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ABSTRACT
Mitigation of extreme climatic stress on living conditions has for ages been sought for, mostly recurring
to what we now call Passive Techniques. Active cooling and dehumidifying of air for comfort purposes, is a
comparatively modern endeavour. While John Gorrie sought relief for his malaria patients, in South Louisiana
in the 1850s, by cooling, others sought comfort improvement by dehumidifying the air using aqueous salt
solutions. This promising technique has been held back for many reasons, but specially by the corrosion
potential of the aqueous salt solutions used as working substances (desiccants). In this paper we present work
of the past 15 years as an evolutionary development process of liquid desiccant-based air conditioning systems.
The techniques developed in this time span, made it possible to move from the direct contact sprays and
falling films of yore, to simultaneously cooled/heated, confined air-desiccant contact, across micro porous
membranes. Corrosive sprays are therefore eliminated in practice. In the three successive development steps
described, the manufacturing process evolved from adhesive bonding to additive manufacturing of the key
components – Absorber and Desorber.

1.

INTRODUCTION

Advanced Liquid Desiccant-based Air Conditioning Systems (ALDACS®) have been under development
at M. Conde Engineering since 2002. The essential advantage of using desiccants for the conditioning of air,
for comfort purposes or other, lies in the possibility of carrying out the two principal thermodynamic
processes separately, namely changing the temperature and the humidity content of the process (supply) air.
But while solid desiccant systems are limited by the fact that it is almost impossible (at least impractical) to cool
them during the sorption process, which requires mostly a post cooling step, sorption by liquid desiccants can
be continuously cooled during absorption (air dehydration), or heated during regeneration (desiccant
dehydration). On the other hand, regenerating solid desiccants requires in general higher temperatures than
to regenerate liquid desiccants, and storage of air dehydration potential in solid desiccant is difficult. Many
substances present a high affinity for water and may be used for the dehydration of air as part of an air
conditioning device, but in practice their suitability is constrained by other less desirable characteristics.
Examples of solid desiccants used in air conditioning are molecular sieves and silica-gel. Examples of liquid
desiccants are aqueous solutions of alkali halides, e.g. LiCl, LiBr, CaCl2, acids, e.g. H2SO4, bases e.g. NaOH,
and organic substances e.g. aqueous glycols. After a careful analysis of the properties of potential liquid
desiccants as candidates, aqueous LiCl was chosen as the most interesting solution when all important
properties were taken into account. The development of equipment technology, supported in part by BFE1,
has taken place in several phases. An exploratory phase in cooperation with EMPA2, MemProDEC3 I, allowed
for testing the basic ideas and concepts, and set the field for the development of a first industrial-sized
prototype, MemProDEC II, in the following phase. The developments undertaken dealt with known issues
associated with liquid desiccants, in particular their known corrosion potential when contacting metallic
surfaces, among others. The objective was set to establish methods and design principles for autonomous air
handling units (AAHU), that would include all the necessary functions, namely air cooling and heating, air
hydration and dehydration, desiccant regeneration and storage, and free cooling. One such basic concept is
depicted schematically in Figure 1, for a solar-driven unit.

Figure 1 - Schematic representation of a hot water-driven AAHU with
membrane contactors as absorber (ABS) and desorber (REG), and indirect
evaporative cooling (IEC).
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A simplified version of this concept was tested experimentally in PHASE I at EMPA, with absorber and
desorber built from five-stream membrane contactor elements, Figure 2. Five stream membrane contactor
elements are assembled in stacks to create the absorber and the desorber components. Since salt solutions,
as liquid desiccants, are mostly highly corrosive, the materials and the methods chosen to manufacture the
membrane contactors ought to take this into consideration. In PHASE I, at EMPA, the manufacturing
methods were not satisfactory for all contactor parts, in particular the choice of adhesive bonding techniques
turned out as unsatisfactory, despite the very careful selection of adhesives, even from specialized suppliers,
and the care taken to optimize surface reactiveness4. At the time, choosing to built complex geometries with
expensive metals, was already a no go, however.
At the end of PHASE I, the criteria to select
materials could be generically formulated:

Figure 2 - Five stream membrane contactor
schematic.

•

They should be low-cost and easily available;

•

They should not be corroded by the liquid
desiccant solution;

•

They should sustain operating temperatures up
to ~80 °C without deformation;

•

Their coefficients of thermal expansion should
be practically equal to minimize damaging
thermal expansion differentials;

•

They should be workable with machine tools,
and suitable for thermal extrusion, injection
moulding and deep drawing, and easily welded;

In Phase II, MemProDEC II, all the lessons learned in PHASE I were extensively applied, and great
advances in the manufacturing technology were achieved, which shall be explained in the body of this article.
The results presented, are not results in the ordinary sense – no performance figures – but a report on an
evolutionary technology development process. Accordingly, this contribution is a sort of road map, that may
impulse others to pick it up at the stage reported here, and walk through to the final goal.
The paper offers a succinct description of the tasks of development undertaken, their objectives and results.
2.

THE ORIGIN OF THE ALDACS® IDEA

At the beginning lies the experience within R&D projects, both EU and country specific financed
programs. But the fundamental motivation was, and is, that air conditioning for comfort purposes requires
mostly comparatively minute changes in the thermodynamic state of the air, to justify the degradation of high
grade energy resources such as electric power. Although mechanical power is obviously necessary to move
fluids around, it should, and can, represent a very small part of the total driving power required. On the other
hand, although the history of the technologies for the conditioning of air can be illustrated with examples
going back many centuries, it is the developments of the past one and a half century that essentially determine
today’s state-of-the-art. While examples of ancient past, such as the Badgir and Qanat[1] of old Persia, or the
extensive use of evaporative cooling in the Jinan-al-Arif[1] in Moorish Granada, Spain, represent a commendable
use of available resources and served as mitigation for the hardness of the local climate.
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Blue flame and solvents, together with two-sided bonding tape.

The ice machine patented by John Gorrie in 1851[2] represents a qualitative jump, with its requirement for
mechanical power.
Up until the 1930's, natural ice[3], evaporative cooling[4], and absorption refrigeration devices, both closed[5],[6]
and open[7], were the techniques used to generate and maintain temperatures below ambient and, eventually,
to dehumidify the air as necessary. Mechanical refrigeration with ammonia, CO2 or SO2 was for good reason
considered too dangerous for use in air conditioning. The use of aqueous salt solutions offered an interesting
alternative, although their high corrosion potential for metals and their alloys represented a considerable
drawback. By 1930 the rescue appeared at hand in the form of organic fluorides[8] for vapour compression
devices. We all know too well the consequences of the extensive use of this kind of substances!
It results only consequential that alternative ways, and manufacturing techniques, be sought for air
conditioning systems, that minimize their environmental impact while providing for good comfort and low
capital and operation costs. ALDACS® does just that, as they need comparatively low driving temperatures,
that allow for environment friendly energy resources, and solve the corrosion potential limitations by using
almost exclusively polymeric materials, that are both cheap and either recycled, or destroyed without noxious
environmental effects, at the end of their service life.
The key idea is essentially to eliminate the aerosols containing more or less concentrated corrosive salt
solutions, that are unavoidable in conventional designs using sprays, or sprays combined with packings,
Figure 3.

Figure 3 - Illustration of the air dehydration system proposed by
Bichowsky and Kelley[7].
On the other hand the function of the system requires the transfer of air humidity to the liquid desiccant
solution, or the reverse, to make a continuous operating system possible. This is done by separating the air
and desiccant streams with a water vapour permeable membrane, that is, the membrane blocs liquid
permeation but allows the vapour through (hydrophobic membrane). Thus, in the schematic of Figure 2, air
and desiccant contact across a micro-porous hydrophobic membrane, on both sides of a central frame trough
which water is circulated, cold in an absorber and hot in a desorber. The next important component in the
system is an indirect evaporative cooler (IEC), where the supply air (SA or SUP) is indirectly cooled by letting
the return air (RA or ETA) evaporate water from a falling film flowing down a separation wall. Here, as in
many conventional air conditioning plants, with cooling towers, return air contacts water directly before being
exhausted to the environment. The necessary precautions ought to be observed in the hygiene of the IEC to
avoid bacterial growth, in particular of legionella pneumophila.
3

3.

IMPLEMENTING THE ALDACS® IDEA – CREATING ALDACS® TECHNOLOGY

The key to feasibility of successful open absorption systems, such as ALDACS®, lies in avoiding corrosion,
and in the use of readily available, recyclable and inexpensive materials. Common industrial polymers are good
candidates from both points of view. However, for parts submitted to large temperature differences, they may
pose considerable difficulties owing to their high coefficients of thermal expansion.

Figure 4 - Comparison of the coefficient of thermal expansion
for some polymers and metals.
As depicted in Figure 4, polymers have not only a high coefficient of thermal expansion, but also a low
elasticity modulus, which concur to large deformation under thermal stress.

Figure 5 - TWSPs, where one wall has been milled away, are
depicted with an enclosed PP membrane film.
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In the design of membrane contactors this ought to be carefully considered. Together with the already
mentioned low surface tension, these characteristics determine the materials that may be successfully combined
in the manufacture of membrane contactors: Avoid different polymers under thermal stress in the same
component, e.g. a membrane contactor. In a membrane contactor element, the mechanically weakest part is
the membrane. It is only natural that its material determines the material of the other parts.
In PHASE I of the development, at EMPA, PP TWSP,s5 were prepared by milling away some parts to
expose their structure, as required for the construction of the five stream membrane contactors, Figure 5. In
this instance, the parts were adhesive bonded to build a membrane contactor element as illustrated in Fig. 6,
which also shows how the streams entered and exited the contactor element. The contactor elements were
stacked together as depicted in Fig. 7.

Figure 6 - Flow arrangements in a 5-stream contactor: The stream flows
are as shown schematically in Figure 2.

5

TWSP stands for Twin Wall Structured Plate.
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Figure 7 - Stacking membrane contactor elements in a contactor.

The membrane films used in the manufacture of these first contactor elements have a micro-porous
structure characterized by an elliptical shaped entrance, Figure 8. Elliptical entrance shaped pores offer a lower
threshold of the innundation pressure[1].

Figure 8 - Scanning Electron Microscope (SEM) image of a
membrane manufactured by the Celanese® method, as used in
the first prototype.
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Figure 9 - Pore size density distribution of the membrane in
Figure 8.
One first prototype, following the principles described, was assembled and tested at EMPA, following the
testing assembly and P&I depicted in Figures 10 and 11, respectively. Although the adhesive bonded
construction of the membrane contactors in this prototype precluded the successful testing of the regenerator
– it would burst and leak as soon as supplied with hot water – tests of the absorber and evaporative cooler
could still be carried out, and provided useful results regarding the Dehydration Effectiveness of the absorber. The
Dehydration Effectiveness is defined as the ratio of the of the change in humidity content of the air across the
absorber, to the maximum theoretically attainable with the actual inlet salt concentration of the desiccant.

εω =

ωi − ωo
ω i − ω eq

(1)

Figure 10 - Image of the experimental setup used at EMPA to test the
performance of the various components developed: ABS stands for
absorber, GEN for desorber, GHX for desorber heat recovery exchanger,
and SAEC for supply air evaporative cooler.
7

Figure 11 - P&I of the assembled prototype used to test several
components and the concept.
Figure 12 shows a comparison of the Dehydration Effectiveness results obtained, with results known from the
literature[9][10][11][12][13][14]. These results show the best performance of all absorbers considered in the low flow
ratios region.

Figure 12 - Comparison of dehydration effectiveness of the
tested absorber with known results from the literature.
After these tests, and despite a very careful choice of materials and manufacturing techniques, it became
clear that adhesive bonding would not be part of a successful development of open absorption devices for air
conditioning. The concept of the five stream membrane contactor has shown its possibilities in
thermodynamic terms. Now the mechanical stability needs to be improved by better suited manufacturing
methods: Welding instead of adhesive bonding.
8

4. ALDACS® II
The materials question having been solved in Phase I, the challenge is now to adopt and probe new
approaches to the parts joining problem, as valid alternatives to adhesive bonding. For this purpose the parts
were redesigned, while keeping the basic concept of the five stream membrane contactor element. The
redesign of the parts was as well necessary, as in this phase the objective was set to built an autonomous air
handling unit, AAHU, for a nominal air handling rate of 3 000 m3/h. Furthermore, the concept of a modular
AAHU was also established, Figure 13.

Figure 13 - Layout and modular concept of the designed AAHU.

As depicted here, the layout includes a conditioner bloc (top) and a regenerator bloc (bottom).
Furthermore, the regenerator bloc includes a desiccant storage with two vessels, one as diluted solution storage
(DSS), and the other as concentrated solution storage (CSS). HXABS and HXREG are heat recovery heat
exchangers, IECSA is the indirect evaporative cooler of the supply air, and DHRHX is an heat recovery heat
exchanger between the concentrated and diluted solutions. Also depicted are circulator pumps for water and
desiccant, and fans to pulse the air in each bloc. The particular shapes of HXABS and HXREG allow counter
current streams in both exchangers. DHRHX is a counter current exchanger as well, while the IECSA is
designed to improve the contact of the return air with the water falling film, which is determinant for a high
cooling performance of the supply air. I shall now discuss in detail the design and construction of the absorber
and the desorber, the first being determinant for thermodynamic performance of the system and the second
for its overall running costs.
A few details of the manufacture of the membrane contactors in PHASE I were shown above . Here I shall
discuss the design of the contactors developed in PHASE II. The membrane contactors in PHASE II were
designed for a welded construction, while maintaining a cross- countercurrent arrangement of the streams,
as tested in PHASE I. An expanded contactor element is depicted schematically in Figure 14, and, assembled
in Figure 15, with the in- and outlets of the three streams.
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Figure 14 - Exploded view of the membrane contactor
element showing the main parts and the directions of the three
fluid streams.

Figure 15 - View of the assembled
membrane contactor element.

A membrane contactor element as shown, is made out of seventeen (17) parts and requires eight (8) more
to be assembled into a membrane contactor. In total twenty-five (25) parts. When welding the parts together,
a further twelve (12) auxiliary welding stripes and masks are necessary. Two welding techniques are used to
get an assembled membrane contactor element as depicted in Figure 15: Laser Transmission Welding (LTW)
and electromagnetic bonding (EMB).
LTW is used for the long welding seams, while EMB is necessary when the parts to bond are thick, and
or hidden, and not sufficiently transparent to radiation in the near infrared region (NIR) of the spectrum.
Figure 16 shows a generic radiation spectrum where the wavelengths of both bonding techniques are marked.
The principle of LTW is depicted schematically in Figure 17. This figure also shows that LTW cannot be
universally used: It is only useful when the parts to weld are both transparent in the NIR region - a laser
absorbing insert is necessary - or one part is transparent and the other absorbing – no laser absorbing insert
required.

Figure 16 - Generic radiation spectrum showing the wavelength ranges for
LTW and EMB.
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Figure 17 - Schematic illustration of Laser Transmission Welding of
polymeric parts, with and without NIR absorbing insert or coating.
Figure 18 illustrates the EMB principle and its application.

Figure 18 - Principle of Electromagnetic Bonding and the three steps to
produce an effective seam.
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These two welding techniques require completely different types of equipment, and the use of robots to
minimize errors and reduce manufacturing time. None of this is, of course, available when developing a first
prototype. The risk of performing these welding operations with ad hoc equipment is a large number of defects
and unusable assemblies. This is particularly true for LTW, where a delicate equilibrium between the laser head
speed relative to the parts to weld and the laser power, are the main factors affecting the quality of the seam.
Figure 19 depicts two cases, one where the laser head speed is adequate and one where it is not. And Figure
20 shows details of LTW bonded frames, and water and desiccant feeder/collectors.

Figure 19 - LTW of TWSPs, white onto a black substrate: Left an adequate
speed to pressure relationship, right an inadequate one - the seam doesn’t
hold!

Figure 20 - Details of LTW bonded parts: Desiccant feeder
(up right) and water feeder, and desiccant and water frames
(bottom left).
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For EMB, a special welding unit was designed and manufactured specifically for the project, Figure 21.
Samples of EMB seams on thicker parts - headers and feeder/collectors – of the contactor elements are shown
in Figure 22.

Figure 21 - Assembled EMB welding equipment, in three
modules, at the manufacturer site before expedition. A probe
element used for testing, is shown on top of the welding
platform.

Figure 22 - EMB seams joining desiccant (blue) and water (white) headers
to the feeders/collectors.
Manufacturing a leak free contactor element with this technical approach remains a challenge, even when
all weld seams are perfect, if the particularities of TWSPs are not considered. Figure 23 illustrates critical
instances of this observation. As may be observed in Figure 20, parasitic (leakage) bypasses between frames
remain open if not taken adequate care of.
The membrane contactor elements are stacked together to form a membrane contactor. The number of
elements per contactor may be varied to a certain extent, but is limited by mechanical stability on one hand,
and by number of elements required to obtain the absorption and desorption capacity required on the other.
13

Figure 23 - Instructions and warning for parasitic open channels between
the frames. An absolute separation of the streams - Desiccant, Water and
Air - ought to be warranted.

The elements are connected between themselves, and to other components of the AAHU, by nipples.
These nipples are manufactured of a material different from the headers, but with a nearly equal coefficient
of thermal expansion. O-Rings are required, nonetheless, Figure 24. Side plates of the same material as the
nipples are used to further minimize the risk of leakage, and warrant mechanical stability of the contactor.

Figure 24 - Connecting nipples to assemble membrane contactors.
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As depicted in Figure 14 above, this art of manufacturing is complex, and offers too many opportunities
for error. Our experience teaches us that, particularly when unskilled labour is to perform tasks requiring
extreme care to avoid mistakes, they will happen anyway6. Our observations at the manufacturing facilities
where the membrane contactor elements described were assembled, have shown that even technicians skilled
in LTW were not always capable of consistent, error-free welding the frames and films required in this type
of contactor element. Furthermore, when preparing TWSPs for welding, blocking potential leakage pathways
ought to be undertaken with care: – It is definitely too late to discover leakage between streams, and to the
outside, when assembling and testing the contactor blocks!
5.

ALDACS® III

The need to reduce as much as possible the complexity of the welding operations imposed itself by the
problems described above.
Reducing drastically the number of parts to weld, and avoiding the EMB welding step in the manufacturing
process, appeared the most evident, and feasible. For this, the contactor design needed rethinking, while
keeping the essential features that have proved advantageous in the early prototypes.
While the special structure of the membrane films cannot be created by an integrative process, such as
Additive Manufacturing (AM), all other parts can, with great advantages: The number of parts may be reduced
to seven (7) per contactor element. The number of LTW operations is drastically reduced to four (4).
A three-frame contactor was designed for this purpose. A core frame includes the water and desiccant
channels, with the flow arrangements as before, and two air frames, which are to be LTW bonded to the core,
holding the membrane and support films welded between them, Figure 25.

6

Murphy’s Law – If anything can go wrong, it will! Confirmed by experience!
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Figure 25 - Overview and details of the registered design for a new membrane contactor element
structure (membrane and support not shown).
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6.

Membranes and Membrane Processes in ALDACS® – A Review

The key component in a membrane contactor element, in terms of its function, is the membrane film. A
generic membrane process is depicted in Figure 26, as a means of introducing the nomenclature used in the
following.

Figure 26 - Nomenclature in a common membrane process.
In ALDACS® the membrane separates a liquid stream from a gaseous stream, and the Permeate is, mostly
water vapour.
In an air dehydrator – absorber – the Feed is humid air to be dehumidified, the Retentate is dry air, and the
Sweep is a concentrated liquid desiccant.
In an air hydrator – desorber or regenerator – the Feed is diluted desiccant, the Retentate is concentrated
desiccant, and the Sweep is air.
In an Indirect Evaporative Cooler – IEC – Feed and Retentate are water, and the Sweep is air.
In all cases, the membrane is usually a micro-porous one, made from a hydrophobic polymer. How
hydrophobic the membrane actually is, is a serious matter, since in practice this characteristic determines how
safe ALDACS® devices are in operation, and when idle.
The required membrane characteristics include, among others:
•

High hydrophobicity, and high Liquid Entry Pressure (LEP), to avoid pore innundation with
liquid. On the other hand, the porosity shall be as high as possible to warrant a high
permeability;

•

High mechanical stability to operate safely at the pressures expected in the contactors;

•

High chemical stability and durability over the lifetime of the equipment, in relation to the
substances they come in contact with;

•

Finally, they shall permit an easy handling and manufacturing process.

It results evident from this list of desirable characteristics that compromises may be necessary. Eventually,
improved pore geometries, particularly quasi-cylindrical pores, and a narrow range of pore entrance diameters,
may be obtained in polymeric membranes of suitable hydrophobicity. See [1] for more on this subject.
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7.

The Structure of the Membranes used in ALDACS®

Understanding the internal structure of polymeric membranes used in the manufacture of membrane
contactors for air de- and hydration, is essential for contactor design. With this purpose, a study was
undertaken using various microscopy techniques. These techniques allowed the visualization of the membrane
surface (pore entrance shapes and sizes), the cross-sections, and slice sections parallel to the surface.
Representative sample images obtained in this study are shown in the following figures. Figure 27 shows an
image of the face of a sample membrane, where quite regular, circular pore entrances may be observed, and
a wide range of pore entrance diameters. This is a view from the face without the supporting fleece film. The
fleece film, attached to the opposite face, has a porosity much higher than that of the membrane itself, thus
without significant influence of the mass transport process across the membrane, albeit increasing its
mechanical stability.

Figure 27 - Scanning electron microscope image of a sample membrane at
a magnification of 3 250x.
The image of the same sample in Figure 28, offers a clearer idea of the pore entrance structure, and of the
near-surface as well.
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Figure 28 - SEM image of the face of sample membrane at a magnification
of 30'000x. The image shows some impurities added during sample
preparation (small spheres).
An image of a cross-section of this membrane is depicted in Figure 29, showing all layers, including the
actual micro-porous part and the supporting fleece. Details of the active membrane are shown in Figure 30,
and bring to light the extraordinary complexity of the pore structure: – There seem to be no individual pores,
but a complex network of interconnected pathways.

Figure 29 - Cross-section showing the membrane film and the supporting
fleece (lower layer with individual fibres) at a magnification of 971x.
To study the cross-section and the pore structure in more detail, a more sophisticated technique7 was used,
that consists, essentially, in carving a cross-section “hole” and picturing successive layers (slices) on one side
of the hole, Figure 31.

7

FIB/SEM Focused Ion Beam & Scanning Electron Microscopy.
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A film of these successive slices can be generated to provide a pseudo 3-D dynamic view of the structure.
Figure 32 shows a single image in the slicing progress.

Figure 30 - Details of the membrane porous structure – Cross-section at
a 60 000x magnification, obtained by cryo-section.

Figure 31 - Looking into the pore structure in a cross-section. Preparation
for FIB/SEM Tomography.
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Figure 32 - Image of the porous structures obtained by FIB/SEM
Tomography (single slice).
The image in Figure 32, reveals an extreme complex structure, with no identifiable individual pores, but
a chaotic network of fibrils. Figure 33 reproduces a more detailed image of the same cross-section.
Despite the powerful methods used, it is still very difficult to generate useful numeric information out of
the images obtained. Eventually, with appropriate analysis methods, it may be possible to create a useful 3-D
model of the structure and of the flow paths through the membrane.
These images of tortuous, interconnected pathways permit a physical understanding of the resistance to
diffusion of water vapour through the air immobilized in the membrane, that can be mathematically
represented by the tortuosity parameter τ. Besides the resistance to diffusion represented by the tortuosity τ, the
membrane material represents an additional resistance to diffusion, as it occupies volume, reducing the free
room available for water vapour diffusion to a fraction quantified by the porosity g. The effective diffusion
coefficient Deff, is then related to the theoretical value D by Deff =

ε
D.
τ
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Figure 33 - FIB/SEM Tomography image where details of pore
communicating openings can be clearly identified. Which pores
communicate, remains hidden.

8.

Processes in ALDACS® Membrane Contactors

In the membrane contactors of an ALDACS® device, operating under normal conditions8, only water
vapour crosses the membrane through the pores, from one side to the other – from the air to the desiccant
in the absorber, and in the reverse direction in the desorber. In both cases the mass transfer process is driven
by the water concentration gradient across the membrane. The mass exchange process shall be discussed here
for flat membranes, as used in ALDACS® contactors, and illustrated schematically in Figures 34 and 35.
Thermal energy and mass are exchanged across the membrane simultaneously, and are not independent from
each other.

8

Normal operating conditions mean that the pores of the membrane are not inundated, i.e. the liquid
desiccant is maintained by surface tension on one side of the membrane.
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The mass transfer process is discussed first, starting with the absorber.

Figure 34 - Concentration profile across an element of surface
area A in the absorber.
Figure 34 shows schematically a micro-porous, hydrophobic membrane that separates an air stream from
a liquid desiccant stream. Due to the membrane material hydrophobicity, the liquid does not penetrate the
pores, and it may be said that the gaseous phase is the ‘wetting’ phase. In the absorber, the interplay of water
concentrations9 in the air and the liquid desiccant, c1 > c3 , determines the transfer of water vapour from the
humid air to the liquid desiccant. And since the air is the wetting phase, the phase transition takes place at the
liquid desiccant interface with the membrane, notice the concentration jump c2,3 → c3, 2 – Water vapour
transported across the membrane condenses into the desiccant solution, freeing the enthalpy of condensation
plus the differential enthalpy of dilution. The molar flux through an element of surface A is equal at all
interfaces (flat membranes), in a steady state regime, and may be written

N = Aκ 1 (c1 − c1, 2 )

= A κ 2 (c2,1 − c2,3 )

(2)

= A κ 3 (c3, 2 − c3 )
9

mol /R.
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The concentrations

c1, 2 and c2,1 are identical, and c2,3 is related to c3, 2 through the solute distribution

coefficient, or Henry’s coefficient

c2,3 = H 2,3 c3, 2

(3)

Setting equation (3) into equation (2) and adding the terms, the following equations result

N  1
1 H 2,3 
+
 = c1 − H 2,3 c3
 +
A  κ1 κ 2
κ3 

(

N = A κ (c1 − H 2,3 c3 ) = Aκ c1 − c1*

)

*
1

c = H 2,3 c3
1

κ
where the

=

1

κ1

+

1

κ2

+

(4)

H 2,3

κ3

κ i ,s and Henry’s coefficient H 2,3 are required to estimate the mass transfer rate.

c1* is the water concentration in an air state in thermodynamic equilibrium with the bulk desiccant.
The schematic in Figure 35 depicts a micro-porous, hydrophobic membrane that separates an air stream
from a liquid desiccant stream in a desorber. As was the case for the absorber, an hydrophobic membrane
prevents the liquid desiccant from inundating the membrane pores, provided its pressure does not exceed the
LEP10.
As in the case of the absorber, the interplay of water concentrations in the air and the liquid desiccant with c3 > c1
determines the transfer of water vapour from the liquid desiccant to the humid air. And since the air is the
wetting phase, the phase transition takes place, as before, at the liquid desiccant interface with the membrane.
Notice the concentration jump c3, 2 → c2,3 – Water vapour vaporized from the desiccant solution is
transported across the membrane into the air on the other side. For this vaporization to occur, both the
enthalpy of vaporization and the differential enthalpy of dilution must be supplied to the desiccant solution.
The molar flux through an element of surface area A is equal at all interfaces (flat membranes), in steadystate regime, and may be written

N = Aκ 1 (c1, 2 − c1 )

= Aκ 2 (c2,3 − c2,1 )
= Aκ 3 (c3 − c3, 2 )

10
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Desiccant Liquid Entry Pressure into the membrane.

(5)

Figure 35 - Concentration profile across an element of surface
area A in the desorber.

The concentrations c1, 2

≡ c2,1 and c3, 2 ≡ H 3, 2 c2,3 , where H 3, 2 is the solute distribution coefficient, which

is by definition the ratio of two unknown concentrations. Equation (5) may be transformed into

N =

H 3, 2

κ1

+

A
H 3, 2

κ2

+

1

(c

3

(

− H 3, 2 ⋅ c1 ) = A ⋅ κ c3 − c3*

)

(6)

κ3

*

where c3 is the molar concentration of water in a desiccant solution, that is in equilibrium with the bulk
air at the water molar concentration c1 [15]. The

κ i ,s and Henty’s coefficients H 2,3 and H 3, 2 are calculated

for the particular geometries and flow conditions in the membrane contactors, with the actual fluid properties
of the streams involved.
Considering first the mass transfer coefficient for continuous diffusion11 across a membrane,

κ 2 is written

11

Knudsen Diffusion plays no significant role in this process: The pore diameters are much larger than the
water molecule diameter (>> 2.8 Å).
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κ2 =

1
Deff
tM

(7)

where t M is the effective membrane thickness12. Deff is the effective diffusion coefficient of water vapour
into air, defined as

Deff =

ε
D
τ

(8)

ε represents the membrane porosity, and τ is a representative value of the tortuosity of the pores.
There are abundant proposals in the literature, e.g. Bruggeman[16], Petersen[17], Millington[18], Neale and
Nader[19], van Brackel and Heertjes[20], Shen and Chen[21], Pisani[22], to estimate the unknown parameter tortuosity τ.
Despite the fact that the tortuosity may be considered a geometric parameter, there is no known method to
measure it directly. Our own attempts to obtain valid information with microscopy, remained inconclusive
as well. On the other hand, it may be questioned whether a membrane structure as that shown in Figures 28,
30 and 33, may be adequately modelled as random arrangements of spherical particles, as is mostly done in
the literature. There remains only the experimental path as the safest method, despite all the uncertainties on
the way. As a provisional solution equation (9) shall be used in this work.

( 2 − ε )2
τ=
2ε
*

(9)

*

The concentrations c1 and c3 need to be locally estimated, as they vary along the process in the absorber
and the desorber, respectively.

c1* is by definition, a concentration of water vapour in the air, that is in equilibrium with the liquid desiccant
that it exchanges mass with in the absorber. This concentration is calculated from the relative humidity of air
in thermodynamic equilibrium with the desiccant.
The relative humidity of air in equilibrium with a liquid desiccant solution is

ϕ eq =

PV , D (TD , ξD )
PV , H2O (TD )

(10)

and the equilibrium water vapour concentration in the air is

c1* =

12
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ω A (TD , PA , ϕ eq )

(

M H2O v A TD , PA , ϕ eq

)

Effective, means here the thickness of the active membrane (excludes any supporting film).

(11)

the water concentration in an aqueous desiccant solution is calculated as

cD =

ρD (1 − ξD )

(12)

M H2O

and finally the Henry coefficient H 2,3 is calculated as

H 2,3
*

c1*
=
cD

[

(13)

]

For the desorber, the water concentration c3 mol / l of the aqueous desiccant in equilibrium with the
air, is similarly calculated through the following steps:

cA =

ω A (TA , ϕ A , PA )
M H O v A (TA , ϕ A , PA )

[mol / l ]

2

PV , Deq = ϕ A PV , H2O (TA , PA )

ξD ,eq = ξD (TD , PV , D ,eq )

(14)

ρD ,eq = ρD (TD , ξD ,eq )

c3* =

ρD ,eq (10
. − ξD ,eq )
M H 2O

finally, the Henry coefficient H 3, 2 is

H 3, 2

c3*
=
cA

(15)
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9.

Total Energy Exchange in ALDACS® Membrane Contactors

After considering the basics of the mass transfer across membranes – as Vapour Permeation (VP) in the
Absorber, and as Membrane Distillation (MD) in the Desorber – the combined processes of heat and mass
transfer are discussed in the following, for flat membrane interfaces.

Figure 36 - Impedance diagram model for the Absorber and
the Desorber.
The total energy exchange process in a simulation cell may be represented by an impedance diagram with
three nodes, Figure 36, leading to four equations in total13.
Node A:

(

)


M
DA hi , j −1 − hi , j + A1 U 1 (TD − TA ) + A1 κ 1 M H 2 O CpV Δc = 0

(16)

Node D:

[(

)

(

)

]

 1+ζ
M
S
i −1, j TDi −1, j − 1 + ζ i , j TDi , j Cp D + A1 U 1 (TA − TD ) +

A2 U 2 (TW − TD ) + A1 κ 1 M H2O CpV Δc = 0

(17)

Node W:

(

)

 Cp T
A2 U 2 (TD − TW ) + M
W
W
Wi , j −1 − TWi , j = 0

13

(18)

Assuming steady-state operation, the variation of the water concentrations in the air and in the
desiccant are not independent – mass conservation. On the other hand, the mass flows of dry air, and the salt
in the desiccant remain constant through the process. What varies are the water loads, ω in the air, and ζ in
the desiccant.
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Global Energy Balance:

(

)

[(

)

(

)

]



M
DA hi , j − hi , j −1 + M S Cp D 1 + ζ i , j TDi , j − 1 + ζ i −1, j TDi −1, j +

(

)

 Cp T − T
M
W
W
Wi , j
Wi , j −1 = 0
where

(19)

Δ c in equations (16) and (17) takes the values
Δ c = c A − c A*

(20)

Δ c = c D − c D*

(21)

for the absorber, see equation (11), and

for the desorber, see equation (14).
The following definitions apply:

TA ≡
TD =
TW =

TAi , j + TAi , j −1
2
TDi −1, j + TDi , j
2
TWi , j −1 + TWi , j

(22)

2

The mass conservation applied to water in the system implies

 Δω = M
 Δζ = A κ Δc M
M
DA
S
H 2O

(23)

Three of the equations concern the total energy and mass balances at the nodes (16 þ18), and the fourth
(19) describes the global energy conservation for the whole, resulting in the equation system (24).

a 0 , 0
a
 1, 0
a 2 , 0

 a3.0


a1,1





a 2, 2


a 0,3  TA,o  b0 
a1,3  TD ,o   b1 
= 
⋅


a 2,3 TW ,i  b2 
  
 
a3,3  ζ D ,o  b3 

(24)

The image in Figure 37 represents, schematically, a section of a membrane contactor element, illustrating
how a simulation cell moves from bottom to top (with the desiccant) and from left to right (with the air).
Up to this point, the paper dealt with the subject of air dehydration in an AAHU. In the following the
cooling function of the AAHU, using Indirect Evaporative Cooling IEC, is addressed.
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An indirect evaporative cooler in air conditioning, contacts supply and return air indirectly through a
separating thin wall, while letting the return air (RA or ETA) evaporate water from a thin falling film,
generating thus the cooling power required to cool the supply air (SA or SUP) before it is distributed to the
conditioned space.

Figure 37 - Progress of the simulation and the systems of
equations for a cell.
10. The Indirect Evaporative Cooler – IEC
Cooling of the supply air after dehydration at the absorber, is done efficiently and economically by an
indirect evaporative cooler – IEC. The schematic in Figure 38 depicts the generic principle of the IEC: Return
air (ETA) evaporates water in direct contact with a falling film, which is cooled in the process by evaporating
a small part of the water, thus cooling the supply air (SUP) in the complementary channels.

Figure 38 - Diagram of principle of an Indirect Evaporative
Cooler – IEC.
The two air streams are separated by thin polymeric plates, forming channels where they may flow either
in cross- or counter flow. Figure 39 shows details of the process in an element of control volume around a
separating plate. The system of equations (25) describes the transport processes in a simulation cell
encompassing that control volume.
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Figure 39 - Details of the processes in the IEC: Control
volume including both sides of a dividing plate.

λ

q p =  + α a , p  Ta , p − Tp dA
t


(

)

q r ,w = α a ,r (Tw − Ta ,r ) β dA

(

)
(T ) + Cp (T ) (T

q r ,d = α a ,r Tp − Ta ,r (1 − β ) dA
hv ,e = I fg

p

v

p

p

− Ta ,r

)

(25)

dA = Δ z ⋅ Δ L
 w,i hw,i + m
 w,r hw,r = q r ,w + q r ,d + m
 w,e hw,e + m
 w ,o hw,o
q p + m
 w ,r = m
 w ,e + m
 w ,o
 w ,i + m
m
The impedance diagram representing the energy transfer processes helps with a clear view of a cell-wise
calculation of the indirect evaporative cooling process, Figure 40.
The supply air, SA or SUP, having been dehydrated through the absorber, can easily be cooled down to
a temperature near the dew-point of the return air. There is even the possibility of cooling it further in special
arrangements of the air streams, that mix a fraction of the cold-dry supply air with the return air[23].
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Figure 40 - Impedance diagram for the processes in an IEC
with counter flow air streams, Figure 41.

Figure 41 - Detail of stream arrangements, for air in crosscounterflow in a cross-countercurrent new generation IEC.

11. PROJECTION
This paper describes essentially an R&D trajectory, a good part of which is already done with. And although
the objective is clear, there is still a way to go before devices based on the described techniques can be brought
to the market. There might yet be some surprises on the way this development implies. It ought to be clearly
stated, however, that most of the energy required to operate these units is, essentially thermal, at temperatures
in the range provided by non-concentrating solar collectors. It is obvious that ventilators and pumps will still
be additionally required, their power requirements are however practically negligible, in comparison with that
required by conventional chillers delivering the same comfort conditions.
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12. SYMBOLS

Latin

Subscripts

D

diffusion coefficient

i

inlet

P

pressure

o

outlet

t

thickness

e

evaporated

c

concentration

eq

equilibrium

A

surface area

eff

effective

H

Henry’s coefficient

M

membrane

M molecular mass

v,V

vapour

U

overall heat transfer coefficient

D

desiccant

I

phase change enthalpy

a,A

air

Cp specific thermal capacity

w,W

water

h

DA

dry air

 mass flow
m

fg

liquid-vapour phase transition

N molecular flux

S

Salt

enthalpy

q thermal flux
Greek

Other

g

effectiveness, porosity

TWSP

ω

air humidity ratio

τ

tortuosity

κ

molar transfer coefficient

n

relative humidity

ξ

salt mass fraction in desiccant

ρ

density

ζ

water content per mass salt

β

wetted surface fraction

α

convective heat transfer coefficient

λ

thermal conductivity

Twin-Wall Structured Plate
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