exhibit gradual
concentration decline along the inclined plate's length. Notably, the concentration
reduction is rapid within the first 040 mm length range of the falling film.
Subsequently, within the 40-480 mm length range, the reduction rate slows down.
With a nanoparticle mass fraction of 0.15 wt%, the gas—liquid interface concentration
of nano-LiBr drops from 0.58 % to 0.481 %, and the concentration in the main liquid
phase area decreases from 0.58 % to 0.574 %.

25


https://www.sciencedirect.com/topics/chemical-engineering/temperature-distribution
https://www.sciencedirect.com/science/article/pii/S1359431123021531?dgcid=coauthor#f0050
https://www.sciencedirect.com/science/article/pii/S1359431123021531?dgcid=coauthor#f0050

0.64

——NP 0wt.% v
| — —NP0.0Iwt.%
—— NP 0.05wt.% \
= = =NP 0.10wt.% et
0.60 - ——NP 0.15wt.%
X 056
=
5=
=
[
£ 052
@
<
=
S
0.48
0.44 |
0_40 " 1 L 1 " 1 " 1
0 100 200 300 400
L/mm
(a) Gas-liquid interface.
——NP 0wt.% wm
0.580 ~ — NP 0.01wt.% . \\
——— NP 0.05wt.% )
— - =NP 0.10wt.% wmo
0.579 NP 0.15wL%
X " g
3 ) o~~~ _
< 0578 - .
2 : -
g
= 0.577
w
Lx
=
<
O 0.576
0.575
0.574 |
i 1 L 1 " 1 M 1
0 100 200 300 400

L/mm

(b) Liquid phase main area.

Fig. 10. Variation of concentration field along the length of the falling film with
nanoparticles mass fraction.

The main reason is that the high inlet concentration of the solution, coupled with

the saturated vapor pressure of the solution decreasing due to the low-temperature
cooling water, leads to a relatively large driving force for the mass transfer. However,
as the solution's concentration diminishes along the falling film, both the driving force
for mass transfer and the rate of water vapor absorption decrease. Additionally, at a
given position on the inclined plate, the presence of nanoparticles causes a reduction
in solution concentration. This can be attributed to nanoparticle-induced micro-
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perturbations at the gas—liquid interface, which lower surface tension, coupled with
the enhancement of mass transfer through the Marangoni effect.

The temperature distribution of nano-LiBr at various positions along the falling film,
under a flow rate of 1.0 L/min, is illustrated in Fig. 11. In the direction
perpendicular to the liquid film's thickness, the solution temperature progressively
rises, reaching its peak at the gas—liquid interface.
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Fig. 11. Variation of temperature field along the liquid film thickness with
nanoparticles mass fraction.

The main reason is that the water vapor at the gas—liquid interface is absorbed by the
solution and the latent heat of vaporization is released, which leads to the increase of
the temperature at the gas—liquid interface. Under a consistent liquid film thickness,
the solution temperature increases with the addition of the nanoparticles. This can be
attributed to nanoparticle-induced micro-perturbations that decrease surface tension at
the gas—liquid interface, facilitating the entry of water molecules into the liquid phase
region. This process augments latent heat release and bolsters heat transport from the
gas—liquid interface to the film's wall.

The most significant temperature gradient in the solution occurs at a falling film
length of 20 mm. As the solution descends the inclined plate, the temperature gradient
within the liquid film gradually diminishes and eventually levels off. This trend is
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primarily attributed to the high initial concentration of the incoming solution, leading
to rapid water vapor absorption driven by mass transfer. Consequently, the highest
amount of latent heat is released during this phase. Furthermore, as the solution
continues its descent, the average concentration within the liquid film decreases. This
reduction in concentration decreases the mass transfer driving force at the gas—liquid
interface, resulting in decreased water vapor absorption and released latent heat. As a
consequence, the temperature gradient within the liquid film decreases.

The concentration field distribution of nano-LiBr in the liquid film at different
positions along the falling film, with a flow rate of 1.0 L/min, is shown in Fig. 12. The
solution's concentration gradient remains stable near the wall while experiencing rapid
augmentation near the gas—liquid interface. Notably, the lowest concentration of the
solution is observed at the gas—liquid interface.
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Fig. 12. Variation of concentration field along the liquid film thickness with
nanoparticles mass fraction.

The primary factor is the mass transfer driving force that propels water molecules
from the gas phase through the gas—liquid interface and into the liquid phase region
through convection and diffusion. This influx of water molecules reduces the solution
concentration at the gas—liquid interface, gradually diffusing them into the main liquid
phase. With a consistent liquid film thickness, the solution's concentration diminishes
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progressively with the introduction of nanoparticles. The main reason is nanoparticles'
micro-perturbation and transport properties, which amplify the gas—liquid interface's
diffusion capacity into the liquid bulk region, thereby reducing mass transfer
resistance. Additionally, the Marangoni effect generated by the gas—liquid interface
intensifies convection, enhancing the heat and mass transfer capabilities of falling
film absorption.

It can be seen from Figs. 11 and 12 that the temperature field and the concentration
field have opposite transfer directions. The temperature field is transferred from the
gas—liquid interface direction to the wall direction, while the concentration field
follows the opposite direction. Along the liquid film thickness at the same falling film
position, the temperature boundary layer initiates its movement prior to the
concentration boundary layer. This is primarily due to the superior heat diffusion
ability in the solution compared to the mass diffusion ability of water molecules in the
solution.

In the direction of liquid film thickness at the same falling film position, nanoparticles
accelerate the movement of the temperature boundary layer towards the wall and the
solution concentration boundary layer towards the gas—liquid interface. Nevertheless,
the driving force for mass transfer weakens with the temperature at the gas—liquid
interface. As a result, changes in the concentration field during the vapor absorption
mass transfer process of nano-LiBr are influenced by variations in the temperature
field. The interplay between the temperature and concentration fields must not be
disregarded.

4.4. Heat transfer

As shown in Fig. 13, at a flow rate of 1.0 L/min, the heat transfer flux variation at the
nano-LiBr interface is demonstrated along the falling film's length. The interfacial
heat transfer flux experiences rapid augmentation within the 0—40 mm length range of
the falling film. Within the length ranges of 40-100 mm and 100480 mm, the
interfacial heat transfer flux undergoes subsequent rapid and gradual decreases.
Additionally, there's an enhancement in the interfacial heat transfer flux with the
introduction of nanoparticles. At a nanoparticle mass fraction of 0.15 wt%, the
interface exhibits a peak heat transfer flux value of 9250 W-m™2. Initially, within the
0—40 mm length range of the falling film, the solution entering the inclined plate
achieves equilibrium with water vapor. Upon entering the tube, cooling reduces the
liquid film's interfacial temperature, and the absorption process releases substantial
latent heat, leading to a rapid heat transfer flux increase. Subsequently, between the
40-480 mm length range of the falling film, as the cooling water temperature rises,
the cooling capacity diminishes. This results in elevated solution temperature, reduced
temperature gradient, and decreased heat transfer capacity.
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Fig. 13. Variation of interfacial heat transfer flux along the length of the falling
film with nanoparticles mass fraction.

The variation of the nano-LiBr interfacial heat transfer coefficient along the falling
film's length, under a flow rate of 1.0 L/min, is illustrated in Fig. 14. The interfacial
heat transfer coefficient experiences rapid decline within the 0—100 mm falling film
length range. Within the range of 100-480 mm, it decreases linearly. Moreover, the
interfacial heat transfer coefficient shows enhancement with the addition of
nanoparticles. At a nanoparticle mass fraction of 0.15 wt%, the interfacial heat
transfer coefficient decreases rapidly within the range of 21.23-15.97 W-m 2-K'!,
followed by a gradual decrease within the range of 15.97-15.01 W-m 2-K!. The
impact of nanoparticles on the interfacial heat transfer coefficient arises from the
combined effects of particle—particle and particle—fluid interactions at the microscopic
scale. The Brownian motion of the small-scale nanoparticles in the nano-LiBr leads to
an increase the interfacial velocity gradient. Nanoparticle collisions further thin the
boundary layer, enhancing heat transfer efficiency. Simultaneously, nanoparticles
elevate the solution interface's tangential temperature gradient, altering surface
tension and triggering micro-convection via the Marangoni effect, thereby
intensifying the interfacial heat transfer coefficient.
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Fig. 14. Variation of interfacial heat transfer coefficient along the length of the falling
film with nanoparticles mass fraction.

4.5. Mass transfer

The pattern of mass transfer flux variation at the nano-LiBr interface along the falling
film's length, with a solution flow rate of 1.0 L/min, is depicted in Fig. 15. The mass
transfer flux experiences a rapid increase within the 0—40 mm falling film length
range. Within the ranges of 40—100 mm and 100—480 mm, the interfacial mass
transfer flux drops both rapidly and gradually. The interfacial mass transfer flux
exhibits an increase with the presence of nanoparticles. At a nanoparticle mass
fraction of 0.15 wt%, the interface experiences a peak mass transfer flux of

0.0108 kg-m2-s!. Before entering the inclined plate, the solution and water vapor are
in equilibrium. Upon contact with cooling water, the inlet solution cools, resulting in a
lower saturated vapor gas pressure compared to water vapor pressure. This generates
an increased gas—liquid interface driving force for mass transfer, leading to a rapid
rise in the interface mass transfer flux at the entrance. However, as the absorption
process progresses, solution concentration rises, mass transfer driving force decreases,
and subsequently, the mass transfer flux diminishes.
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Fig. 15. Variation of interfacial mass transfer flux along the length of the falling
film with nanoparticles mass fraction.

The interfacial mass transfer coefficient's variation along the falling film's length, with
a solution flow rate of 1.0 L/min, is illustrated in Fig. 16. This coefficient demonstrates
a decreasing trend along the inclined plate's length. Specifically, within the 0—100 mm
falling film length range, the interfacial mass transfer coefficient diminishes rapidly.
Subsequently, within the 100480 mm length range, the coefficient experiences a
gentler decline. Moreover, the presence of nanoparticles leads to an increase in the
interfacial mass transfer coefficient.
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Fig. 16. Variation of interfacial mass transfer coefficient along the length of the falling
film with nanoparticles mass fraction.
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At a nanoparticle mass fraction of 0.15 wt%, the interfacial mass transfer coefficient
experiences a rapid decrease within the range 0of 3.62 x 10#-1.35 x 10* m-s ™!, followed
by a slower decrease within the range of 1.35 x 10#-1.12 x 10* m-s~1. The main reason
is primarily attributed to the nanoparticles' transport characteristics, which involve the
adsorption of water vapor near the gas—liquid interface and subsequent release into the
liquid phase. Furthermore, nanoparticle-induced micro-perturbations alter the
interface's equilibrium state, leading to uneven concentration distribution and
generating micro-convection through the Marangoni effect. As a result, the interfacial
mass transfer coefficient is strengthened.

5. Conclusions

In this research, the heat and mass transfer model for falling film absorption on an
inclined plate is established using the finite element method. The effect of CuO
nanoparticles on the heat and mass transfer characteristics of the falling film
absorption of LiBr is investigated. The key conclusions are summarized as follows.
(1) Considering the Marangoni effect, the model shows closer agreement with the
experimental values, with a maximum deviation of 0.3 %. The model values are
closer to the experimental values compared to the model that neglects the Marangoni
effect, resulting in an approximately 29.7 % improvement in accuracy. Thus, the
Marangoni effect should be incorporated when investigating the falling film
absorption of nano-LiBr.

(2) The Marangoni effect is considered in the model, where the surface tension of the
liquid increases the temperature gradient and concentration gradient, and therefore the
heat and mass transfer fluxes are increased.

(3) The addition of nanoparticles amplifies the variations of heat and mass transfer in
the inclined plate falling film absorption process. The temperature gradient with a
notably greater gradient in the inlet section compared to the outlet section. The inlet
section of concentration gradient showing a notably smaller gradient compared to the
outlet section.

The addition of nanoparticles significantly enhances the heat and mass transfer
performance of inclined falling film absorption. The peak values for interface heat
transfer and mass transfer fluxes reach 9250 W-m 2 and 0.0108 kg-m 2-s™.

(4) The interfacial heat transfer coefficient and mass transfer coefficient along the
length of the inclined plate exhibit a two-stage reduction. Initially, the heat transfer
coefficient experiences a rapid decline from 21.23 to 15.97 W-m-2-K-, followed
by a slower decrease from 15.97 to 15.01 W-m-2-K-.. Similarly, the mass
transfer coefficient swiftly decreases from 3.62 x 10+ to0 1.35 x 10+ m-s-,

followed by a gradual decrease from 1.35 x 104+ t0 1.12 x 10+ m-s-1.
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