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 A method for mixing an absorbent ﬁlm constrained by a porous membrane is introduced.
 The method involves continuous replenishment of the absorbentevapor interface.
 A desorption rate higher than that of boiling is achieved.
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A slow molecular diffusion rate often limits the desorption process of an absorbate molecule from a
liquid absorbent. To enhance the desorption rate, the absorbent is often boiled to increase the liquid
evapor interfacial area. However, the growth of bubbles generated during the nucleate boiling process
still remains mass-diffusion limited. Here, it is shown that a desorption rate higher than that of boiling
can be achieved, if the vaporeabsorbent interface is continuously replenished with the absorbate-rich
solution to limit the concentration boundary layer growth. The study is conducted in a LiBrewater solution, in which the water molecules’ diffusion rate is quite slow. The manipulation of the vaporesolution
interface concentration distribution is enabled by the mechanical conﬁnement of the solution ﬂow
within microchannels, using a hydrophobic vapor-venting membrane and the implementation of microstructures on the ﬂow channel’s bottom wall. The microstructures stretch and fold the laminar
streamlines within the solution ﬁlm and produce vortices. The vortices continuously replace the
concentrated solution at the vaporesolution interface with the water-rich solution brought from the
bottom and middle of the ﬂow channel. The physics of the process is described using a combination of
experimental and numerical studies.
Published by Elsevier Ltd.
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1. Introduction
The desorption process is utilized in many industrial applications, such as absorption refrigeration systems (ARSs). Desorbers
involving nucleate pool boiling [1e3] and falling ﬁlm over horizontal or vertical tubes [4e6] are the common conﬁgurations in
lithium bromide (LiBr) ARSs. In the pool boiling conﬁguration, as
the name implies, water is boiled off from a pool of LiBr solution. In
a falling ﬁlm desorber, the LiBr solution is sprayed over a tube
bundle while the heating medium ﬂows inside the tubes. The
falling-ﬁlm type of desorbers are more suitable for ARSs, particularly with low temperature heat sources [7], since the formation of
thin solution ﬁlms over the tubes facilitates water desorption. At
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low surface temperatures, water directly diffuses out of the solution
ﬁlm, as long as the solution temperature is high enough to sustain a
solution water vapor pressure above the external vapor pressure.
When the wall temperature sufﬁciently exceeds the solution
saturation temperature, desorption also begins to take place into
bubbles nuclei formed at the solideliquid interface. Charters et al.
[1] and Yoshitomi et al. [8] suggested that a superheat temperature
(the difference between the wall and the solution saturation temperature) of approximately 10  C is required for boiling inception. It
is known that the water bubble growth rate is signiﬁcantly slow [9]
because of the low water diffusion coefﬁcient in the LiBr solution. In
other words, bubble growth in the LiBr solution is limited by mass
diffusion rather than by heat transfer, as in pure water. Consequently, a signiﬁcant surface superheat temperature is required to
grow the bubbles large enough to enable departure from the heat
transfer surface (the buoyancy force should overcome the surface
tension force for departure).
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An increase in the desorption rate and a reduction of the
required surface superheat temperature have often been desired
for the obvious reasons of reducing the size of a desorber and
lowering its required heating medium temperature. The need for
the implementation of renewable energy sources for heating/
cooling buildings has invigorated efforts to advance the absorption
cycles technology. In the use of an absorption cycle with solarthermal collectors or photovoltaics with waste heat recovery, the
reduction of the required heat source temperature beneﬁts the
system and enhances the prospect of directly converting solar heat
to a cooling effect. However, operation of absorption cycles at high
temperatures often reduces the efﬁciency of solar collectors and
limits the applicable collector technologies.
A recently proposed desorber conﬁguration [10e15] has provided an opportunity to achieve the aforementioned objectives. In
the new approach, the LiBr solution is mechanically constrained
within a desired thickness by a vapor-permeable hydrophobic
membrane. The membrane allows the vapor to exit the ﬂow while
the liquid is retained. Conﬁnement of the ﬂow provides a level of
control over the thermohydraulics of the ﬂow unachievable in a
falling ﬁlm desorber conﬁguration. Experimental studies on thin
solution ﬁlms within microchannels with smooth walls have
shown a signiﬁcant enhancement in desorption rate as compared
to the existing falling ﬁlm technology [12,13]. In this work, further
enhancement of the desorption process is sought through utilization of microstructures on the microchannel walls. Such structures
have been readily implemented in mixing the laminar ﬂow in
microchannels [16e19]. In this case, conﬁnement of the LiBr solution ﬂow has provided an opportunity to similarly manipulate the
microscale transport events within the solution ﬁlm. The objective
here is to always move the concentrated solution away from the
membraneesolution interface, and carry the water-rich solution
from the middle and bottom of the ﬂow channel to the membranee
solution interface.
In the following sections, ﬁrst, the desorption process from a
solution ﬂow conﬁned within microchannels with smooth walls is
experimentally studied. The studies are conducted in single and
two phase ﬂow regimes. Then, a numerical model is utilized [10,14]
to illustrate mass diffusion limitations of the process. Finally, the
numerical model is used to study the impact of surface microstructures on the desorption process. It is shown that a desorption
rate higher than that of the boiling regime could be achieved.

Hastelloy over a 5.7  8.9 cm2 area. A hydrophobic nanoﬁbrous
membrane is placed on the solution microchannels and secured in
place by a perforated stainless steel sheet. This arrangement forms
200  10 mm thick solution channels (veriﬁed by comparing the
solution pressure drop with the laminar ﬂow theory). Twelve
thermocouples are installed within three trenches machined on the
backside of the Hastelloy plate to measure the wall temperature.
The remaining space within the trenches is ﬁlled with a high
temperature conductive epoxy, and a ﬂexible thin-ﬁlm heater
(Omega Engineering, CT) is subsequently assembled over the entire
surface.
To test the desorber, a micro gear pump (HNP Mikrosysteme,
Germany) drives the weak LiBr solution through a solution heat
exchanger, where the solution is preheated to the desired temperature before entering the desorber. In the desorber, the weak
LiBr solution is heated by the thin-ﬁlm heater to desorb water. The
desorbed water vapor ﬂows to a condenser, and the strong LiBr
solution leaves the desorber and enters a Coriolis mass ﬂow meter
(Bronkhorst USA), where the LiBr solution ﬂow rate and concentration are evaluated. The condensed water leaves the condenser
and ﬂows through a Coriolis mass ﬂow meter (Micro Motion, Inc.),
where the desorption rate is directly measured. Three pressure
transducers with a range of 0e100 kPa have been installed to
monitor desorber pressure conditions. Two of the transducers
measure the LiBr solution ﬂow pressure at the desorber inlet and
outlet. The average solution pressure (Ps) is calculated using the
readings of these transducers. The third transducer measures the
vapor pressure (Pv) at the desorber vapor exit. Further details
regarding the experimental loop are available in Isfahani and
Moghaddam [11]. All tests are conducted at a solution ﬂow rate of
2.5 kg/hr and a solution inlet temperature of 60  C.

2. Experiment

ruj ui;j ¼ p;i þ mui;jj

(1)

uj T;j ¼ aT;jj

(2)

uj X;j ¼ DX;jj

(3)

A schematic of the desorber heat exchanger is provided in Fig. 1.
The overall size of the desorber is 16.8  16.5 cm2. The solution
microchannels are machined on a corrosion-resistant C-22
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Fig. 1. Schematic diagram of the desorber heat exchanger.

The numerical domain is a rectangular microchannel with a
porous hydrophobic top wall and a heated bottom surface. For a
detailed discussion about the solver and the numerical procedure,
the readers are referred to our prior publication [10,14]. Here, a
brief overview of the modeling approach is provided. The numerical procedure consists of two steps. In the ﬁrst step, a continuumbased approach is used to model the heat and mass transport inside
the solution. The governing equations can be summarized as:

where m is the dynamic viscosity, a is the thermal diffusivity, and D
is the mass diffusivity.
In the second step, to simulate the vapor ﬂux through the
membrane, the Dusty-Gas model [20] is used, since the ﬂow is in
the transitional or free molecular ﬂow regime [10]. The accuracy of
the model has been established in a recent study [12].

Mass flow meter
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3. Numerical modeling

P
Strong
solution

i
h


J ¼ km Pv  Ps;w ; km ¼ ðM=dm Þ Dke =ðRTÞ þ PB0 =RT m

(4)

where km is the membrane mass transfer coefﬁcient, Pv is the water
vapor pressure, and Ps,w is the water vapor pressure of the solution
at the interface.
At the vaporesolution interface, it is assumed that the water
vapor and LiBr solution are in equilibrium [10,14,20,21]:
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The LiBr properties were obtained from Ref. [22]. To solve the
governing equations with the mentioned boundary conditions, an
in-house computational ﬂuid dynamics solver based on the Lattice
Boltzmann Method (LBM) is used [23,24]. A grid independence
study was performed. The grid size is 3 mm in all three directions.
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Fig. 2. Variations of the desorption rate versus the wall temperature at different vapor
and solution pressures. SPh and TPh stand for single-phase and two-phase desorption
modes, respectively. The red dash line marks a signiﬁcant change in the rate of increase
is desorption, suggesting a shift from SPh to TPh desorption mode. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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4. Results and discussion

As mentioned earlier, ﬁrst, the desorption process in microchannels without any surface features was experimentally and
numerically studied. Fig. 2 shows the experimental desorption
rates (all unﬁlled symbols) as a function of wall temperature. The
wall temperature, Tw, is the average reading of the twelve thermocouples imbedded within the heated wall.
The ﬁrst test was conducted at a vapor pressure (Pv) of 6 kPa
(vapor pressure in a typical single-effect ARS is between 5 and
10 kPa, depending on the condenser temperature), a solution
pressure (Ps) of 23 kPa, and a solution concentration of 48%. Solution pressure was selected sufﬁciently higher than the vapor
pressure such that both modes of desorption could be realized. As
shown, the ﬁrst non-zero desorption rate was measured at a surface temperature of approximately 60  C. Desorption at this temperature is due to a positive driving pressure between the solution
water vapor pressure (Ps,w) and the external vapor pressure (i.e.
Ps,w  Pv > 0). Thermodynamic properties of the LiBr solution at the
desorber inlet concentration conﬁrm that the solution water vapor
pressure exceeds 6 kPa at a solution temperature of 60  C (cf. Fig. 3).
The desorption rate then steadily increases with the wall temperature at a moderate pace, since increasing the solution temperature
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Fig. 3. Solution water vapor pressure (Ps,w) as a function of temperature and concentration and solution saturation temperature (Tsat) as a function of solution pressure
and concentration (prepared using Engineering Equation Solver (EES) software,
McGraw-Hill).

increases the solution water vapor pressure, and consequently increases the driving pressure potential. The desorption rate diminished when the vapor pressure was increased to 10 kPa, due to
reduction of the pressure potential.
Fig. 2 also provides a comparison of the numerical and experimental results. The numerical results (color ﬁlled symbols) closely
follow the experimental data. The small difference between the
two could be mostly due to uncertainty in the ﬁlm thickness, potential inaccuracy in the solution water vapor pressure correlations
used in the numerical code, and non-uniformity of the wall temperature. Also, to understand the cause of the observed decline in
the rate of increase in the desorption rate at moderate surface
temperatures, a set of numerical simulations was conducted. The
results suggested that a small variation in the solution concentration entering the desorber is responsible for the observed behavior.
Although efforts were made during the tests to maintain a constant
inlet concentration, the system stabilized at a slightly different
concentration in each test. This resulted in a gradual increase in the
solution inlet concentration from 48% to 51% within a wall temperature range from 60  C to 83  C. For a detailed discussion on this
subject, readers are referred to Ref. [13].
At the solution pressure of 23 kPa, when the wall temperature
was increased a few degrees above the solution saturation temperature (about 93  C at the average solution concentration of 52%,
cf. Fig. 3), the desorption rate started to signiﬁcantly rise (cf. Fig. 2),
signifying a change in the desorption regime. This change was
associated with some ﬂuctuations in the desorption rate, solution
ﬂow rate, and pressure readings due to instabilities associated with
boiling the solution ﬂow. In a subsequent test, the solution pressure
was increased to 30 kPa in order to suppress boiling by increasing
the solution saturation temperature (to about 103  C at an average
concentration of 53%, cf. Fig. 3), while the other test conditions
were kept the same. The test results are compared in Fig. 2,
showing a lower desorption rate when boiling is suppressed. Fig. 4
provides a numerical depiction of the LiBr concentration distribution at the solution pressure of 30 kPa (the inlet concentration is
52%). The ﬁgure highlights the fact that a signiﬁcant portion of the
solution does not participate in the desorption process due to a
slow water molecules diffusion rate. A comparison of the numerical
(i.e. “Base Case”) and experimental desorption rates are also provided in Fig. 2.
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Fig. 4. LiBr solution concentration contours within a 200-mm-thick and 89-mm-long
ﬂow channel.

4.2. Implementation of surface-induced vortices
To continuously bring the water-rich solution in contact with
the membrane, micro-ridges are designed on the bottom wall of the
ﬂow channel (cf. Fig. 5i). Through a set of preliminary numerical
simulations, it was determined that the most important design
factor is the ridge depth to channel height ratio. A sufﬁcient depth is
necessary to generate strong secondary ﬂows capable of imparting
a signiﬁcant momentum to the main ﬂow stream. The results
presented here are for a depth to height ratio of one. Fig. 5i provides
details of the design implemented in the numerical simulation. In
Fig. 5ii, two pathlines in the solution microﬁlm are traced to illustrate the generation of transverse currents within the ﬂow stream.
Fig. 6i shows a 3D view of the concentration contours depicting
the impact of vortices on the concentration ﬁeld. The numerical
simulation presented in this section is conducted at a solution
pressure of 30 kPa, a vapor pressure of 10 kPa, an inlet concentration of 52%, and a wall temperature of 103  C. To better illustrate the
process (i.e. the replenishment of the concentrated solution at the
membraneesolution interface with the water-rich solution), the
concentration contours at different cross sections are provided in

Fig. 6. (i) A 3D view of concentration contours (ii) LiBr concentration contours at
different cross sections between x ¼ 0e29 mm.

Fig. 6ii. The cross sections are chosen between x ¼ 0 mm and
x ¼ 29 mm. At x ¼ 0 mm, the bulk solution concentration is 52%. As
the solution ﬂows along the microchannel, the vortices bring the
concentrated solution near the membrane down (cf. x ¼ 6e14 mm).
That volume of the solution is replaced with the water-rich solution
brought up from the bottom of the ﬂow channel (cf. x ¼ 18e
29 mm). The bulk concentration reached approximately 53.5% at
x ¼ 29 mm.
The concentration contours at y ¼ 1.32 mm cross-section are
shown in Fig. 7. A comparison of the results with those of the Base
Case (cf. Fig. 4) clearly shows that the introduction of micro-ridges
on the channel surface substantially modiﬁes the concentration
distribution. The transverse currents continuously interrupt the
boundary layer growth and result in a uniform concentration distribution at each cross-section (compare Figs. 4 and 7). It is
important to note that although the mass transfer mechanism
within the bulk ﬂow has changed from diffusion to convection, the
desorption process at the membraneesolution interface is still
diffusion limited.
Variations of important parameters in the solution ﬂow are
plotted in Fig. 8. At the desorber inlet, since the solution water
vapor pressure is signiﬁcantly lower than the external vapor

Fig. 5. (i) Staggered herringbone structures (i.e. micro-ridges) on the ﬂow channel
bottom wall (ii) two example pathlines in the solution ﬂow.

Fig. 7. LiBr solution concentration contours within a 200-micron-thick and 89-mmlong ﬂow channel incorporating micro-ridges on the ﬂow channel bottom wall.
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Fig. 8. Variations of concentration (C), desorption rate (J), and temperature (T) along
the ﬂow channel.

pressure, vapor is absorbed into the solution (i.e. a negative
desorption rate). This phenomenon results in a signiﬁcant
reduction in the interface concentration. But, the high heat
transfer coefﬁcient associated with the microchannel ﬂow results
in rapid heating of the solution ﬂow shortly after it enters the
desorber. As a result, the solution water vapor pressure exceeds
the external vapor pressure (i.e. 10 kPa), and the desorption
process begins. As the water vapor desorbs from the solution, the
interface and the bulk solution concentrations increase along the
ﬂow direction. The desorption rate gradually declines as the
overall concentration of the solution increases along the ﬂow
channel. The average desorption rate from the solution in this
case is approximately 0.0068 kg/m2 s, which is about 1.7 times
greater than that of the Base Case and 1.3 times higher than that
of boiling at the same surface temperature (see Fig. 2 for a
comparison of the results).
5. Conclusion
It is shown that the water desorption rate from a LiBr-water
solution ﬂow, when mechanically constrained by a porous membrane, could be signiﬁcantly enhanced through the manipulation of
the ﬂow thermohydraulic characteristics. The key limitation in the
desorption process is the slow diffusion of the water molecules
through the LiBr solution. To overcome this limitation, surfaceinduced vortices were introduced to continuously replenish the
concentrated solution at the membraneesolution interface with
water-rich solution. The process effectively changes the mass
transport mechanism within much of the solution ﬂow, from molecular diffusion to convection. As a result, the desorption rate
increased by a factor of 1.7 compared to that of direct diffusion, and
by a factor of 1.3 compared to that of boiling.
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