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The slow diffusion of an absorbate molecule into an absorbent often makes the absorption process a ratelimiting step in many applications. In cases involving an absorbate with a high heat of phase change, such
as water absorption into a LiBr (lithium bromide) solution, the absorption rate is further slowed due to
signiﬁcant heating of the absorbent. Recently, it has been demonstrated that constraining a LiBr solution
ﬁlm by a hydrophobic porous structure enables manipulation of the solution ﬂow thermohydraulic
characteristics. Here, it is shown that mass transport mode in a constrained laminar solution ﬂow can be
changed from diffusive to advective. This change in mode is accomplished through stretching and folding
the laminar streamlines within the solution ﬁlm via the implementation of micro-scale features on the
ﬂow channel surface. The process induces vortices within the solution ﬁlm, which continuously bring
concentrated solution from the bottom and middle of the solution channel to its interface with the vapor
phase, thus leading to a signiﬁcant enhancement in the absorption rate. The detailed physics of the
involved transport processes is elucidated using the LBM (Lattice Boltzmann Method).
Published by Elsevier Ltd.
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1. Introduction
The absorption of species into a liquid is a widely utilized process in many technologies, such as absorption heat pumps [1e9],
liquid desiccant-based dehumidiﬁcation [10e15], puriﬁcation of
the natural gas streams involving separation of CO2 and H2S [16,17],
removal of CO2 from ﬂue gas [18e22], and bioreactors in which
gaseous products are absorbed into a liquid phase for processing/
conversion by microorganisms [23]. The absorption process in
these applications is often limited by the slow rate of absorbate
diffusion into the absorbent. In addition, thermal diffusion limits
could further slow the absorption of an absorbate with a high heat
of phase change, for example, in absorption of water vapor into a
LiBr (lithium bromide) solution. If the signiﬁcant amount of heat
released at the vaporeliquid interface, due to phase change, is not
removed (i.e. the interface is not cooled), the temperature and
equilibrium water vapor pressure of the interface increase. The
increase in water vapor pressure subsequently lowers the rate of
water vapor absorption.
Enhancing the water vapor absorption rate into the LiBr solution
has been the subject of studies [24e37] focused on advancing the
falling ﬁlm absorption technology. Nasr and Moghaddam [3]
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provide an overview of these studies and discuss the fact that,
despite many efforts, tangible results have not been achieved due to
the challenges of controlling thermohydraulic characteristics of a
falling LiBr solution ﬁlm. Recently, Yu et al. [2] numerically studied
absorption characteristics of LiBr solution ﬂows, and determined
that heat and mass transfer limits in a LiBr solution ﬂow could be
enhanced if the ﬂow channel thickness is maintained within a few
hundred microns while the ﬂow velocity is increased. Implementation of a thin solution ﬂow reduces the heat diffusion path to
the cooling surface beneath the solution ﬁlm, and increasing the
solution ﬂow velocity limits the concentration boundary layer
thickness. In a subsequent experimental study, Nasr and Moghaddam [3] demonstrated that a LiBr solution ﬂow could be constrained by superhydrophobic nanoﬁbrous membranes, and its
absorption characteristics could be manipulated through independent control of the ﬂow thickness and velocity. Through this
approach, a signiﬁcant increase in absorption rate versus the falling
ﬁlm absorption technology was achieved.
Nasr and Moghaddam [3] experimentally demonstrated the beneﬁts of implementing a solution ﬁlm at thicknesses on the order of
100 mm. To ease the manifolding burden of an absorber utilizing such a
thin solution ﬂow channel and enhance the utility of the membranebased technology for absorbers with larger capacities, it is desirable to
reduce the ﬂow pressure drop by increasing the solution channel
thickness. Note that ﬂowing a ﬁxed amount of mass through, for
example, a 100-mm-thick channel results in approximately 125 times

622

S. Bigham et al. / Energy 65 (2014) 621e630

2. Experiment

Fig. 1. A 3D schematic showing surface features and a ﬂuid particle trajectory (i.e. a
streamline) as it enters and exits the spacing between the surface features and generates a z-direction velocity component.

higher pressure drop compared to a 500-mm-thick channel, since the
laminar ﬂow pressure drop is proportional to V=D2h . However,
increasing the solution channel thickness also reduces the absorption
rate, since transport within the solution ﬂow is governed by the
laminar ﬂow theory, and molecular diffusion is the sole mechanism
for the absorbed molecule to be transported into the bulk absorbent.
Thus, the solution ﬂow should be mixed in order to achieve high
absorption rates.
The microﬂuidic literature provides a rich body of research on
ways to mix laminar ﬂow in microchannels. The methodologies
demonstrated in various approaches involve either active or passive components. Active mixers such as piezoelectric [38] and
magneto/electro-hydrodynamic [39] actuation and pressure perturbations [40] put extra burden on the system hardware. In
addition, the utility, robustness, and reliability of such approaches
for this application could be questioned. From among different
mixing techniques, we consider a passive approach utilized by
Stroock et al. [41] quite suitable for this application. The method
involves generating chaotic advection [42] within the ﬂow through
stretching and folding the laminar streamlines (cf. Fig. 1).
Thisstudyexplorestheutilityofthisapproachtomembrane-based
absorption technology [3e5]. A set of numerical simulations is conducted to evaluate the performance of a membrane-based absorber,
utilizing LiBr solution and water as the absorbent and absorbate,
respectively.First,wediscusstheheatandmasstransportandabsorptioncharacteristicsofa0.5mmthickLiBrsolutionﬁlmconstrainedbya
membrane,asabasecase.Then,weimplementmicroscalefeatureson
the bottom of the solution channel to induce vortices and investigate
theireffectsontransportwithintheabsorbentlayer.Finally,weanalyze
theeffectontheabsorptionrateofplacingthermallyconductingwallsat
the side boundaries of the ﬂow (implemented for better cooling of the
solutionﬂow).

An experimental study is conducted to verify the numerical
method. This section provides a brief overview of the experimental
setup and measurement procedure and uncertainties. Further details on the experimental setup, test procedure, and uncertainty
analysis are provided in Refs. [3e5].
2.1. Experimental setup
Fig. 2 depicts a photograph of the experimental setup. The
experimental loop consists of a LiBr solution line and a refrigerant
(water) line. The solution line consists of an absorber, desorber,
pump, ﬁlter, solution reservoir, Coriolis mass ﬂow meter, and two
solution heat exchangers. A photograph of the absorber heat
exchanger with a PTFE (polytetraﬂuoroethlyene) membrane
bonded over its surface is shown in Fig. 3. The water line consists of
an evaporator, condenser, Coriolis mass ﬂow meter, and a water
reservoir. In the solution line, a micro gear pump (HNP Mikrosysteme, Germany) drives the weak LiBr solution to a Coriolis mass
ﬂow meter (Bronkhorst, USA) and then through a solution heat
exchanger where the solution is preheated to a desired temperature before entering the desorber. In the desorber, the weak LiBr
solution is heated by a thin ﬁlm heater (Omega Engineering, CT) to
desorb water. The desorbed water vapor ﬂows to a condenser and
the strong LiBr solution leaves the desorber and ﬂows through a
heat exchanger, where it is cooled to a preset temperature before it
enters the absorber. The condensed water leaves the condenser and
ﬂows through a Coriolis mass ﬂow meter (Micro Motion, CO) to the
evaporator, where it is vaporized and supplied back to the absorber.
The strong solution ﬂows through the absorber and absorbs the
water vapor generated in the evaporator. The weak solution leaving
the absorber ﬂows through a ﬁlter and is pumped back to the solution pre-heater and then to the desorber to complete the cycle.
The desorber and evaporator heat exchangers are heated by ﬂexible
heaters. The experimental loop is also equipped with two small
reservoirs with sight glass to monitor the liquid in the solution and
in the water lines. These reservoirs also serve as compensation
chambers and assist in proper charging of the loop. The data are
measured by pressure transducers, thermocouples, and mass ﬂow
meters and are recorded by a data acquisition system.

Fig. 2. A photograph of the assembled experimental setup.
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Table 1
Variable uncertainties.

uj
Fig. 3. A photograph of the absorber heat exchanger with a PTFE membrane bonded
over its surface (Bonding method is described in Mortazavi and Moghaddam [43]).

2.2. Experimental procedure and uncertainty
The system solution loop was charged with a 55% LiBr solution
inhibited by Lithium Molybdate (Leverton-Clarke Ltd., UK). The
water line was charged with degassed and deionized water. Each
experimental run began by operating the solution pump and
setting the ﬂow rate to a desired value. The water chiller was then
turned on and the temperature of the absorber cooling water was
set. A valve between the evaporator and absorber was then opened
to begin the absorption process. Next, the TEC (Thermo Electric
Cooler) modules were turned on and the inlet temperatures to the
absorber and desorber heat exchanges were set. Once the desired
temperatures were reached, the desorber and evaporator heaters
were powered on. Changes in temperatures, pressures, and mass
ﬂow rates were monitored continuously. The system was assumed
to have reached steady-state when variations in the absorber
pressure and the solution density were within 10 Pa and 5 kg/m3,
respectively, for at least 30 min. The absorption rate was then
directly measured by the water line mass ﬂow meter.
The accuracy of the water mass ﬂow meter that directly measures the water absorption rate is 1%. However, due to the unsteady nature of the condensate ﬂow, a ﬂuctuation of up to 5% was
recorded during the experiment. The reported absorption rates are
the average of the measured values over a period of time, after the
system reached a steady state. The concentration uncertainty is
calculated using the following equation:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 

2
vX
vX
Dr þ
DX ¼
DT
vr
vT
where X and T are the solution concentration and temperature,
respectively, and r is the solution density. Table 1 lists uncertainty
in all measurements.
3. Numerical simluation

vui
1 vp
vui
¼ 
þv
r vxi
vxj
vxj vxj

(1)

uj

vTi
vT
¼ a
vxj vxj
vxj

(2)

0.5%
5 kg/m3
5%
0.2%
0.3  C

(3)

where u is the velocity, r is the solution density, n is the kinematic
viscosity, p is the ﬂuid pressure, T is the solution temperature, a is
the thermal diffusivity, X is the solution concentration and D is the
mass diffusivity.
In a membrane-based absorber, the vapor has to pass through
the membrane pores before interacting with the LiBr solution. Flow
through a porous membrane can be classiﬁed as viscous, transitional, or free molecular ﬂow regimes depending on the magnitude
of the Knudsen (Kn) number. Kn number is deﬁned as the ratio of
the mean free path (l) to the pore diameter (dp):

Kn ¼

l

(4)

dp

The mean free path is given by Ref. [44]:

k T

l ¼ pﬃﬃﬃ b 2
2p d p

(5)

where kb is the Boltzmann constant, T is the absolute temperature,
d is the molecular diameter, and p is the vapor pressure. To calculate
the mass ﬂux through the membrane, the ﬂow regime must be ﬁrst
determined. Beskok and Karniadakis [45] classiﬁed the ﬂow regime
as free molecular regime for Kn > 10 and as transitional ﬂow regime
for 0.1 < Kn < 10. The vapor pressure at 5  C (the operating temperature of a typical evaporator) is 873 Pa. The diameter of the
water molecule is 2.7  1010 m. Using these values, we calculate a
water molecule mean free path of 13 mm. Since the optimal
membrane pore size for this application is expected to be less than
1 mm (membranes with this pore size range have a reasonable
liquid breakthrough pressure for this application [3]), the vapor
ﬂow through the membrane pores falls in the transitional or free
molecular ﬂow regime. According to the Dusty-Gas model [46], the
mass transfer through a membrane consists of diffusion and
viscous ﬂuxes. The molar diffusion ﬂux is given by:

ND ¼ Dke

3.1. Governing equations

uj

Uncertainty

Pressure
Density (kg/m3)
Absorption rate
Solution ﬂow rate
Temperature ( C)

vX
vX
¼ D
vxj
vxj vxj

Dke ¼

To formulate the problem, a continuum-based approach is used.
Fluid ﬂow is considered to be steady, laminar, and incompressible.
The governing equations can be written as:

Variable

1
Dp
RT

2εr
3s

rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8RT
pM

(6)

(7)

where R is the gas constant, M is the molecular weight, r is the pore
radius, ε is the membrane porosity, and s is the membrane tortuosity. The molar viscous ﬂux is given by:

NV ¼

p εr 2
Dp
RT m 8s

(8)

where m is the viscosity and p is the pressure. The total mass ﬂux
through the membrane pores can be written as the sum of the
diffusion and viscous ﬂuxes:

N ¼ ND þ NV

(9)
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The vapor mass ﬂux through the membrane can be then
computed from Ref. [2]:

J ¼ km ðpv  pi Þ; km ¼ 

M

dm

!
Dke pB0
þ
RT RT m

(10)

where km is the membrane mass transfer coefﬁcient or permeability, pv is the water vapor pressure, pi is the water vapor pressure
of the solution at the interface and dm is the membrane thickness.
To evaluate the accuracy of Eq. (10), permeability of nanoﬁbrous
membranes with different pore sizes were experimentally
measured. Tests were performed at a ﬂow rate of up to
0.01 kg m2 s1 and an absolute pressure of 0.85 kPa. The results,
provided in Ref. [5], are within 5% of Eq. (10) predictions. Also,
experimental studies on a membrane-based absorber by Isfahani
and Moghaddam [3] suggested that a nanoﬁbrous membrane with a
pore size of 1 mm has a relatively low pressure drop compare to the
overall pressure potential that drives the absorption process. Measurements on a 160-mm-thick solution ﬁlm over an absorption rate
of 0.002e0.006 kg m2 s1 suggested that the dominant resistance
is mass transfer through the solution (Pi  Ps) and membranes
contributes approximately 20% to the overall resistance.
At the membrane surface, it is supposed that the LiBr solution
and the vapor are at an equilibrium state. Mass ﬂux across the
membrane compared to mass ﬂux along the channel as well as heat
transferring to the vapor phase through the membrane are all
assumed to be negligible. Therefore, at the membrane surface, the
following heat and mass boundary conditions are used [2,29,47e
49]:

vT
¼ hðT; XÞ:km ðpv  pi ðT; XÞÞ
vn

DðT; XÞ: rðT; XÞ

(11)

vX
¼ km ðpv  pi ðT; XÞÞ
vn

(12)

7

(kg /m s)

h=160 μ m, Exp. Data
h=160 μ m, Num. Data
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3
2

0.6
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1.2
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1.5

1.8

2.1



n¼

l


1 2
c dt
2 s

(14)

where Cs is the speed of sound. This choice of the viscosity makes
formally the LBGK scheme a second order method for solving
incompressible ﬂows [53]. The positivity of the viscosity requires
that l > 0.5. In Eq. (13), fa(Xi, t) is the discretized distribution
ðeqÞ
function associated with the a-th discrete velocity ea and fa is the
corresponding equilibrium distribution function.
The macroscopic quantities (such as mass density r and mo!
mentum density r u ) can be obtained by evaluating the hydrodynamic moments of the distribution function f as follows:

r¼

X

r!
u ¼

faeq

X
a

(15)

eq !
fa e a

(16)

For a more detailed discussion about LBM, the readers are
referred to a prior publication [53].
The grid dimensions of the computational domain were 5 mm in
all three directions. A grid independence study was performed to
ensure that the computational results are independent of the grid
size. The maximum error in the absorption rate was found to be less
than 2% when the grid size was reduced by a factor of 2.

(c)

10

h=160 μ m, Exp. Data
h=160 μ m, Num. Data
4

3

2

1

(13)

where ea is the discrete particle velocity set, l the normalized
relaxation time, and Xi a point in the discretized physical space. Eq.
(13) is in fact the discrete lattice Boltzmann equation [52] with BGK
approximation [45]. The viscosity in the NeS equation derived from
Eq. (13) is:

5

Absorption Rate x 10

(kg /m s)
Absorption Rate x 10

l

(b)

8

1

i
1h
ðeqÞ
fa ðXi þ ea dt; t þ dtÞ  fa ðXi ; tÞ ¼  fa ðXi ; tÞ  fa ðXi ; tÞ

a

where h is the latent heat of evaporation, r is the solution density,
and n is the interface normal direction. The LiBr properties are
provided by McNeely [50].
No-slip and no-ﬂux boundary conditions are used for momentum and the concentration equations respectively at the
cooling surface. A linear temperature distribution is used at the
cooling surface. The temperature and concentration are speciﬁed at
the inlet, while a zero gradient boundary condition was used for
both the temperature and concentration at the outlet. Also, symmetric conditions are applied on the sides of the ﬂow domain.

(a)

To solve the governing equations with the mentioned boundary
conditions, an in-house computational ﬂuid dynamics solver based
on the LBM (Lattice Boltzmann Method) and a ﬁnite difference
method for the concentration and temperature ﬁelds are used. A
detailed description of the code is provided in Yu and Ladd [51].
In the LBM, the ﬂuid is simulated by ﬁctive particles with a mass
! !
distribution function of f ð x ; e ; tÞ. To predict the motion of these
particles, the Boltzmann equation is solved over a discrete lattice
mesh. The popular SRT (single relaxation time) model, with the
time step dt and space step eadt, is:

Absorption Rate x10 (kg m s )

kðT; XÞ

3.2. Numerical solution

24

26

28

30

32

Cooling Water Temperature ( C)

34

36

8

Θ

∗

6
4
2
0

Ali and Shwerdt(2009)
Medrano et al.(2002)
Islam(2008)
h=160 μ m, Exp. Data
h=500 μ m, Base case
h=500 μ m, Micro-ridges

∗
Θ
400

700

1000
1300
P -P (Pa)

1600

Fig. 4. Absorption rate as a function of vapor pressure (a) and cooling water temperature (b); comparison of absorption rate, as a function pressure potential, with those of other
studies (c).
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5. Results and discussion

Table 2
Input parameters of the numerical model.
Parameter

Value

Vapor saturation temperature, Tv
Inlet solution temperature, Ti
Inlet solution concentration, Ci
Solution mean velocity, u
Membrane porosity, ε
Membrane pore diameter, dm
Tortuosity, s
Membrane thickness, dm
Absorbent channel height, CH
Channel length, L

5 C
32.5  C
60%
0.05 m/s
60%
1 mm
1.0
20 mm
500 mm
600 mm

4. Experimental results and veriﬁcation of numerical model
First, the water vapor pressure was increased while the other
test parameters were kept constant (at a nominal set of values [3]).
Fig. 4a shows the effect of water vapor pressure on the absorption
rate. The results clearly show that increasing the water vapor
pressure (Pv) linearly increases the absorption rate. In a second test,
the solution water vapor pressure (Ps,w) was changed while the
vapor pressure was kept constant. The solution water pressure
varies with the solution temperature and concentration. In this test,
the change in the solution water pressure was achieved by varying
the solution channel wall temperature from 25 to 35  C in 2.5  C
increments. All other test conditions were kept constant at a
nominal set of values [3]. The results (cf. Fig. 4b) showed a linear
decrease in absorption rate with an increase in solution temperature (i.e. increase in the solution water vapor pressure). All absorption rates reported in Fig. 4a and b are normalized with respect
to the pressure potential (PvPs) and plotted in Fig. 4c. The solution
water pressure used in the calculation is the average of the absorber
inlet and exit. The results suggest that the absorption rate linearly
increased with the pressure potential regardless of the source of
change in pressure.
Fig. 4a and b also compare the numerical results with the
experimental data showing an overall agreement within 15%. This
difference between the numerical and experimental results could
be mainly due to uncertainty in the ﬁlm thickness, potential inaccuracy in the solution water vapor pressure correlations used in
numerical simulations and non-uniform wall temperature in the
experiment.

The validated numerical model is then used to analyze the
impact of chaotic advection on absorption characteristics of a thick
absorbent ﬂow constrained by a membrane. Table 2 lists the input
parameters to the model. The temperature of the channel bottom
wall was set to vary linearly from 27.5  C at the solution outlet to
32.5  C at the solution inlet, in order to resemble a counter ﬂow
heat exchanger conﬁguration.

5.1. Base case
Fig. 5a provides the concentration contours within the ﬂow
channel. A scale factor of 0.005 is used in the x direction to show the
entire ﬂow domain. The absorbate (water vapor) is absorbed into
the absorbent (LiBr solution) at the membraneeabsorbent interface
(i.e. the top surface of the model). As the solution ﬂows through the
channel, the thickness of the concentration boundary layer formed
at the interface increases. The boundary layer acts as a resistance to
mass transfer between the interface and the bulk of the solution.
The results clearly suggest that most of the solution is not involved
in the absorption process and leaves the channel at a high
concentration.
To further explain the results, variations of the bulk and interface concentrations along the channel are plotted in Fig. 6. At the
channel inlet, a high solution concentration (and therefore a low
water vapor pressure in the solution phase) results in rapid absorption of the water vapor into the solution. This high absorption
rate results in a sharp decline in the solution concentration at the
interface. However, due to the low diffusion rate of the water
molecules through the solution, this change is not reﬂected within
the bulk ﬂow. While the interface concentration decreases by 6.2%
(from 60% to 53.8%) over the 600 mm length of the channel, the
bulk concentration decreases by only 1.2% (from 60% to 58.8%) over
the same length.
Fig. 5b depicts temperature distribution within the ﬂow. The
results show a sudden increase in temperature of the interface
(Tinterface) at the channel inlet. This increase in temperature is due to
the release of a signiﬁcant amount of heat as a result of a high
absorption rate. As mentioned earlier, a high solution concentration
at the inlet is responsible for the high rate of absorption. This high
absorption rate also results in a sizeable increase in the bulk

Fig. 5. LiBr solution concentration (a) and temperature (b) contours within a 500-micron-thick and 600-mm-long ﬂow channel. Table 2 provides parameters used as input to the
simulation.
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Fig. 6. Variations of temperature and concentration at the interface and within the
bulk along the ﬂow channel.

temperature (Tbulk) at the channel inlet. However, the relatively
high heat diffusion rate in the LiBr solution results in rapid cooling
of the interface. Thereafter, both the interface and the bulk temperatures closely follow the cooling surface temperature. Comparisons between the interface and bulk values of the temperature
and concentration proﬁles clearly indicate that the absorption
process in this solution is mass-transfer limited.
Fig. 7 depicts the water vapor absorption rate into the solution
ﬁlm. The highest absorption rate is achieved at the channel inlet. This
is due to the high concentration of the solution at the inlet. The absorption rate thereafter declines as the concentration boundary layer
near the vaporesolution interface grows. The average absorption rate
over the entire channel length is 0.0016 kg/m2s (cf. Fig. 4c).
5.2. Implementation of surface-induced vortices
The heat and mass transfer process discussed in the previous
section (i.e. the base case) is diffusion dominated, since the ﬂow is

4

3

-2 -1

Absorption Rate x10 (kg m s )

5

laminar (Re ¼ 7). As mentioned in the introduction section, the
approach utilized here to overcome diffusion limitations involves
incorporation of staggered herringbone structures (hereafter called
“ridges”) on the ﬂow channel bottom wall. The ridges generate
anisotropic resistance to the absorbent ﬂow, which stretches and
twists a portion of the absorbent ﬂow volume. A parametric study
is conducted to determine the optimal ridge geometry for a
membrane-based absorber. Table 3 provides the list of variables
and their range used in the numerical simulations. The variables
RH, CH, S, a, P and J listed in the table are the ridge height, channel
height, distance between the ridges in the x-direction, ridge angle
with respect to the x-axis, ridge length in the y-direction, and the
absorption rate, respectively. The simulation results clearly suggested that relatively shallow ridges (e.g. 100-mm-deep, RH/
CH ¼ 0.2) have little impact on the absorption rate. The results
indicate that the ridges height should be more than 0.5 times the
main channel height (i.e. aspect ratio of RH/CH > 0.5) so that the
induced surface vortices can produce sufﬁcient momentum to
impact the main ﬂow and continuously replenish the interface with
a concentrated solution. Comparison of the absorption rate between cases with a RH of 100, 300, and 500 mm shows that
increasing the ridges depth directly enhances the absorption rate.
However, the current scalable and economical micromanufacturing technologies have limitations in producing deep
ridges. In the wet etching process utilized here a depth to width
ratio of more than one cannot be achieved. For this reason, a ridge
height of 300 mm is selected. Comparison of other simulated geometries shows that the maximum performance is achieved at
a ¼ 30 , S ¼ 600 mm, and P ¼ 660 mm. It is also determined that
ridges with long and short arms alternated after approximately 40
ridges (cf. Fig. 8) produce a higher absorption rate. This will become
evident when the physics of the mixing process is discussed in the
following sections.
Fig. 9 illustrates how the surface induced vortices control the
concentration distribution within the ﬂow. At any given crosssection two vortices are formed, one on each arm of the ridge. The
concentration contours indicate that the low concentration solution
at the vaporeliquid interface is advected down towards the bottom
of the channel by the transverse velocity generated by the vortices.
Switching between the ridges (cf. Fig. 8) reorganizes the vortices
across the cross-section and mixes the low concentration solution
with a higher concentration solution formed at the center of the
larger vortex. The concentration contours shown at different crosssections of the ﬂow channel (cf. Fig. 9) illustrate this process.
Fig. 10 shows the y and z components of the velocity vector
along the microchannel at y ¼ 180 mm and z ¼ 750 mm (i.e. 50 mm
below the vaporeliquid interface). The results clearly show a major
difference (approximately 4e5 times) between the y component of
the velocity on the long and short ridges. The maximum transverse
velocity in y direction occurs on the long arm of the ridges and the
average value of y-velocity is 1.4 mm/s, which is 12% of the x
component of the velocity.

3
Table 3
Effect of the ridge geometry on the absorption rate.
RH (mm)

2

1

0

100

200

300

400

500

x (mm)
Fig. 7. Variations of absorption rate along the solution channel.
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Fig. 8. A top view and 3D schematics of a ﬂow channel showing the ridges on the channel bottom wall along with herringbone structures made of cupper through wet etching
process.

Fig. 11a depicts the concentration contours at Y ¼ 180 mm cross
section. The results clearly illustrate how the implementation of the
ridges substantially changes the concentration distribution in the
absorbent ﬁlm. The solution is well mixed, and mass transfer inside
the ﬂow channel is no longer dominated by molecular diffusion.
The surface induced vortices take the absorbent from the bulk ﬂow
to the vaporeliquid interface and continuously interrupt the concentration boundary layer growth. In other words, the absorbed
water molecules are advected away from the interface and a high
solution concentration is always maintained at the vaporeliquid
interface.
The temperature contours, provided in Fig. 11b, show that the
advection process also signiﬁcantly impacts the temperature ﬁeld.
The mixing of the warmer solution from the vaporeliquid interface
with the relatively cooler bulk solution distributes the interface
heat throughout the bulk. However, because the diffusive heat
transport mechanism is still signiﬁcant, compared to the advective
heat transport mechanism, a thermal gradient in the z-direction is
established.
To better illustrate the role of mixing in the absorption process,
variations of the interface and bulk values of the concentration and
temperature are plotted in Fig. 12. The results show that, as
compared to the base case (cf. Fig. 5), the bulk concentration (Xbulk)
more closely follows the interface concentration (Xinterface), with
about a 2% difference through the entire channel length. The results
also show a signiﬁcant ﬂuctuation (close to 0.5%) in the interface
concentration. The physics of the mixing process involving the two
vortices formed over the long and short arms of the ridges is
responsible for this phenomenon. As mentioned earlier, the
strength of the large and small vortices is signiﬁcantly different.
This difference in the strength of the vortices is highlighted in

Fig. 10, where the y component of velocity on the long arm of the
ridge is seen to be 4e5 times larger than y component of velocity
over the short arm of the ridges. Reduction in the y component of
the velocity (e.g. at x ¼ 30 mm) slows the interface replenishment
process, resulting in a decrease in the interface concentration. The
interface concentration increases again when the solution ﬂows on
the long arm of the ridges (e.g. at x ¼ 60 mm). This phenomenon is
also responsible for ﬂuctuations of the interface temperature.
Fig. 13 provides the results on absorption rate along the channel
length. As in the base case (cf. Fig. 7), the high inlet absorption rate
quickly declines within a short distance from the inlet. However,
the rate of this decline is signiﬁcantly slower than that of the base
case. After this rapid decrease in the absorption rate, the absorption
rate stabilizes at a much higher rate than that of the base case due
to the fact that the modiﬁed ﬂuid ﬂow replenishes the vaporeliquid
interface with a concentrated solution. The absorption rate also
ﬂuctuates. The increasing trend at each ﬂuctuation reaches a
maximum within a short distance, after which the absorption rate
starts to decline. However, switching between the position of the
short and long arms of the ridge (cf. Fig. 8) reverses the trend and
the absorption rate increases again. Alternating between the two
surface patterns continuously brings the concentrated solution
from the middle of the vortices to the vaporeliquid interface (cf.
Fig. 9). This is essential to maintaining a high absorption rate. If this
alternation does not take place, the absorption rate continuously
declines. Overall, the process results in an average absorption rate
of 0.004 kg/m2s, which is approximately 2.5 times higher than the
absorption rate achieved in the base case (cf. Fig. 4c).
The enhancement in the absorption rate proportionally increases the heat release at the vaporeliquid interface. The results
also show a signiﬁcant ﬂuctuation in the interface temperature. The

Fig. 9. A 3D view of concentration contours showing two vortices formed on the short and long arms of the micro-ridge structure.
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Fig. 12. Variations of temperature and concentration at the interface and within the
bulk along the ﬂow channel incorporating micro-ridges on the channel bottom wall.

Fig. 10. Variations of the y and z components of the velocity vector along the microchannel at y ¼ 180 mm and z ¼ 750 mm for channels with and without sidewalls.

amplitude of these ﬂuctuations increases as the difference between
the solution temperature at the interface and at the cooling surface
increases along the channel.
5.3. Implementation of conducting sidewalls
As discussed in the previous section, implementation of the
surface vortices enhanced the absorption rate. This increase in the
absorption rate resulted in signiﬁcant heating of the solution and
increased the interface and wall temperature difference. To better
cool the solution, we implement thermally conducting walls at the
sides of the ﬂow stream. Besides, the top surface of the sidewalls
provides a sufﬁcient space to bond directly the membrane on the
channels (cf. Fig. 3). Fig. 14 provides the temperature and concentration proﬁles for this case. The results indicate that adding the
sidewalls reduces the average temperature difference between the
interface and cooling wall to 1.27  C, from 3.45  C in the case of no

sidewalls. However, adding the sidewalls weakens the strength of
the vortices, as evidenced by the decrease in the y component of the
velocity (cf. Fig. 10). A comparison of the difference between the
concentrations at the interface and bulk (cf. Fig. 14) with that
presented in Fig. 12 (when no sidewall is present) suggests that
adding the sidewalls increased the difference from 3.25% to 4.3%. In
other words, although adding the sidewalls reduced the heat
transfer resistance, it slightly increased the mass transfer
resistance.
To evaluate the overall impact of adding the sidewalls, the absorption rate for this case is added in Fig. 13. A comparison of the
absorption rate obtained in this case with that of the case without
the sidewalls shows a decline in the absorption rate at the beginning of the channel. This decrease in absorption rate is due to a
reduction in the transverse velocity. However, due to signiﬁcant
improvement is the solution cooling process, a better absorption
rate is achieved over the second half of the channel length. Overall,
adding the sidewalls results in a marginal improvement of the
absorption rate to 0.0042 kg/m2s.

Fig. 11. LiBr solution concentration (a) and temperature (b) contours within a 500-micron-thick and 600-mm-long ﬂow channel incorporating micro-ridges on the channel bottom
wall. Table 2 provides parameters used as input to the simulation.
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To improve cooling of the solution ﬂow, addition of thermally
conducting sidewalls was examined. Adding the sidewalls
improved the heat transfer ﬁeld but hindered the surface induced
vortices and increased the mass diffusion resistance. Overall,
addition of the sidewalls further improved the absorption rate to
0.0042 kg/m2s.
The surface-induced vortices helped to move beyond the mass
diffusion limitation paradigm in absorbent ﬁlms. The implemented
geometry was only an example, and further enhancement of the
absorption rate could be achieved through tailoring of the microstructures design. Similarly, alternative conﬁgurations could be
utilized to better remove heat from the solution, particularly from
the vaporeliquid interface.
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6. Conclusion
The study enhanced our understanding of opportunities for
improving the absorption rate in a constrained absorbent solution
ﬁlm. The results showed that in the case of a 500-mm-thick solution
channel mass transfer rate is limited due to the formation of a thick
concentration boundary layer at the vaporeliquid interface. The
formation of the concentration boundary layer signiﬁcantly limits
the absorption rate to an average value of about 0.0016 kg/m2s.
Implementation of surface microstructures induces vortices within
the solution ﬂow, which changes the mass transfer regime from
diffusive to advective. The vortices continuously bring concentrated
solution from the bottom and middle of the solution channel to the
vaporeliquid interface. As a result, the absorption rate increases by
a factor of 2.5 to 0.004 kg/m2s.
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