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Abstract

In the interest of reducing the size of absorption chillers, a novel adiabatic membrane-
based micro-absorber prototype is experimentally studied. Water—lithium bromide solution
is used as the working fluid flowing through 50 rectangular microchannels of 0.15 mm
height, 3 mm width and 58 mm length. In the present study, a laminated microporous
PTFE membrane of 0.45 um pore diameter, separating the solution from the vapour, is
tested. It incorporates a supporting layer of polypropylene. Different operating parameters
were tested, including the inlet solution mass flow rate, temperature and concentration and
the pressure potential for absorption. The measured concentration and temperature of the
solution at the absorber outlet are used to evaluate the mass transfer characteristics of the
micro-absorber. It is demonstrated that the process is controlled by the solution mass
transfer resistance. Calculated results of the absorption rate and the absorption ratio show
the advantages of the proposed design considering its compactness. The cooling power of a
hypothetical chiller equipped with the tested micro-absorber of 73.7 cm? effective volume,
for the range of variables considered in this study, is 41 W. The modular configuration of

the absorber allows to easily scale-up the cooling capacity.
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Nomenclature
A area (m?)

AR absorption ratio (kg kgsi'l)

dp membrane pore diameter (m)
height or thickness (m)
J absorption rate (kg m? s™!)
) width (m)
L total length of channels (m)
m mass flow rate (kg s™)
M molecular weight (kg kmol™)
P pressure (kPa)
R mass transfer resistance (kg™! Pa m? s)
Ru universal gas constant

T temperature (°C)

X lithium bromide mass fraction (kgpipr kgs')
Greek symbols
€ porosity

p density (kg m™)

T tortuosity
Subscripts

i inlet

m membrane

0 outlet

S solution

v vapour

va vapour absorbed
w wall



1. Introduction

The use of air-conditioning for space cooling is expected to rapidly increase due not
only to the rise in global temperatures, but also because the higher incomes in
developing countries and the derived urbanization advances. According to estimations
of Isaac and van Vuuren [1], the demand for residential space cooling will rise from
close to 300 TWh in 2000 to about 4000 in 2050 and more than 10,000 in 2100. Over
the next 30 years, according to the European Comission [2] and Jakubcionis and
Carlsson [3], the energy used to cool buildings across Europe is likely to increase from
about 35 TWh in 2015 to 78 TWh or even 137 TWh in 2050 (depending on the
considered scenario). At present, mechanical compression systems provide most of the
space cooling demand, contributing to global warming and greenhouse effect, which
could increase accordingly to the cooling demand.

Absorption chillers can effectively help to the reduction of CO, emissions as they
can use waste heat or renewable heat from solar thermal collectors in the form of hot
water for cooling purposes instead of fossil fuels for the electricity production. The
conventional configuration of the current systems employs shell and tubes heat and
mass exchangers with cooling power to absorber volume ratios around 451 kW/m? [4].
These shell and tubes exchangers have been successfully employed for cooling demands
in the order of tenths of kW or larger capacities. For lower cooling demands no
absorption units are commercially available for using in dwellings air-conditioning
appliances.

Recently, the utilization of membrane contactors in absorption cooling chillers has
been considered as an alternative technology for minimizing the size of these devices.
Because of its novelty, in the open literature, limited investigations have been carried
out on the utilization of membrane contactors in absorption cooling chillers. Major part
of the papers have been published in the last decade. A review of these systems has
been done by Asfand and Bourouis [5].

While previous works using the ammonia-water solution have already remarked the
high potential of the membrane absorption technology for volume and cost reduction of
absorption refrigerators, we will focus our research in the use of membrane-based
absorbers working with the water-lithium bromide (H2O-LiBr) solution. The chillers
using this solution do not require a rectification column, reach higher COPs and are

specially recommended for air-conditioning applications.
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Schwerdt [6] presented experimental results obtained using the H>O-LiBr solution.
According to Ali and Schwerdt [7,8], the main parameters to take into account in the
selection of the membrane, when working with the H>O-LiBr solution, are: no capillary
condensation of water vapour should occur in the membrane to avoid blocking of the
pores, the membrane thickness should take into account the resistance to mass transfer,
and the mechanical stability. A layer thickness up to 60 microns is a good compromise
between both constraints. A large pore diameter combined with a porosity value of 0.8
leads to an almost doubled water vapour flux through the membrane compared to a
porosity value of 0.5. The appropriate membrane should have a porosity ranging
between 0.7 and 0.8.

Considering the solution film thickness and solution velocity, experimental studies
of absorbers using the H>O-LiBr solution and a hydrophobic membrane of Ali and
Schwerdt [7], and simulations of Yu et al. [9] and Asfand et al. [10], lead to the main
similar conclusion: the absorption rate increases if the solution film thickness is reduced
and the solution velocity increases.

Isfahani and Moghaddam [11] tested an absorber using the H>O-LiBr solution and a
superhydrophobic nanofibrous membrane with nominal pore size of 1 micron and 80%
porosity. They obtained an absorption rate of about 0.006 kg/m?s, using channels of 100
micron thickness and a flow velocity of 5 mm/s. Isfahani et al. [12] presented a study on
the efficacy of highly porous nanofibrous membranes for application in membrane-
based absorbers and generators. Permeability studies showed that membranes with a
pore size greater than about 1 micron are valid for application in the absorber, while
smaller pores were found to be adequate for the generator. Some improvements to the
simple configuration of microchannels are now under investigation in order to increase
the absorption rate. Bigham et al. [13] used a combination of experimental and
numerical studies to illustrate the absorption/desorption process to/from a solution flow
confined within microchannels to study the impact of surface microstructures on the
absorption/desorption process, respectively. Isfahani et al. [14] used also surface
structures to manipulate the thermohydraulic characteristics of the H>O-LiBr solution
flow in a membrane-based absorber.

Venegas et al. [15] developed a simple model of a miniaturized absorber using
membrane technology validated using data of Isfahani and Moghaddam [11]. With this
model a parametric study evaluated the sensitivity of the ratio between the cooling

capacity of the chiller and the water-cooled absorber volume to changes in some
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operating and design parameters (Venegas et al. [16]). It was concluded that, at the
design stage, the most important parameters are porosity, pore diameter, solution
channels depth and membrane thickness. For an optimal performance during the
operation of the absorber, special care should be taken to select the adequate vapour
pressure and solution inlet temperature and concentration.

All of the previous studies considered the extraction of the absorption heat by a
cooling water flow. Besides, a further reduction in size of the absorber could be
achieved using adiabatic membrane microchannel heat exchangers. The processes
related to the mass and heat transfer in adiabatic absorbers was considered by Venegas
et al. [17], where a comparison between the adiabatic and the non-adiabatic membrane-
based absorbers using the water-lithium bromide solution served to identify the least
volume configuration. The final objective of the comparison was to minimize the
absorber volume, in order to reduce the size of absorption cooling chillers. The
adiabatic configuration has significant advantages respect to the non-adiabatic one in
terms of higher cooling power to absorber volume ratios and fabrication simplicity.

As can be seen from the literature review, there are no papers related to the
experimental evaluation of an adiabatic microchannel membrane-based absorber.
Therefore, a specific module has been built and tested. The present paper presents the
analysis of an adiabatic absorber using rectangular microchannels and a microporous
membrane. The module contains a vapour channel, separated from the solution by an
adjacent microporous membrane. The solution is confined in the rectangular
microchannels. A metallic wall separates the solution channels between them. Results
obtained for different solution mass flow rates, temperatures, driving pressures and
solution concentrations allow the evaluation of the mass transfer process in this kind of

novel adiabatic micro-absorber.

2. Experimental setup

A schematic cross-section and a photograph of the micro-absorber used in the
current study are shown in Fig. 1. It is a plate-and-frame membrane module, with the
geometrical data described in Table 1. The module contains a vapour channel, separated
from the solution by an adjacent microporous membrane. The solution flows confined

in rectangular microchannels mechanized in an AISI 316L plate (Fig. 2). Cooling water



channels are avoided because an adiabatic configuration is used. Additionally, a thin
perforated plate (Fig. 3) is located over the membrane, to keep it attached to the channel

walls.

Solution channels Membrane External walls
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/ / Vapour channel \ e
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Fig. 1. a) Cross-sectional scheme of the adiabatic absorber. b) Absorber tested.

Table 1. Geometrical data of the absorber, corresponding to the scheme represented in Fig. 1.

Parameter Value
Vapour channel height, e, (mm) 5
Solution channel height, e, (mm) 0.15
Solution channel width, /; (mm) 3
Width of the intermediate wall between channels, /,, (mm) 0.75
Length of channels, L (cm) 5.8




Fig. 3. Photograph of the stainless steel supporting plate, 1.5 mm thick, with holes of 3.2 mm

diameter.
The membrane characteristics correspond to a commercially available membrane,
usable in absorbers with the H>O-LiBr solution. The membrane selected, PTFE0453005

of Sterlitech [18], is shown in Fig. 4. Its main characteristics, detailed in Table 2,

include thickness, porosity and pore diameter data.

Fig. 4. Membrane used in the experimental tests (PTFE0453005). Microscopic image taken
from Sterlitech [18].



Table 2. Data of the membrane tested.

Parameter PTFE0453005
Supporting layer of polypropylene Yes
Thickness, e, (um) 76-127
Porosity (%) ~90

Pore diameter, dj, (um) 0.45

The absorber is integrated in a test bench for component characterization. The
schematic diagram is shown in Fig. 5. It is composed by a vapour generation system and
a solution line, including two solution tanks, a circulation pump and the absorber. The
measurement system incorporates two flowmeters, 5 pressure transducers and 6
thermoresistances. Stainless steel construction and inert polymers ensure a long life
against corrosion. Two Coriolis type flowmeters (CFMS010M), manufactured by
Micromotion™, allow measuring the mass flow rate and density of the concentrated and
diluted solution. The solution pump is of magnetic type and its flow rate is controlled by
a variable frequency driver. Temperature sensors, thermoresistance PT100 (OMEGA
series PR-17), and absolute pressure transducers (OMEGA PX409-005AI-EH) are used
at the inlet and outlet of the absorber. Uncertainty data of the measured variables are
specified in Table 3. They correspond to the values provided by the manufacturer of

each sensor. A photograph of the complete experimental test bench is shown in Fig. 6.



Vapour generator
T
D
{J

Thermostatic
bath

Solution feed
tank

®_‘

Solution heat
exchanger

Solution

’% e @

pump

Coriolis
mass flow meter

\—/

Thermaostatic
bath

Fig. 5. Scheme of the test bench.
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Fig. 6. Photograph of the test bench. 1-solution pump, 2-thermostatic system for temperature

regulation, 3-vacuum pump, 4-absorber, 5-Coriolis flowmeters, 6-vapour generation system.



Table 3. Uncertainty of measured variables.

Variable Type of sensor Range Uncertainty

T Platinum PT100 class A -30 -350°C £ (0.15+0.002*7) °C
p Coriolis flowmeter 0 — 5000 kg/m’ + 0.5 kg/m’

P Absolute pressure transducer 0— 5 psi +0.05% fs.

m Coriolis flowmeter 0.002 — 110 kg/h +0.1%

The facility incorporates a data acquisition system controlled by a computer. Data
acquired by all of the flowmeters and by the temperature and pressure transducers are

saved on-line in the computer at intervals of 1 second.

3. Data reduction

The following parameters described in this section are presented in order to

completely characterise the mass transfer process in the membrane-based absorber.

3.1. Absorption ratio
The vapour mass flow rate through the membrane (m,,,) is calculated taking into
account the conditions of the outlet and inlet streams in the absorber:
Myq = Mo — My; (1)
The absorption ratio AR indicates how much vapour is being absorbed by each
kilogram of solution circulated (Warnakulasuriya and Worek [19], Acosta-Iborra et al.
[20]). It 1s useful for cycle evaluation, as it is the inverse of the circulation ratio for

single pass absorbers:

= mva .
AR =) @)

3.2. Absorption rate
The absorption rate (J) depends on the mass flow rate of vapour absorbed and the

mass transfer area (4):

m
J=""/y 3)
The area 4 is calculated considering the effective contact area between the

membrane and the vapour channel. In this case it corresponds to that of the circular
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holes of 3.2 mm diameter, manufactured in the supporting stainless steel plate shown in

Fig. 3, which fixes the membrane to the top of the solution channels.

3.3. Mass transfer resistance

The overall mass transfer resistance is calculated using Eq. (4):

Py—Ps
R =22 (4)

P, and P; in Eq. (4) are, respectively, the pressure in the vapour channel and the
partial pressure of the water vapour, calculated at the inlet solution temperature (7§;) and
concentration (x;). The overall mass transfer resistance between water vapour and
solution (R) includes the resistance to diffusion through the solution boundary layer (Ry)
and the resistance to diffusion of water vapour through the membrane (Ry).

Depending on the value of the ratio between the molecules mean free path and the
pore diameter (Knudsen number), different mechanisms for vapour transport through
the membrane exist: Knudsen diffusion, transition flow and viscous flux (Poiseuille
flow). For each of these regimes, the transport resistance R,, is calculated in different
ways. For the experimental conditions used in the present work, Knudsen number varies
from 6.2 to 8.9. Consequently, a transition flow occurs through the membrane in the
absorber. In this case, according to the resistance analogy, the mass transport resistance

can be written as:

LMD Pufo) (5)

Rm  em \RuTm  RyTmWy
where:
0.5
Kk _ &p (M)
De Y M (6)
_ &3
Bo = 321 (7)

In Egs. (5) and (6), M is the molecular weight of water and R, is the universal gas
constant. In Egs. (6) and (7), € and 7 are the porosity and tortuosity of the membrane,
respectively. Tortuosity is calculated as a function of the membrane porosity, according

to Iversen et al. [21]:

2
=2 ®)
€
Finally, the solution mass transfer resistance is calculated from:
Rs =R =Ry )

Thermodynamic properties of the water-lithium bromide solution and water are

calculated using correlations developed by Patek and Klomfar [22] and Harr et al. [23].
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The viscosity and thermal conductivity of the water-lithium bromide solution are
computed using correlations provided by Lee et al. [24] and DiGuilio et al. [25]. The
transport properties of water are calculated using equations of the Electrical Research

Association [26].

4. Results and discussion

In the present study, experiments were conducted for evaluating the mass transfer in
the adiabatic micro-absorber. Some operating parameters controlling the process were
modified, including the inlet solution concentration, temperature and mass flow rate and
the pressure potential. The influence of these variables on the outlet solution
concentration and temperature, mass transfer resistances, absorption ratio and
absorption rate is shown in the following. An estimation of the cooling power that could
be provided with the adiabatic micro-absorber when used in a complete chiller is
presented.

Table 4 gives the average and maximum uncertainties obtained for the main
variables calculated in the present work (Taylor and Kuyatt [27]).Very low uncertainties

are shown, due to the high accuracy of the instrumentation used.

Table 4. Results of the uncertainty analysis for calculated variables.

Variable Average Maximum
Outlet solution concentration, x, 0.05% 0.05%
Pressure potential, P, - P, 0.5% 0.6%
Absorption ratio, AR 1.8% 3.8%
Overall mass transfer resistance, R 1.8% 3.9%
Membrane mass transfer resistance, R, 0.02% 0.02%
Solution mass transfer resistance, R 2.1% 4.2%
Absorption rate, J 1.8% 3.8%
Cooling power, QO 1.8% 3.8%

Experimental results shown in Figs. 7 to 11 were conducted at an inlet concentration
of 58.6%, with a standard deviation of 0.07%. The inlet solution temperature in these
experiments was 27.3 °C, with a standard deviation of 0.007 °C. Temperature of the

vapour generated in the thermostatic bath ranged between 31 and 34.7 °C. This
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temperature does not influence the vapour absorption process, as shown in Venegas et
al. [16]. Only the vapour pressure, fixing the pressure potential for mass transfer,
governs the process.

Fig. 7 shows the evolution of the solution concentration and density at the inlet and
outlet of the adiabatic absorber as a function of the pressure potential. This pressure
potential is defined as the difference between the vapour pressure and the partial
pressure of the water vapour, calculated at the inlet solution temperature and
concentration. Inlet and outlet densities were measured using the Coriolis flowmeters,
while the concentrations were calculated using the correlation of Patek and Klomfar [22]
as a function of the measured density and temperature. A linear relationship is observed in
Fig. 7 between the solution concentration and the pressure potential. An increase of the
latter produces a higher mass transfer from the vapour channel to the solution side, diluting
more the solution. For example, when the pressure potential increases from 3.1 to 3.8 kPa,
the solution concentration change rises from 1.4% to 3.5%. This pressure potential
corresponds, for example, to the case of using hybrid absorption-compression cooling
systems, in which a vapour compressor is used at the evaporator outlet, as shown in

Schweigler et al. [28]. These hybrid systems allow increasing the COP of the cycle.
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Fig. 7. Solution concentration and density at the inlet and outlet of the absorber as a function of

the pressure potential.
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Inlet and outlet measured solution temperatures in the adiabatic absorber are shown
in Fig. 8 as a function of the pressure potential. The outlet temperature increases with
the pressure potential. This is a result of the increase in water vapour absorption (as
shown in Fig. 7), which releases more heat in the process. This heat is stored in the
solution because no external cooling water flow is used in the configuration tested,
contributing to the increase of the solution temperature. The very high outlet
temperature values obtained in the current study show the possibilities of the adiabatic
absorber to increase the performance of the absorption cycle, due to the preheating
effect of the solution flowing to the desorber. In the conditions tested, temperatures of
up to 52 °C are obtained at the absorber outlet. As a result, the dimensions of the heat
recoverer can be reduced or evenly eliminated. In order to improve the total amount of
vapour absorbed, the solution can be subcooled in an external heat exchanger and
recirculated through the absorber.

The saturation temperature, calculated at the average solution pressure and
concentration between the inlet and outlet of the absorber, is also represented in Fig. 8.
It represents the temperature that the solution would reach in the case of becoming
saturated (equilibrium condition). It can be observed that the outlet temperature is still
below the saturation value even at the highest pressure potential used in the tests. It
means that the absorber length or the pressure potential can still be increased to reach

saturation.
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The different overall, membrane and solution mass transfer resistances were
calculated as described in section 3. They are represented in Fig. 9 as a function of the
pressure potential. In the present study the membrane resistance is much lower than the
solution resistance. It represents between 6.9% and 24.8% of the overall mass transfer
resistance. This result is similar to data reported by Isfahani and Moghaddam [11]. In
their experimental study the membrane resistance represented only between 10 and 15%
of the total resistance. According to these results, the solution resistance is the most
limiting and should be reduced in order to improve the mass transfer process. One way
to improve the solution mass transfer coefficient is to increase the solution velocity. In

the present study the velocity in the channels ranged from 3.8 mm/s to 7.7 mm/s.
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Fig. 9. Membrane, solution and overall mass transfer resistance as a function of the pressure

potential.

The absorption ratio obtained in the experiments is shown in Fig. 10 as a function of
the pressure potential. A positive linear relation is observed between both parameters,
indicating that the absorption capacity is directly related to the pressure potential.
Current absorption ratios (from 0.017 to 0.071 kgyva/kgsi) are higher than those obtained
in previous works performed using other configurations of adiabatic absorbers based on
water as refrigerant. Palacios et al. [29], using H>O-LiBr, obtained ratios below 0.016
kgva/kgsi, while Warnakulasuriya and Worek [19], using H,O-LZB™, reached 0.0055
kgva/kgsi as maximum. These last research were performed using adiabatic chambers in
which the solution was injected using various types of atomizers, dispersing the solution
in drops or sheets. Reasons for the differences may be attributed mainly to changes in
the configuration of the absorber, from cylindrical chambers to membrane-based

microchannels, and the operating conditions used during experiments.
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Fig. 10. Absorption ratio as a function of the pressure potential.

Fig. 11 shows, in the left axis, the absorption rate as a function of the solution mass
flow rate, for different values of the pressure potential. As expected, an increase of the
flow rate augments the amount of solution in contact with the vapour per second,
increasing the mass transfer. A larger pressure potential also contributes to improve the
absorption process, as discussed previously. The range of absorption rates obtained in
the present work are lower than those reported by Isfahani and Moghaddam [11] and
Isfahani et al. [12]. In their studies, absorption rates in the order of 1.7-107 to 7.8-10°
kg/m?s were obtained. Main cause for this difference is related to the adiabatic process
taking place in the current study, while cooling water was used in the cited research to
extract the heat released during absorption. The adiabatic absorption process increases
the temperature of the solution, reducing the potential for mass transfer respect to a non-
adiabatic process. Further reasons for the differences between current and previous
results are associated to dissimilar operating conditions, including different pressure
potential, and geometrical parameters used. These include different channel dimensions
(height, width and length), mass flow rates, solution and vapour pressures, solution inlet
temperature and concentration and membrane type. Results of Isfahani and Moghaddam

[11] are cited now because it is the only experimental research found in the open
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literature using a membrane-based absorber with rectangular microchannels and the
same solution.

On the right side of Fig. 11 the estimated cooling power of a hypothetical chiller
equipped with the novel tested micro-absorber is shown. The cooling capacity is
calculated through q, = myqhs4. The vaporization enthalpy, /iy, is obtained considering
that the evaporator is working at the pressure in the solution channels. For the
conditions essayed this cooling power reaches a maximum of 41 W. The effective
volume of the micro-absorber, taking into account the dimensions of the solution and
vapour channels, the membrane and the supporting plate, is 73.7 cm>. The maximum
ratio between the cooling power and the absorber volume obtained is 559 kW/m?>. The
high value of the cooling power density is associated to the high vapour pressure
(pressure potential) used in the experiments. This value is higher than the ones obtained

using falling film absorbers of conventional-diameter tubes [4].
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Fig. 11. Absorption rate and cooling power as a function of the inlet solution mass flow rate for
different pressure potentials. Continuous and dash lines corresponds to the linear fit of the

absorption rate and the cooling power data points, respectively.
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The pressure drop along the channels was estimated using correlation of Kandlikar
et al. [30]. It varies between 0.8 and 1.5 kPa. Pressure drop is an important parameter in
the performance of the chiller. A pressure reduction translates in a decrease of the
saturation temperature for the given solution mass fraction. Consequently, in the case of
the absorber, this saturation temperature decrease reduces the amount of water vapour
able to be absorbed.

As it has been shown in previous results, the pressure potential has a strong
influence on the mass transfer process. The effect of the inlet solution concentration and
temperature is included inside this pressure potential, because the partial pressure of the
water vapour (Py) is calculated on the base of these variables. Fig. 12 shows two
different cases, one corresponds to a colder and diluted solution (7 = 25.3 °C, x; =
51.2%) and the other one to a less cold and concentrated solution (7 =27.3 °C, x; =
58.6%). However, both cases have the same pressure potential, equal to 3.4 kPa. As it
can be observed, the effect of the mass flow rate on the absorption rate is similar in both
set of experiments. For the new temperature and concentration, the numerical values of
the absorption rate are lower, in correspondence with the lower solution mass flow rate,

which contributes to reduce the amount of vapour absorbed.

x 103
25 . . . . ; . . . . :

Absorption rate (kg/m?s)
2

v' v v
’ I o x=58.6%, Ts=27.3°C 1
L v i
L v x=51.2%, Ts=25.3 °C J
osb . . . ]
0.2 0.4 0.6 0.8

Inlet solution mass flow rate (kg/h)

Fig. 12. Absorption rate as a function of the inlet solution mass flow rate. P,-P; = 3.4 kPa.
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5. Conclusions

In this work an adiabatic membrane-based microchannel absorber has been

experimentally evaluated using the water-lithium bromide solution. A laminated

microporous PTFE membrane has been used in combination with rectangular

microchannels. The following conclusions have been derived from the experimental study:

As absorption proceeds along the channels the heat released is stored in the solution
increasing its temperature. At the absorber outlet the solution temperature is lower than
the saturation value, indicating that the solution still has capacity for further absorption.
A higher pressure potential approaches the outlet solution temperature to the
equilibrium condition.

The solution mass transfer resistance is dominant in the absorption process. It
represents between 85.6 and 96% of the overall resistance. It means that the membrane
resistance is unimportant for the essayed conditions and efforts should be devoted to
improve the solution mass transfer coefficient.

Absorption ratios obtained are higher than those reported in previous works using
water-based solutions in adiabatic absorption chambers. The present design is
advantageous because it allows improved absorption ratios in a more compact
configuration.

In the same way to other studies in non-adiabatic membrane-based absorbers, a
positive linear relation has been obtained between the absorption rate and the solution
mass flow rate. In a similar way, an increase in the pressure potential improves the
absorption rate.

Absorption rates obtained in the present work are lower than those reported in water-
cooled membrane-based absorbers. In order to improve the total amount of vapour
absorbed, the solution can be externally cooled and recirculated. Main advantages of
the adiabatic configuration here proposed are the reduction in absorber size and the
preheating effect obtained for the solution, which reduces the amount of heat to be
supplied in the generator. More compact adiabatic absorbers can be obtained using a
parallel configuration, in which the vapour channel is shared by two opposed solution

channels, and thinner supporting plates.
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