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ABSTRACT
A numerical model for isothermal and non-isothermal flat-plate liquid-desiccant
dehumidifiers and regenerators was developed and implemented. The two-dimensional
model takes into account the desiccant, water and air flow streams. A parametric analysis
was performed to evaluate the influence of some of the most important operational
parameters on mass transfer performance, such as flow configuration, water mass flow
rate and inlet temperature, and desiccant mass flow rate. The results indicate that the
water temperature and mass flow rate have a strong effect on the performance of the
dehumidifier and regenerator, with the isothermal wall case acting as an upper limiting
case. Increasing the desiccant mass flow rate improves the water transfer performance,
but the improvement is asymptotic with mass flow rate.
An experimental rig with a single channel prototype was also built and tests were
run for 18 different cases, with varying water mass flow rate, desiccant mass flow rate
and flow configuration. The results show trends similar to those observed in the
numerical results. However, the discrepancies between the numerical and experimental
results are larger than the estimated experimental uncertainty at a 95% confidence level.
There is some indication that poor desiccant wetting of the channel walls was partially
responsible for the discrepancies.
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CHAPTER 1
INTRODUCTION
1.1 Background and Motivation
Since the introduction of air-conditioning, its popularity has being growing,
particularly in North America. According to the American Department of Energy, in
1978, 56 percent of housing units in the USA had some kind of air-conditioning
equipment, 41 percent of which were central systems (US-DOE, 2005). In 2001, the
number of households with air-conditioning had risen to a total of 76 percent (or 80.8
million households), 71 percent of which were central systems. In that year, American
electricity consumption for central air-conditioning in the residential sector alone reached
close to 182,800 GWh. This consumption is equivalent to 37% of the total electricity use
in Canada during the same year (NRCan, 2006a). As one would expect, air-conditioners
are not as popular in Canada, but the numbers are still significant. In 2003, 42% of
Canadian households had some type of air-conditioning equipment, 64% of which were
central units (NRCan, 2006b). During the same year, air-conditioning was responsible for
an electricity consumption of 10,140 GWh or 7.7% of the total electricity use in the
residential sector (NRCcan, 2007). The stock of air-conditioning units in Canadian
residences grew by 88% between 1990 and 2003, with a growth of 112% in central airconditioning units (NRCan, 2005). Ontario and Manitoba have the highest penetration of
AC units in the residential sector (65%), with Ontarians being responsible for 74% of the
energy used for space cooling in residences in Canada. In the commercial and
institutional sector, 73% of the buildings in Canada had air-conditioning in 2000. Those
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buildings represented 85% (250 x 106 m2) of the total floor space and cooling represented
11% (13,111 GWh) of the total electricity consumption in the sector (NRCan, 2002).
Besides their energy consumption and associated greenhouse gas emissions, airconditioners also have a marked impact on the electricity demand. This is the case, for
example, for the province of Ontario. A recent report prepared for the Ontario Power
Authority (ICF, 2005) notes:
•

space cooling energy use has increased rapidly in both the residential and
services sector over the past 13 years;

•

air-conditioning loads have a very low annual load factor and a very high
coincidence with the system peak;

•

as the saturation of residential air-conditioning has increased, the electrical
system has become much more weather sensitive; and

•

the increase in use of air-conditioning has resulted in the Ontario
electricity system moving from a winter to a summer peak.

Figure 1.1 presents the daily maximum ambient temperature and electricity
demand for Toronto, Ontario for the period between June and September of 2005, with
the evident influence of temperature on the electricity demand.
The energy use and peak electricity demand associated with air-conditioning have
the potential to grow even faster due to temperature increases associated with global
warming. Sailor and Pavlova (2003) analyzed the relationship between air-conditioning
market saturation and cooling degree-days (CDD) for 40 American cities. Their results
are presented in Fig. 1.2. A sharp increase in market saturation can be observed with
CDD up to 1000 °C ⋅ day . In Canada, most cities are in the region of the curve where an
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increase in CDD would translate into significant gains in market penetration. Table 1.1
presents some CDD values for Canadian cities.

Fig. 1.1. Maximum daily ambient temperature and electricity demand for
Toronto, Ontario, during the summer of 2005. Data from Environment
Canada (2007) and IESO (2007).

Fig. 1.2. Relationship between market saturation for air-conditioners and cooling
degree-days for 40 American cities. Source: Sailor and Pavlova (2003).
Reprinted with permission from Elsevier.
-3-

Table 1.1. Cooling degree-days (base 18°C) for selected Canadian cities,
from NRCan (2003).
City
Vancouver (BC)
Victoria (BC)
Edmonton (AB)
Regina (SK)
Winnipeg (MB)

CDD

City

CDD

65
39
70
136
138

Windsor (ON)
Toronto (ON)
Montreal (QC)
Fredericton (NB)
Halifax (NS)

450
347
327
143
93

Despite the rapid growth in air-conditioning use and its associated load on the
electricity distribution grid, one might still argue that, for temperate climate countries like
Canada, the annual energy consumption associated with cooling is too small in
comparison with the energy spent for space heating. For example, in 2000, while
commercial and institutional buildings in Canada used 161,167 GWh for space heating,
only 13,111 GWh were required for space cooling (NRCan, 2007). However, the
economic feasibility of some of the most important options to reduce heating energy
consumption is directly affected by the annual capacity factor of these technologies. This
is the case with Combined Heat and Power (CHP) and Solar Space Heating (SSH)
Systems. Heat-driven space cooling would increase the capacity factor of such systems,
particularly with cooling systems driven by low-temperature heat (i.e., 60 to 90°C). Such
low temperature levels would be suitable for heat delivered by internal combustion
reciprocating engines heat recovery systems, and flat plate solar collectors. Liquiddesiccant systems have the potential to provide air-conditioning (i.e., cooling and
dehumidification) driven by such low-temperature sources. However, many aspects of the
technology are still unknown. The motivation for the present work lies in the large
potential for energy and greenhouse gas emission savings related to the development of
technically and economically feasible low-temperature heat-driven cooling systems, both
-4-

as an enabler of economically feasible combined solar heating and cooling systems for
temperate climates, and as a year-round cooling system for hot climates. In recognition of
the potential of liquid-desiccant systems to fulfill such a goal, this work will contribute to
the development and understanding of the major components in such systems.
1.2 Comfort and Indoor Air Quality (IAQ)
The term air-conditioning implies the control of the environment to maintain air
temperature, humidity, movement and quality within certain prescribed levels. These are
defined by health and comfort standards. When establishing the operational settings for
an air-conditioning system, it is important to know the comfort levels considered to be
acceptable for human occupancy. ASHRAE (American Society of Heating, Refrigeration
and Air-Conditioning Engineers) Standard 55, “Thermal Environmental Conditions for
Human Occupancy”, sets some of those conditions (ASHRAE, 1991). Figure 1.3 shows
the summer and winter comfort zones according to this standard.
It is interesting to note that, if we consider the extremes of the comfort zone for a
certain season, the results in terms of operational costs can differ substantially, depending
on the technology used. Other comfort indices have been proposed, such as the predicted
mean vote (PMV) (ISO, 1994) and the modified PMV or PMV* (Gagge et al.,1986).
In comparing systems, it is important to ensure that they are delivering the same
level of comfort and quality of air. In most humid climates, vapour compression systems
frequently fail to provide adequate humidity levels for the required comfort level or the
control

of

mildew

and

mold,

which

Indoor Air Quality (IAQ).
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is

an

important

aspect

of

Fig. 1.3. ASHRAE summer and winter comfort zones for barometric pressure of
101.325 kPa.
Although air-conditioning systems are best known for their role in controlling the
temperature and humidity of the built environment, and thus delivering comfortable
occupancy conditions, they are also critical in maintaining adequate IAQ levels. For the
past 35 years, ASHRAE has published many different revisions of its standard related to
ventilation and indoor air quality. This standard establishes the minimum outdoor air
ventilation requirements for IAQ control. The ventilation requirements of the first version
(released in 1973) were significantly reduced in the 1981 revision (Stanke, 1999).
However, in 1989, a new version increased again the minimum ventilation rates. Those
values remained basically unchanged in the 2001 version (ASHRAE, 2001). The most
recent version, ASHRAE 62.1-2004 (ASHRAE, 2004), has, in many cases, slightly
-6-

reduced the default minimum ventilation rates, but it has made the conditions of
compliance more strict. For example, for an office with an occupied area of 90 m2 and 5

occupants, the required minimum ventilation flow rate would be 8.5 l/s, whereas the 2001
version would require 10 l/s for the same application. However, this minimum ventilation
flow rate must be delivered to all zones in a multi-zone system, which usually implies a
higher total outdoor flow rate, and, in the case of variable air volume (VAV) systems, it
also leads to a higher ratio of outdoor air to return air during many of the operational
conditions.
Variable Air Volume systems have difficulties in maintaining correct ventilation
levels, partly because the thermal loads of individual zones do not necessarily match the
ventilation requirements. This leads to an increase in the total ventilation airflow rate as a
way of ensuring acceptable ventilation to all zones during a range of operating
conditions. The inadequacies of traditional VAV systems in delivering fresh air while
maintaining low-energy consumption and comfort requirements have given rise to a new
concept: the Dedicated Outdoor Air System (DOAS). As defined by Mumma (2001), a
dedicated outdoor air system is a 100% outdoor air constant volume system designed to
deliver the volumetric flow rate of ventilation air to each conditioned space in the
building. In such systems, the latent load is mostly met by the DOAS, while a parallel
system deals with the sensible load. Figure 1.4 shows a representation of such a system.
Mumma also lists the advantages of such an arrangement:
•

assurance that every conditioned space will receive the required minimum
ventilation air;

•

generally, 20% to 30% less outdoor air must be conditioned;
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•

ventilation air can be used to provide 100% of the space latent load control, which
decouples the space sensible and latent loads; and

•

the engineer has many approaches, and thus greater flexibility, in meeting the
conditioned space sensible loads with a parallel system operating with dry
surfaces.

Fig. 1.4. Representation of a system with a Dedicated Outdoor Air System and a
parallel conventional system responsible for the sensible load of a
building.
The rationale for having a DOAS dealing primarily with latent loads is that, in
most locations during the cooling season, conditioning of outdoor air is characterized by
having high latent to sensible load ratios. Harriman et al. (1997) showed in a study
developed for different American cities that even for a relatively dry climate, like that in
San Antonio, Texas, the latent load associated with ventilation is more than four times the
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associated sensible load. It is also interesting to note that the absolute humidity is
increasing globally in the atmosphere as a result of global warming, caused both by
natural and anthropogenic effects (Willett et al., 2007). This increase in humidity will
bring latent loads associated with ventilation air even higher. Many technologies can be
used as the main component in a DOAS. However, because of the high latent to sensible
load ratio, desiccant systems are particularly suitable for such an application.
1.3 Desiccant Air-Conditioning Systems
In order to better understand desiccant air-conditioning systems, and the
differences between them and vapour compression systems, it is necessary to first
evaluate the path used by each system to bring the air to the desired temperature and
humidity. Figure 1.5 shows three different air-conditioning paths on a psychrometric
chart.
Following path 1-2-3-4 (which is typical of a vapour compression or absorption
system), the air is cooled to its dew-point (process 1-2) and dehumidification is
performed through condensation of water at the evaporator (process 2-3). Usually this
point is below the desired room temperature, and consequently the air has to be reheated
(process 3-4). This is usually accomplished with heaters, air-to-air heat exchangers or by
mixing with outdoor air. Solid desiccant systems usually follow path 1-2’-3’-4, where 12’ is an adiabatic dehumidification process. In this case, the latent heat of the water in the
air is “converted” into sensible heat when the vapour is condensed at the dehumidifier.
Process 3’-4 is a direct evaporative cooling step, and process 2’-3’ is an air-ambient air
heat exchange step. Another approach, used in many of the liquid desiccant systems, is
the path 1-3’-4, where the dehumidification is accompanied by cooling.
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Fig. 1.5. Representation of processes for different air-conditioning systems
on a psychrometric chart.
The main advantages of desiccant systems over vapour compression systems are
the elimination of reheat and the capability of directly controlling the humidity. Vapour
compression systems have a limited dehumidification capacity, and their efficiency
decreases for higher dehumidification rates due to the fact that the evaporator must
operate at lower temperatures. Particularly interesting is the fact that desiccant systems
can be thermally-driven by solar energy or waste heat.
Figure 1.6 shows a typical solid desiccant system, as presented by Collier (1997).
This cycle is usually referred to as a ventilation cycle, because all of the air to be
conditioned is taken from outside the building. The system shown in Fig. 1.7 is referred
to as a recirculation cycle, and it differs from the one shown in Fig. 1.6 in that it includes
the conditioning of recirculated indoor air.
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Fig. 1.6. Solid desiccant air-conditioning system, ventilation cycle.
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Fig. 1.7. Solid desiccant air-conditioning system, recirculation cycle.

The main component of a solid desiccant system is the so called desiccant wheel,
which is responsible for the dehumidification. The evaporative cooler can be direct or
indirect and, in the latter case, the conditioned air does not come into contact with the
water in the evaporator. Many different arrangements of components have been tested
and modeled, and usually the systems are more likely to involve the mixing of the
recirculation and ventilation flow streams.
Liquid desiccant systems operate on the same concept as solid desiccant systems,
but instead of using a desiccant wheel, the systems have separate absorbers, where the air
is dehumidified, and regenerators, where the liquid desiccant is regenerated. Figure 1.8
shows a liquid desiccant system with desiccant storage operating as a ventilation cycle.

Fig. 1.8. Liquid desiccant air-conditioning system, ventilation cycle.
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1.4 Liquid-Desiccant Systems
Liquid desiccant systems (LDS) represent a particular configuration of a more
generic class of cooling and air-conditioning systems called open-absorption systems. In
such systems, the chemical solution used to absorb water is in direct contact with
atmospheric air. This contact can occur at the regenerator/desorber, at the
absorber/dehumidifier, or at both. The direct contact with atmospheric air is in contrast
with closed absorption systems, which are referred to in the literature simply as
absorption systems. Herold et al. (1996) presented the principles of operation and
thermodynamic analysis of such systems. A schematic of a single-effect LiBr-H2O cycle
is shown in Fig. 1.9.

Fig. 1.9. Schematic of a single-effect LiBr-H2O closed absorption cycle.
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Fig. 1.10. Schematic of an open-absorption system.
Collier (1979) analyzed what is commonly referred to as the open-absorption
refrigeration system. In such a system, the closed desorber from a conventional
absorption system is substituted for an open one, in this case an open solar collector. The
author used a solution of LiCl-H2O, with water being the refrigerant. Since the system is
open, water is spent in the desorber/collector and has to be reintroduced into the system
in the evaporator. Figure 1.10 presents a schematic of such a system. Lowenstein et al.
(1998) suggested an LDS with a closed boiler as the desorber/regenerator. Such a system,
represented in Fig. 1.11, could also be classified as an open-absorption system. One could
argue that such a system represents more closely the definition of open-absorption, since
the absorption is open and the desorption is closed.
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Fig. 1.11. Schematic of a liquid-desiccant system with a closed desorber.
Perhaps a more appropriate nomenclature would be to call such systems semiopen-absorption systems. Therefore, there would be a clear distinction between closed,
semi-open and open-absorption, where both absorption and desorption are in direct
contact with air. The fact that liquid-desiccant systems are usually used for
dehumidification is not enough to clarify the nomenclature in the literature. For example,
Grossman (2002) proposed a system with an open regenerator and absorber, where the
dehumidified air was directed to a cooling tower. This way, the system generated chilled
water, as in a traditional vapour compression or closed absorption system. Bolzan and
Lazzarin (1979), Lazzarin et al. (1996), and Johansson and Westerlund (2000) presented
systems that were liquid-desiccant cycles with open absorbers and regenerators, where
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the air running through the absorber was the air to be conditioned. Although this is an
arrangement that has been mostly referred to as a desiccant system, the authors labeled
the system as open-absorption. In the present work, liquid desiccant system refers to an
open-absorption system where the air to be conditioned flows through the absorber. In a
closed absorption system, the desired cooling effect is obtained at the evaporator, and the
absorber is just a necessary component to allow for continuous cycle operation. However,
in a liquid desiccant system the absorber is responsible for the desired dehumidification
effect. Desorber and regenerator are synonyms. The latter term is preferred for the
present text.
One advantage of LDS over solid desiccant and closed absorption systems is the
flexibility in terms of heat sources for regeneration and heat sinks for the
dehumidification process. Heat can be supplied by any medium temperature source,
usually above 60°C. Cooling can be accomplished by the use of heat sinks providing
moderately low temperatures, usually between 5 and 25°C.
There are many different technologies available for the absorber and regenerator.
The regeneration can be built as a packed bed, heated coil, spray chamber, falling-film
parallel plates, boiler or open solar collector. As for the absorbers, they are typically built
as packed beds, cooled coils, spray chambers and falling-film parallel plates. Figure 1.12
presents examples of random packings used in packed beds and columns. The bed or
column is filled with such random packings, forming the contacting surface.
The concentration of the desiccant is lower in liquid desiccant systems than in
solid desiccant ones. For this reason, the desiccant must be maintained at lower
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temperatures so it can effectively reduce the humidity of the air. This is due to the fact
that the driving force of the dehumidification process is the difference between the water
vapour pressure in the air and the water vapor pressure at the air/desiccant interface. The
interface water vapour pressure increases with temperature and decreases with
concentration and, consequently, the driving force can be enhanced by increasing the
desiccant concentration or by reducing its temperature. Lower temperatures throughout
the absorber can be obtained by using a high flow rate of cooled desiccant, thereby
increasing total heat capacity associated with the desiccant flow stream. This way, the
desiccant drives the dehumidification process and acts as a cooling agent as well.

Fig. 1.12. Commercially available random packings for packed beds. Source: KochGlitsch (2003).
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Another way to maintain the desiccant at a lower temperature in the absorber is to
have an internally cooled absorber. This kind of absorber allows for the use of a low flow
of desiccant because there is no need for a high heat capacity, since the heat does not
have to be removed by the desiccant itself. The flow can be characterized by the mass
flow ratio (MR) between the air and the desiccant streams.
Industrial dehumidification systems, such as the one shown in Fig. 1.13, usually
employ packed bed regenerators and absorbers, with high flow rates of desiccant. In a
review of liquid desiccant systems, Öberg and Goswami (1998) showed that typical
systems have an MR of between 0.5 and 2. On the other hand, low desiccant flow and
internally cooled absorbers can use an MR above 100, as shown by Keßling et al. (1998).
As pointed out by Dudukovic et al. (1999), packed beds, packed towers or packed
columns are widely used in the pharmaceutical, chemical and petroleum industries.
Therefore, extensive research has been conducted on the design and operation of such
technology. Strigle (1987) and Billet (1995) present extensive information on packed
towers. This type of equipment is relatively cheap and easy to build, and provides
elevated interfacial surface area per unit volume (specific surface area).

Regarding the specific application of packed beds for liquid-desiccant
dehumidifiers and regenerators, Öberg and Goswami (1998) presented a review of mass
transfer performance correlations available in the literature, most of them using random
packings. More recently, a number of studies, both theoretical and experimental, have
been published on structured packing dehumidifiers and regenerators, e.g., Al-Farayedhi
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et al. (2002), Gandhidasan et al. (2002), Abdul-Wahab et al. (2004), Dai and Zhang
(2004), Elsarrag et al. (2004), Elsarrag (2006) and Liu et al. (2006). Longo and
Gasparella (2005) experimentally compared the performance of structured and random
packings. Their results showed dehumidification rates and an efficiency that was 20% to
30% higher for random packings, but a 65 to 75% lower air pressure drop with structured
packings. Besides the high pressure drop, packed beds have a number of disadvantages
associated with high desiccant flow rates.

Fig. 1.13. A commercially available packed bed liquid desiccant dehumidifier
(left), and a regenerator (Kathabar, 2007).
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Lowestein et al. (1998) listed the most important disadvantages associated to
packed beds:
•

air passages within the packed bed are fairly wide to prevent the desiccant
from restricting the airflow (flooding). This increases the size and cost of
equipment;

•

desiccant pumps are large and therefore have high energy consumption;

•

the change in concentration of the desiccant is slight, making the desiccant
storage not viable and less effective;

•

desiccant flow is high leading to more heat being dumped back into the
dehumidifier cooler by the regenerator; and

•

air velocities are low to avoid high pressure drops and entrainment of
droplets in the air stream.

The problem of droplet entrainment and desiccant carry-over into building ducts
can be a significant issue associated with packed beds. Mist eliminators require regular
maintenance, which is usually not available in many buildings.
In order to avoid some of the shortcomings of packed beds, parallel-plate,
internally-cooled or heated absorbers and regenerators have been proposed. In such
systems, such as the one shown in Fig. 1.14, the desiccant solution trickles down the
surface of a plate, where it contacts the air to be dehumidified. Water flows inside a
channel to remove the heat generated by the absorption process.
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Another option is to provide cooling through an internal evaporative cooler. In
such systems, as proposed by Saman and Alizadeh (2002) and shown in Fig. 1.15, the
desiccant and evaporating water flow on opposite sides of the same wall. The air to be
conditioned flows on the desiccant side. The scavenging air, which can also be the
exhaust air from the building, flows on the water side. These absorbers are potentially
more economical and compact than the water channel cooled varieties. The additional
stream of air and the coupled evaporative cooler, however, make its construction
significantly more complex. The additional complexity comes from building an absorber
with two streams of air, one stream of desiccant and one stream of water, and ensuring no
leakages/contamination between the two air streams.

Fig. 1.14. Parallel-plate, internally-cooled absorber.
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Fig. 1.15. Schematic of an evaporatively cooled absorber. Source: Saman and
Alizadeh (2002). Reprinted with permission from Elsevier.
Regarding the choice of desiccant used in the systems, most of the commercial
equipment available employs lithium chloride (LiCl), with some using triethylene
glycol (TEG). Another alternative is Calcium Chloride (CaCl2), which is considerably
cheaper than LiCl. However, CaCl2 has a lower crystallization mass fraction, which
consequently leads to a lower water vapour pressure in the desiccant inside the
absorber, reducing its capacity to attract water.
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1.5 Previous Studies of the Analysis of Flat-Plate, Internally Cooled/Heated Absorbers
and Regenerators
Flat-plate absorbers and regenerators operate on the principles of falling film
absorption. Grossman (1986) reviewed the hydrodymanics of film flows and the
absorption process through stagnant, laminar and wavy flow. The author also presented
the fundamental transport equations for film absorption, i.e., momentum, species and
energy. The Reynolds number for film flows, as presented by Grossman (1986) is defined
as:
Re = 4Γ

(1.1)

μ

where Γ is the mass flow per unit of width (kg.s-1.m-1) and µ is the dynamic viscosity
(kg ⋅ s −1 ⋅ m −1 ) The flow is considered smooth laminar for Re < 20, wavy flow with
partially laminar and partially turbulent nature for 20 < Re < 1,600, and fully turbulent
flow for Re > 1,600. Pierson and Whitaker (1977) presented an approximation for the
hydrodynamic entrance length as:

(

2
L ~ 2ν

Re
g ) ( 4)
1/ 3

4/3

(1.2)

where L is the entrance length (m), ν is the kynematic viscosity (m 2 ⋅ s −1 ) , and g is the
gravitational acceleration (m ⋅ s −2 ) . Typical conditions used in the present work, and the
corresponding values for Re and L are presented in Table 1.2. From these properties and
flow rate considered for a 0.5 m long channel, it can be assumed that the flow developing
length for the film is negligible.
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Table 1.2. Typical values for Reynolds number and falling film hydrodynamic
entrance length for a LiCl-H2O solution with 40% LiCl mass fraction and
at 15°C, using a typical mass flow rate adopted in the present work.
Properties values from Conde (2004).
ν (m2·s-1)

9.2 x 10-6

μ (kg·s-1·m-1)

11.4 x 10-3

Γ (kg·s-1·m-1)

1 x 10-3

D (m2·s-1)

6.2 x 10-10

ρ(kg·m-3)

1254

k (W·m-1·K-1)

0.50

Cp (J·kg-1·K-1)

2670

Re

0.35

L (m)

1 x 10-5

Grossman (1987) analyzed the potential influence of interdiffusion on the film
absorption. The results indicate that the effects are negligible for most practical cases.
Riazi and Faghri (1986) showed that interfacial drag between the gas and liquid streams
is negligible for gas Reynolds numbers below 5000. Rotem and Neilson (1969) showed
that the diffusion term along the vertical direction is negligible for large Peclet (Pe)
numbers. The mass transfer Peclet number, as presented by Rotem and Neilson, is
defined by Eq. 1.3. The authors calculated the values of Sherwood (Sh) numbers for Pe
numbers varying from 0 to over 1000. The results indicate that Sh remains relatively
constant for Pe from 0 to 1, when it rapidly increases with increasing Pe up to 10. From a
Pe of 10 to values over 1000, there is little additional change in the values of Sh. The
authors also state that a similar result would be obtained for Nusselt numbers.
Pem = Re⋅ Sc

(1.3)
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The Schimdt number (Sc) is defined as:
Sc = υ

D

.

(1.4)

Using Eqs. 1.3 and 1.4, and the typical properties and operational values for the
present work from Table 1.2, the calculated Pem would be 2,572. The heat transfer Peclet
number (Pet) is defined as
Pet = Re⋅ Pr ,

(1.5)

and the Prandtl number (Pr) as
Pr =

υρ Cp
k

.

(1.6)

Using the values from Table 1.2, a typical Pet would be 62. The values for Pem
and Pet, both above 10, indicate that axial diffusion and conduction can be assumed as
negligible.
Killion and Garimella (2001) provided an extensive review of models for coupled
heat and mass transfer in falling-film absorption. The authors showed that most of the
earlier research had been done for laminar vertical films of water-lithium bromide
solutions absorbing water. They also presented the assumptions adopted by most of the
works reviewed: negligible dissipation effects, pressure gradients, transport of mass due
to energy fluxes (the Soret effect), transport of energy due to mass fluxes (the Dufour
effect) and transport of energy due to interdiffusion. Most of the reviewed literature
related to processes where there was no mass transfer resistance on the gas side, which
would be typical for LiBr-H2O absorbers in closed absorption systems.
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Chen and Vliet (1995) evaluated the effect of inert (or non-absorbable) gases on
the absorption of water into a LiBr-H2O film. The authors used fully developed laminar
flow equations for the gas and liquid cocurrent streams. Species, energy and momentum
equations were solved using the finite volume technique. Their results showed that an
increase in the inert gas mass fraction from 0 to 3% led to a decrease in local absorption
rates from 15 to 25% along the 0.2 m long channel. Ameel et al. (1997) performed an
experimental investigation into the effect of non-absorbable gases on mass transfer in a
0.84 m long vertical tube operating with LiCl-H2O. The results showed that, with a low
solution flow (Re=30), an increase in the mass fraction of air in the air-water vapour
mixture from 0 to 7% decreased the mass transfer rate into the liquid solution by 35%.
For liquid-desiccant systems, however, the gas side is mostly composed of air and thus
the mass and heat transfer resistances are significant. In fact, humid air at 25°C, 101 kPa
and 50% relative humidity is composed of 99% dry air and 1% water vapour on a mass
basis.
In the literature, steady-state non-adiabatic liquid-desiccant analyses fall into two
categories. Some authors have used simplified equations using heat and mass transfer
coefficients obtained from the literature or experiments. This approach reduces
considerably the computational effort to solve the problems, but it is limited to those for
which the aforementioned coefficients are available. Other authors have numerically
solved the system of coupled two or three dimensional differential equations with
different assumptions and simplifications. Dynamic analyses of non-adiabatic liquiddesiccant components were not found in the literature. Khan (1998) developed simplified
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equations based on the Number of Transfer Units (NTU), assuming negligible mass and
heat transfer resistances in the desiccant film, and isothermal walls. The author performed
a parametric analysis with assigned values for NTU, although no explanation was offered
about the values chosen. Keßling et al. (1998) also developed a model based on NTU for
isothermal wall absorbers, but the authors used mass transfer coefficients obtained from
experiments on a single channel, counter-current flow. A similar approach was developed
by Saman and Alizadeh (2001). The authors presented models based on NTU for a crossflow absorber, cooled by an evaporative process, as shown in Fig. 1.15. Predicted values
were later compared to experimental results by Saman and Alizadeh (2002) and showed
good agreement. Jain et al. (2000) modeled and tested a tube and shell absorber, with air
and desiccant flowing inside the tubes in a co-current configuration, and water outside the
tubes (i.e., on the shell side). The authors used published mass and heat transfer
correlations and considered the resistances in the desiccant film to be negligible. Heat and
mass transfer rates measured through experiments were much lower than the predicted
values, which the authors considered to be due to poor wetting of the tube walls. The
model was then adjusted with “effective heat and mass transfer areas factors”. Krause et
al. (2005) adopted a similar approach to analyzing a flat-plate liquid-desiccant
regenerator. No experimental data was presented to compare with the theoretical analysis.
Park et al. (1994) analyzed the coupled heat and mass transfer phenomena in flatplate cross-flow liquid-desiccant absorbers and regenerators. The authors solved the
boundary layer momentum, energy and species equations considering fully developed air
and desiccant streams with isothermal walls. The equations were approximated by finite

- 28 -

difference equations and the results were compared to experiments using triethylene
glycol (TEG). The model predicted higher mass transfer and lower heat transfer than
observed, which the authors considered to be caused by poor desiccant wetting of the
plate surface. Although the trends are similar between the model and the experiments, the
values were significantly different. The dehumidification rate, for example, showed
discrepancies close to 40%. Park et al. (1996) used the previously developed model and
established correlations to aid in the design of liquid-desiccant system components,
which would be only valid for TEG-Water solutions.
Rahamah et al. (1998) used finite volume approximations to solve the set of
boundary layer differential equations representing the two dimensional domain of a flatplate co-current absorber with isothermal walls. Air and film flow streams were again
considered to be fully developed. Other main assumptions were: laminar flow, uniform
physical properties, thermodynamic equilibrium at the desiccant/air interface, uniform
film thickness and negligible drag between the air and film. The authors presented
correlations for average Nusselt and Sherwood numbers based on the theoretical results,
but there were no comparisons with experimental results. Ali et al. (2003) used the same
assumptions as Rahamah et al. but extended the analysis to counter flow configurations
and they added the effects of nanoparticle suspensions in the desiccant film. The authors
used finite difference approximations to solve the governing energy and species
equations. The results indicated that no improvements were obtained with the use of the
nanoparticles, due to the small thickness of the falling film, and that the cocurrent flow
configuration provided better dehumidification in comparison with counter flow. The
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same approach was later extended to cross flow configurations by Ali et al. (2004). Ali
and Vafai (2004) studied co and counter current flows in inclined (V-shaped) channels,
also with the presence of nanoparticles. No comparisons with previously published data
or experiments were presented in these last three studies.
An important aspect of some of the previous models, and one which was adopted
in the present work, is the assumption of fully developed flow for the air stream.
Chen (1973) proposed the following expression for the entrance length for laminar flow
between parallel plates:
0.315
⎛
⎞
L=⎜
+ 0.011Re ⎟ ⋅ Dh
⎝ 0.0175 Re+ 1
⎠

(1.7)

Using Eq. 1.7 and the values presented in Table 1.3, the calculated entrance
length for a channel for a hydraulic diameter (Dh) of 10 mm would be 14.7 cm, or 29% of
the channel length of 50 cm adopted for the present work.
Table 1.3. Typical values for Reynolds number and hydrodynamic entrance length
for air at 25°C, using a typical mass flow rate adopted in the present work.
Properties values from Çengel (1998).
ν (m2·s-1)

1.55 x 10-5

μ (kg·s-1·m-1)

1.84 x 10-5

Γ (kg·s-1·m-1)

12 x 10-3

D (m2·s-1)

2.5 x 10-5

ρ(kg·m-3)

1.186

-1

-1

k (W·m ·K )

0.0259

Cp (J·kg-1·K-1)

1005

Re

1300

L (m)

0.147
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Another common assumption, negligible diffusion and conduction in the axial
direction for the air stream, can be also verified. Shah and London (1978) presented
values of Nusselt number for different values of Peclet for flow between parallel plates.
Similarly to what was previously shown for the film flow, Nu changes considerably for
Pet ranging from 1 to 10, but little change occurs for Pet below 1 or above 10.
Considering the definitions of Pet and Pem as presented by Eqs. 1.5 and 1.6, and the
values presented in Table 1.3, Pet would be calculated at 925 and Pem at 806. The
extension of the thermal analysis to the mass transfer case would be possible since the
differential equations describing those phenomena are similar.
1.6 Present Research Objectives and Approach
The present work is aimed at extending the understanding of flat-plate liquid
desiccant absorbers and regenerators. It was intended that a non-adiabatic, nonisothermal, two-dimensional numerical model of the heat and mass transfer phenomena
in such components would be developed. This numerical model would be validated using
experimental data obtained from single channel experiments performed on a rig built as
part of the present work. Basic parametric analyses would be performed, particularly to
evaluate the effect of the non-isothermal operation of the regenerator on its capacity and
energy performance. It was also intended that the construction of prototypes and their
subsequent operation during experiments would lead to important insights into practical
aspects related to such components, especially the operation under very low film Re. A
full parametric analysis and the development of correlations from simulations is outside
of the scope of this work. Figure 1.16 presents the research flow chart and scope.
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Fig. 1.16. Research flow chart and scope.
The present study expands the previously described investigations in a number of
ways. It examines the non-isothermal regenerator operation, with its associated potential
to increase the total system energy efficiency, particularly when operating with solar
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thermal collectors. It also compares a simplified numerical model, using published heat
and mass transfer coefficients, with a more elaborate analysis using the boundary layer
energy and species equations, under isothermal conditions. An essential assumption of
previous studies, uniform film thickness, is also relaxed.
1.7 Thesis Format
As outlined by the Queen’s University School of Graduate Studies, this thesis
follows the manuscript format. For this format, a general introduction and literature
review are followed by the manuscripts, a general discussion, summary and conclusions.
The chapters are composed of published or publishable manuscripts followed by an
overall discussion of results and a conclusion. Following this format, chapters 2 to 4 are
composed of manuscripts. Chapter 2 was published in the Solar Energy Journal
(Mesquita et al. 2006). Chapter 3 was published in the Proceedings of the American
Society of Mechanical Engineers International Solar Energy Conference (Mesquita and
Harrison, 2005) and it is currently under submission to the ASME Journal of Solar
Energy Engineering. Chapters 4 and 5 have been prepared as a paper but, at the time of
this thesis submission, such paper has not been submitted to a journal. Because of the
format adopted, additional supporting documentation related to the numerical and
experimental methods are presented in the appendices.
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CHAPTER 2
MODELING OF HEAT AND MASS TRANSFER IN PARALLEL PLATE LIQUID –
DESICCANT DEHUMIDIFIERS – ISOTHERMAL WALL ANALYSIS

2.1 Introduction
In many situations, liquid-desiccant dehumidifiers operate at near isothermal wall
conditions. In the present chapter, numerical models are developed for this condition and
the results are compared to published numerical and experimental data.
2.2 Constant Thickness Model
In order to simplify the mathematical analysis, the following assumptions were
made for the constant thickness film model: the wall is considered to be isothermal (i.e.,
the cooling water flow is not considered), the flow is laminar and fully developed for the
liquid-desiccant and the air, the desiccant flow is smooth (not wavy), flow is uniform
along the width of the channel and edge effects are negligible, i.e., the phenomena can be
represented by a 2-D domain, the physical properties are constant, there is
thermodynamic equilibrium at the desiccant/air interface, air is an ideal gas, no shear
forces are exerted by the air on the desiccant, the body force in the air is negligible,
diffusion and conduction in the direction of the flow is negligible, species thermodiffusion and diffusion-thermo effects are negligible, the rate of water vapour absorption
is small (i.e., the velocity in the transverse direction is negligible), the solubility of air in
the desiccant solution is negligible, and the film thickness is constant. The assumptions
of laminar air flow and smooth laminar film flow are design criteria to avoid carry-over
of the desiccant into the air stream, as shown by Lowenstein et al. (2006) and Keßling et
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al. (1998). The assumptions of fully developed flow for the desiccant and air streams, and
negligible diffusion and conduction in the axial direction have been investigated and
verified in Section 1.5.
Considering the above assumptions and the geometry presented in Figure 2.1, the
governing momentum, energy and species equations for the liquid-desiccant film, as
presented by Grossman (1986), are:

∂ 2 ud
γ d 2 + ρd g = 0 ,
∂y

(2.1)

∂Td
∂ 2Td
ud
= αd
, and
∂x
∂y 2

(2.2)

∂C d
∂ 2Cd
= Dd
,
∂x
∂y 2

(2.3)

ud

Fig. 2.1. Schematic diagram of the dehumidifier.

- 35 -

The species, momentum and energy equations for the air, as presented by Rahamah et al.
(1998), are:

∂ 2ua
∂p
= μa
,
∂x
∂y 2

(2.4)

ua

∂Ta
∂ 2Ta
, and
= αa
∂x
∂y 2

(2.5)

ua

∂C
∂C a
= Da 2a .
∂x
∂y

(2.6)

The boundary conditions are:

at x=0,

Td=Tdi , Ta=Tai, Cd=Cdi, Ca= Cai,

(2.7)

at y=0,

Td=Tw,

∂C d
= 0 , ud=0,
∂y

(2.8)

at y=δd,

Td=Ta, ud=ua, Ca= Ca*,

at y=δc,

∂Ta
∂C a
∂u a
= 0,
= 0,
= 0.
∂y
∂y
∂y

∂u d
= 0 , and
∂y
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(2.9)

(2.10)

The velocity profile for the liquid-desiccant is calculated by integrating equation (2.1)
twice across the desiccant film:
ud =

g ⎛
y2 ⎞
⎜⎜ δ d y − ⎟⎟ .
υd ⎝
2 ⎠

(2.11)

Considering the continuity across the film:

δd

Γd = ∫ ρ d ud dy .

(2.12)

0

Solving (2.12) allows for the development of the expressions for film thickness and
velocity profile according to the desiccant mass flow per unit width, Gd:

⎛ 3Γ υ
δ d = ⎜⎜ d d
⎝ ρd g

ud =

3Γd
2ρ d

1

⎞
⎟⎟ , and
⎠
3

⎛ 2y y2 ⎞
⎜⎜ 2 − 3 ⎟⎟ .
⎝ δd δd ⎠

(2.13)

(2.14)

The velocity profile for the air stream can also be calculated through the momentum and
continuity equations for the air stream:

δc

Γa = 2 ∫ ρ a u a dy ,

(2.15)

δd
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ua = ud +

(

)

dp 1 ⎡ 1 2
⎤
y − δ d2 + (δ c − y )⎥ , and
⎢
dx μ a ⎣ 2
⎦

⎡
⎤
Γa
ud
dp
= 3μ a ⎢
+
.
2
3⎥
dx
(
)
(
)
−
−
δ
δ
2
ρ
δ
δ
c
a
d
c
⎣ d
⎦

(2.16)

(2.17)

The energy and species balances at the interface (y=δd) give the additional matching
equations:

kd

∂Td
∂T
∂C a
= k a a + ρ a Da h fg
, and
∂y
∂y
∂y

ρ d Dd

∂C d
∂C a
.
= ρ a Da
∂y
∂y

(2.18)

(2.19)

The equilibrium water mass fraction in the air at the interface is given by the vapour
pressure of the water in the desiccant solution at the interface, pw(Td, Cd), and by
Dalton’s law applied for a water vapour/air mixture:

C a* =

18.0153 p w
.
28.9645 p − 10.949 p w
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(2.20)

Equations (2.2), (2.3), (2.5), (2.6), (2.18) and (2.19) were approximated by using
the finite-difference method. Central-differencing was used for the diffusion terms and a
backward or forward scheme for the convection terms, depending on whether the
air/desiccant flow configuration was co-current or counter-current. The equations were
solved simultaneously using the software package Microsoft EXCEL (Microsoft
Corporation, 2000). In the “y” direction, 7 nodes were used for the liquid-desiccant film
and 40 for the air as shown in (Figure 2.2). The grid sensitivity analysis is presented in
Appendix C. The interface between the last node on the desiccant side and the first node
on the air side was represented by an additional node. This interface node has no volume,
but it provides, through equations (2.18), (2.19) and (2.20), the coupling between the air
and liquid streams and between the energy and species equations. The number of nodes
in the flow direction varied according to the height of the channel.

WALL

INTERFACE

SYMMETRY
LINE

Fig. 2.2. Schematic of the placement of nodes for one step in the flow direction. Nodes
are as shown as dots.
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2.2 Variable Thickness Model
For many applications, the assumption of constant film thickness is valid, since
the desiccant mass flow is a few orders of magnitude higher than the water absorber by
the film. However, in low desiccant mass flow applications, the film flow rate and the
water transfer rate can be of the same order of magnitude. For this reason, a variable
thickness model is introduced. The variable thickness model uses the same equations,
assumptions and number of grid nodes as the constant thickness model. The difference is
that the thickness of the desiccant film is allowed to vary and it is recalculated by using
equation (2.13) for every step of the simulation, as shown schematically in Figure 2.3.

WALL

INTERFACE
i-1
i
i+1

Fig. 2.3. Schematic of the grid with thickness change in the desiccant
film. Nodes are shown as dots.
Once the film thickness is recalculated, it is possible to obtain a new velocity profile for
the desiccant using equation (2.14); the profile is still the same as that for the fully
developed laminar flow, but it is recalculated to account for the change in mass flow and
film

thickness.

This

procedure

is

similar
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to

the

one

adopted

by

Jernqvist and Kockum (1996) for developing falling film flow. In order to reduce the
computational time, and because the changes in film thickness are small, the change in
the air flow velocity profile was neglected.
2.3 Simplified Model
As an alternative to simplifying the simulations and facilitating the
implementation of absorbers and regenerators in simulation software packages, such as
TRNSYS (TRNSYS, 1996), a simplified model was developed. In this model, the liquiddesiccant stream was represented by one single node in the “y” direction. The
temperature of the liquid-desiccant was assumed to be equal to the temperature of the
wall. The air stream is also represented by only one node in the direction across the
channel. The energy and species equations for the air stream are:

ma c pa

dTa
= 2hha (Tw − Ta ) , and
dx

(

)

dma
= 2hma ρ a C a* − C a .
dx

(2.21)

(2.22)

The desiccant concentration is evaluated using a species balance for every step of the
simulation, with the water absorbed by the desiccant solution calculated through equation
(2.22). The heat transfer coefficient is calculated using a correlation for Nusselt number
for laminar flow between parallel plates (Çengel, 1998):

Nu =

hha d h
= 7.54 .
ka

(2.23)
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The mass transfer coefficient is then determined using the Chilton-Colburn analogy:

⎛α
hha
= ρ a c pa ⎜⎜ a
hma
⎝ Da

2
3

⎞
⎟⎟ .
⎠

(2.24)

It should be noted that the analogy and the above correlation are only valid for constant
temperature and concentration along the desiccant-air interface. Although this is not the
actual case, for sufficiently high desiccant flow rates the change in concentration is small.
The assumption of constant concentration in the desiccant film is similar to the
assumption of constant thickness, i.e., it is only possible to assume a constant film
thickness if the desiccant flow rate is relatively high. It is assumed that, in the simplified
model, the heat generated by the absorption of the water vapour into the desiccant
solution is immediately removed. This effectively decouples the mass and heat transfer
phenomena.
2.4 Results and Discussion
The models developed were initially verified by comparing the species and energy
balances between the desiccant and air flow streams. The results were accurate to within
1%. For the constant thickness model, the results were compared to results available in
the literature (Rahamah et al., 1998) for simulations using CaCl2-water as the liquiddesiccant solution, flowing in a co-current configuration. The authors defined average
Nusselt and Sherwood numbers as follows:
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Nu avg =

Shavg =

H ⎛ ∂T
4δ a
⎜ a
H (Tai − Tw ) ∫ 0 ⎜⎝ ∂y

4δ a
H C ai − C ai*

(

)∫

H
0

⎞
⎟⎟
dx , and
⎠ y =δ d

⎛ ∂C a
⎜⎜
⎝ ∂y

(2.25)

⎞
⎟⎟
dx .
⎠ y =δ d

(2.26)

It is not clear if the Cai* adopted by the authors was calculated for the wall
temperature or the desiccant inlet temperature. The former was used in the present work.
Table 2.1 presents the variables and properties that were common to all simulations and
the comparison between the results obtained in the present work and by
Rahamah et al. (1998) are presented in Table 2.2.
Table 2.1. Properties and variables used in simulations. Data from Çengel (1998)
and Conde (2004).
CaCl2
Air
k

W/m2

0.525

0.02635

cp

J kg ⋅ K

2330

1.028 x 103

ρ

kg/m3

1394

1.172

μ

kg m ⋅ s

1.19 x 10-2

1.83 x 10-5

D

m2/s

4.2 x 10-10

2.5 x 10-5

m&

kg/s

7.0 x 10-3

1.23795 x 10-2

C

25

35

Ci

kg/kg

0.6

0.02

hfg

J kg ⋅ K

Ti

Tw

o

o

2.448 x 106

C

10
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Table 2.2. Comparison between the results for Nu and Sh obtained in the
present work with a constant thickness model and by Rahamah et
al. (1998).
H

δcx 2

m

m

Nu

Sh

Nu

Sh

Nu

Sh

4.0 x 10-1

2.6 x 10-3

2.42

2.08

2.32

1.92

4.1

7.7

4.0 x 10-1

3.0 x 10-3

2.79

2.42

2.68

2.25

3.9

7.0

4.0 x 10-1

3.5 x 10-3

3.20

2.80

3.08

2.67

3.8

4.6

4.0 x 10-1

4.0 x 10-3

3.56

3.15

3.44

2.95

3.4

6.3

4.0 x 10-1

3.3 x 10-3

3.04

2.65

2.93

2.50

3.6

5.7

5.0 x 10-1

3.3 x 10-3

2.56

2.20

2.45

2.07

4.3

5.9

6.0 x 10-1

3.3 x 10-3

2.18

1.88

2.08

1.75

4.6

6.9

7.0 x 10-1

3.3 x 10-3

1.98

1.63

1.84

1.51

7.1

7.4

8.0 x 10-1

3.3 x 10-3

1.73

1.40

1.65

1.32

4.6

5.7

Present work

Rahamah et al (1998)

% Difference

The results agree well, especially if one considers that the values used for the
properties in the present work were not those used by Rahamah et al. (1998). This is
particularly important for the air mass flow rate. The authors used a Reynolds number for
the air flow of 1350, but they did not note the value used for air viscosity. Since the air
flow rate has a significant impact on Nu and Sh, it would be difficult to obtain closer
results, even by using the same numerical method and computer algorithms. For example,
in the case of the 0.70 m high channel, the one which predicted the largest difference
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between the present and published works, a 10% reduction in air mass flow rate resulted
in a 9.6% reduction in the Nusselt number and a 9.8% reduction in the Sherwood
number.
In order to compare the three models, another set of simulations was performed.
All conditions were kept constant, with the exception of the desiccant mass flow. A cocurrent flow configuration was used, but this time with LiCl as the desiccant material.
Table 2.3 presents the properties and variables used for the simulations.
Table 2.3. Properties and variables used in simulations for comparison between
the three models implemented. Properties values from
Çengel (1998), Uemura (1967) and Conde (2004).
LiCl

Air

k (W/m2K)

0.558

0.0275

cp (J/kg K)

3140

990

ρ (kg/m3)

1394

1.11

μ (kg/m s)

1.86 x 10-3

1.9 x 10-5

D (m2/s)

1.2 x 10-9

2.65 x 10-5

m& (kg/s)

-

0.01264

Ti (oC)

25

30

Ci (kg/kg)

0.6

0.015

hfg (J/kg K)

2.430 x 106

Tw (oC)

25

H (m)

0.5

δcx 2 (m)

5.0 x 10-3
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For higher desiccant flow rates, the variable and constant thickness models
converge to the same results. However, for a desiccant flow rate 400 times lower than the
air flow rate the difference between the two models is 19%. In terms of the
dehumidification rate in the air stream ( ΔCa ), the constant thickness model predicts a
value 4 times smaller than the variable thickness model.
Figure 2.4 and Table 2.4 present the results obtained with the simulations. It can
be seen that the outlet air temperatures for the three models are very close, but that the
results for outlet water mass fraction in the air differ significantly when the desiccant
mass flow is reduced. The constant and variable thickness models give results that
disagree by only 1.2% if the air mass flow rate equals the desiccant mass flow rate.

Fig. 2.4. Variation of outlet water mass fraction in air with desiccant solution
mass flow for the conditions presented in Table 2.3.
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Table 2.4. Comparison between the results obtained with the three different models.
Variable Thickness

Constant Thickness

Model

Model

m& d

Tao

Cao

Tao

(kg/s)

(oC)

(x10-3kgw/kgair)

(oC)

m& a

25.87

5.83

25.86

m& a /2.5

25.86

5.93

m& a /5

25.86

m& a /10

Simplified Model
Tao

Cao

(oC)

(x10-3kgw/kgair)

5.90

26.13

6.24

25.86

6.13

26.13

6.37

6.07

25.86

6.46

26.13

6.57

25.86

6.32

25.85

7.08

26.13

6.96

m& a /20

25.86

6.76

25.85

8.18

26.13

7.66

m& a /30

25.86

7.15

25.85

9.08

26.13

8.25

m& a /40

25.86

7.50

25.85

9.80

26.13

8.75

m& a /50

25.86

7.81

25.85

10.4

26.13

9.18

m& a /60

25.86

8.09

25.85

10.9

26.13

9.56

m& a /70

25.86

8.34

25.85

11.2

26.13

9.88

m& a /80

25.86

8.57

25.85

11.6

26.13

10.2

m& a /90

25.86

8.78

25.85

11.8

26.13

10.4

ma/100

25.86

8.98

25.85

12.0

26.13

10.7

m& a /150

25.86

9.73

25.85

12.8

26.13

11.5

m& a /200

25.86

10.3

25.86

13.3

26.13

12.1

m& a /250

25.87

10.7

25.86

13.6

26.13

12.5

m& a /300

25.87

11.0

25.86

13.8

26.13

12.8

m& a /350

25.87

11.2

25.86

14.0

26.13

13.0

m& a /400

25.87

11.4

25.86

14.1

26.13

13.2
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Cao
(x10-3kgw/kgair)

The variable thickness model was further tested against experimental data
available in the literature. Keßling et al. (1998) made measurements with a single channel
using LiCl as the desiccant and a counter-flow configuration. The model was adapted for
the water cooling channel employed in the experiment, which used a cross-flow
configuration. In this configuration, for every 0.05 m along the channel, there was a
0.01 m section with no water flow. Therefore, the boundary condition for the regions
with no water flow was changed to be adiabatic, instead of isothermal. The regions with
water flow were considered to be isothermal at a temperature equal to the average
between the measured inlet and outlet water cooling temperatures. In the experiments, the
water flow was kept high enough so that the maximum increase in the water cooling
temperature was 0.4oC. The channel was 0.46 m high and 0.055 m deep, and the
desiccant solution had an inlet water mass fraction of 0.598 for all experiments. The
results are presented in Table 2.5. The outlet air temperature results agree very well, with
less than a 1.5% difference between the model and the experimental results. For the
outlet water mass fraction in air, the results agree very well for the lower desiccant mass
flow rates. The difference increases for higher desiccant flow rates, reaching 13% for the
case with the highest flow rate. It is not clear, however, what could cause such
discrepancies. Since the desiccant mass flow range is still in the laminar smooth region, it
is unlikely that a wavy flow could have caused the difference. The values of uncertainty
for the experiments published by the authors are below the difference obtained. The
causes for the discrepancies for the higher desiccant flow rates remain to be investigated.
For lower desiccant flow rates, the results agree very well. Although the use of the
constant thickness model was not tested against the data from Keßling et al. (1998), the

- 48 -

results would not likely be better, since the constant thickness model predicts a lower
level of dehumidification than the variable thickness model.
Table 2.5. Comparison between the results obtained with the variable thickness
model and Keßling et al. (1998).
m& a

m& d

Tai

Tw

o

o

x 10-3

x 10-3

kg/s

kg/s

1

12.64

0.621

24.5

24.3

14.2

2

12.64

0.327

24.8

24.3

14.3

3

12.64

0.187

24.6

24.3

14.3

4

12.64

0.115

24.4

24.3

14.3

5

12.64

0.085

24.4

24.3

14.3

6

12.64

0.071

24.1

24.3

14.3

7

12.64

0.058

23.9

24.2

14.2

C

C

Cai

Tao

x 10-3

o

kgw/kgair

C

Cao
x 10-3
kgw/kgair

Exp.

25.4

5.3

Model

25.1

6.1

Exp.

25.6

5.7

Model

25.3

6.4

Exp.

25.5

6.4

Model

25.3

6.8

Exp.

25.4

7.1

Model

25.3

7.4

Exp.

25.4

7.7

Model

25.3

7.8

Exp.

25.3

7.9

Model

25.3

8.1

Exp.

25.3

8.4

Model

25.2

8.4

2.5 Conclusions
Numerical models were developed for simultaneous heat and mass transfer in
parallel-plate dehumidifiers. The model with variable film thickness was compared to
experimental results available in the literature. The results for temperature agree well for
all of the cases tested. The results for water mass fraction agree to within 6% for

- 49 -

desiccant flow rates more than 34 times lower than for the air mass flow (when
considering desiccant flow on both sides of channel, i.e., 2 x m& d ). The discrepancies
between the experimental and numerical results increase with higher desiccant flow rates.
Further investigation should be conducted to better explain these discrepancies.
The constant thickness and simplified model under-predict the dehumidification,
especially for low desiccant flow rates. The numerical model can be adapted for nonisothermal conditions with the introduction of the cooling water flow equations.
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CHAPTER 3
NON-ISOTHERMAL, FLAT-PLATE LIQUID-DESICCANT
REGENERATORS: A NUMERICAL STUDY
3.1 Introduction
Non-isothermal operation is an important aspect of non-adiabatic dehumidifiers and
regenerators. This is particularly so for the case of regenerators operating with solar
thermal collectors, where it is important to understand the relationship between hot water
temperatures and mass flow on the performance of the regenerators and solar collectors.
The present chapter introduces the water stream into the previously developed numerical
model, and it analyzes the effects of some of the operational variables on the regenerator
performance.
3.2 Numerical Model
In order to simplify the mathematical analysis, the following assumptions were made:
•

the flow is laminar and fully developed for the liquid-desiccant, air and water;

•

the desiccant flow is smooth (not wavy);

•

flow is uniform along the width of the channel and edge effects are negligible,
i.e., the phenomena can be represented by a 2-D domain;

•

the physical properties are constant;

•

the desiccant/air interface is in thermodynamic equilibrium;

•

air is an ideal gas;

•

no shear forces are exerted by the air on the desiccant;

•

the body force in the air is negligible;

•

diffusion in the direction of the flow is negligible;
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•

the wall between film and water streams is thin with negligible thermal resistance;

•

species thermo-diffusion and diffusion-thermo effects are negligible; and,

•

the rate of water vapour absorption is small (i.e., the velocity in the transverse
direction is negligible, and the solubility of air in the desiccant solution is
negligible).

Considering the above assumptions and the geometry presented in Figure 3.1, the
governing momentum, energy and species equations for the liquid-desiccant film are:
∂ 2u

d + ρ g = 0,
d
2
∂y

(3.1)

∂T
∂ 2T
d ,
d
u
=α
d
d ∂x
2
∂y

(3.2)

∂ 2C
d .
d
u
=D
d
d ∂x
2
∂y

(3.3)

γ

d

∂C

The momentum, energy and species equations for the water-air solution are:

∂ 2u
∂p
a,
=μ
a ∂y 2
∂x

(3.4)

∂T
∂ 2T
a , and
a
u
=α
a
a ∂x
2
∂y

(3.5)
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u

∂C

∂C
a =D
a.
a ∂x
a 2
∂y

(3.6)

Wall
Symmetry
Line

y’

Symmetry
Line

y
x

Interface
Des./Air

Water
Channel

Air
Channel

H

δd
δw

δa

Fig. 3.1. Schematic diagram of the regenerator channel with the previously
adopted nomenclature. The shaded region represents the desiccant
film.
The momentum and energy equations for the water stream are:

∂ 2u
∂p
w + ρ g , and
=μ
w
w
2
∂x
∂y '
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(3.7)

∂T
∂ 2T
w
w.
u
=α
w ∂x
w
∂y '2

(3.8)

The boundary conditions are:

at x=0,

Td=Tdi , Ta=Tai, Tw=Twi, Cd=Cdi, Ca= Cai,

at y=y’=0,

Td=Tw,

at y=δd,

Td=Ta, ud=ua, Ca= Ca*,

∂C
d = 0 , u =0, u =0 , and
d
w
∂y

∂u

d = 0,
∂y

(3.9)

(3.10)

(3.11)

where Ca* represents the equilibrium water mass fraction in the air at the interface.
Additional boundary conditions are:
at y=δa,

∂C
∂u
∂T
a = 0,
a = 0 , a = 0 , and
∂y
∂y
∂y

(3.12)

at y’=δw,

∂T
∂u
∂u
w = 0, w = 0, w = 0.
∂y '
∂y '
∂y '

(3.13)

The energy and species balances at the air-desiccant (y=δd) interface and at the
wall give the following additional matching equations:
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k

∂T
∂T
d = −k
w,
d ∂y
w ∂y '

kd

(3.14)

∂Td
∂T
∂C a
= k a a + ρ a Da h fg
, and
∂y
∂y
∂y

∂C
∂C
d =ρ D
a.
d d ∂y
a a ∂y

ρ D

(3.15)

(3.16)

The above equations were approximated using the finite-difference method. A centraldifference approach was used for the diffusion terms, and a backward or forward scheme
was used for the convection terms, depending on whether the flow configuration was cocurrent or counter-current. The equations were solved simultaneously using the software
package Microsoft EXCEL (Microsoft Corporation, 2000). In the ‘y’ direction, 7 nodes
were used for the liquid-desiccant film, 40 nodes were used for the air, and 20 nodes were
used for the water. An additional node represented the interface between the last node in
the desiccant side and the first node in the air side (Fig. 3.2). This interface node has no
volume but provides, through Eqs. (3.15) and (3.16), the coupling between the air and
liquid streams, and between the energy and species equations.
The thickness of the desiccant film is allowed to vary using the same procedure
presented in Chapter 2. For every step of the simulation, the film thickness is
recalculated, according to Eq. (2.13), as shown schematically in Figure 3.3. Once the film
thickness is recalculated it is possible to obtain a new velocity profile for the desiccant
through Eq. (2.14) (i.e., the profile is still the profile for the fully developed laminar flow,
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but it is recalculated to account for the change in mass flow and film thickness). This
procedure is similar to the one adopted by Jernqvist and Kockum (1996) for developing
falling film flow. In order to reduce the computational time, and because the changes in
film thickness are small, the change in the air flow velocity profile was neglected.

SYMMETRY
LINE

WALL

SYMMETRY
LINE

INTERFACE
DES./AIR
Fig. 3.2. Schematic with the nodes (represented as dots) for one step in the flow
direction.

WALL

INTERFACE
i-1
i
i+1

Fig. 3.3. Schematic of grid with thickness change in the desiccant film.
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3.3 Results and Discussion
A parametric analysis was performed in order to investigate the effects of some of
the main parameters on regeneration capacity and energy consumption. The analysis was
conducted using a fixed regenerator length and with lithium chloride as the desiccant.
The parameters used during the simulations are presented in Table 3.1. Two different
flow configurations were simulated: water downward/desiccant downward/air upward
(DDU) and water upward/desiccant downward/air upward (UDU). For comparison, the
isothermal wall case was also analyzed, with the wall at a uniform temperature equal to
Twi.
Table 3.1. Values of parameters used for simulations.
LiCl

Air

Ti (oC)

= Twi

35

Ci (kg/kg) *

0.7*

0.0145

H (m)

0.5

δc x 2 (m)

5.0 x 10-3

δw x 2 (m)

3.0 x 10-3

m& ai (kg/s)

0.01264

m& di (kg/s)

0.001264

* water mass fraction in the solution/mixture
Figure 3.4 presents the variation of the evaporation rate with water inlet
temperature. In general, DDU leads to better regeneration than UDU, the difference being
larger for smaller water flow rates and higher water inlet temperatures. It can also be seen
that the regeneration temperature has a significant impact on the regeneration rate, since
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the equilibrium water vapour pressure, the driver of the process, has a strong dependence
on temperature.
Figure 3.5 presents a plot of the LiCl outlet mass fraction versus the water inlet
temperature. It is interesting to note that, if the goal of the regeneration process is to
obtain a LiCl outlet mass fraction of 0.4 kg/kg, temperatures above 70oC must be
employed. It is usually desirable to operate a liquid desiccant machine with a desiccant
mass fraction as high as possible, but safely below the crystallization point. The target
LiCl mass fraction of 0.4 kg/kg is designed to fulfill such criterion.
Figure 3.6 presents the variation of the energy consumption rate with the water
inlet temperature. As expected, the tendency of the energy consumption closely follows
the results obtained for the evaporation rate. This is because most of the energy is used
for the phase change of the water in the desiccant solution.

Evaporation Rate (kg/s)

5e-4
2.5 g/s UDU
2.5 g/s DDU
12.6 g/s UDU
12.6 g/s DDU
50.6 g/s UDU
50.6 g/s DDU
Isothermal

4e-4

3e-4

2e-4

1e-4

0
40
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60
o
Tiw ( C)

70

80

Fig. 3.4. Evaporation versus water inlet temperature for different water flow
rates and configurations.
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Fig. 3.5. LiCl outlet mass fraction versus water inlet temperature for different
water flow rates and configurations.
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Energy consumption rate versus water inlet temperature for
different water flow rates and configurations.
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The variation of water outlet temperature with water inlet temperature is shown in
Figure 3.7. In general, the DDU configuration leads to lower outlet temperatures than the
UDU configuration at the same water flow rate. This is due in part to the fact that the
desiccant inlet temperature is set at the same temperature as the incoming water.
Therefore, in the UDU configuration, the desiccant heats the outgoing water stream and
raises its temperature. As expected, this difference is more pronounced for lower water
flow rates. For the high water flow rate case (50.6 g/s) the difference is negligible.
Figure 3.8 presents the variation of specific energy consumption with water inlet
temperature. The specific energy consumption represents the amount of energy spent per
unit mass of water evaporated. For most of the cases considered, the increase in
temperature leads to a lower specific energy consumption, with the exception of low flow
rate cases (2.5 g/s), which show a different response.
80
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Fig. 3.7.

Water outlet temperature versus inlet water temperature for
different water flow rates and configurations.
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Fig.3.8. Specific energy consumption versus inlet water temperature for
different water flow rates and configurations.
For solar energy applications, the regeneration temperature has a significant impact on
the total system performance. The efficiency of a solar collector is inversely proportional
to the temperature difference between the collector operation temperature and the
ambient temperature. Therefore, to provide an initial evaluation of the impact of the
regeneration temperature on the total specific energy requirement, a figure of merit was
created by dividing the specific evaporation energy use by the solar collector efficiency,
where the efficiency was calculated by using an expression commonly used for solar
collectors (Peuser et al., 2002):
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In this case, the water inlet temperature at the collector is assumed to be equal to the
water outlet temperature at the regenerator. The variation of this figure of merit with
water temperature is presented in Figure 3.9 for a typical single-glazing flat-plate
collector.

Fig. 3.9. Specific energy consumption divided by the single-glazing flatplate collector efficiency versus inlet water temperature for
different water flow rates and configurations (I=800 W/m2,
Tai=25 °C).
This figure of merit represents, ultimately, the amount of solar energy that would be
necessary per kg of water evaporated. Therefore, it carries a direct relationship with the
required specific solar collector area. The graph shows that lower temperatures lead to
lower area requirements. The UDU configuration requires less area than the DDU
configuration for lower temperatures. However, for higher regeneration temperatures the
DDU configuration has lower results. It should be pointed out that much lower
regeneration capacities are produced by lower temperatures, leading to larger
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regenerators. The data presented in Fig. 3.9 is highly dependent on the solar collector
efficiency parameters adopted. In order to provide some insight on this dependency, two
other types of solar collectors were evaluated, and the results compared to the results
obtained for the single-glazed flat-plate collector. The two additional collectors are a
Sydney type vacuum tube solar collector and a double-glazed flat-plate collector. For the
latter, an anti-reflective coating was used on both glazings and the space between the
glazings is filled with an inert gas. Table 3.2 presents the efficiency parameters adopted
for each collector. These parameters are typical for such collectors and are based on the
absorber area.
Table 3.2. Values of solar collector efficiency parameters used for simulations. Data
from Weiss and Rommel (2005), and SRCC (2007).
h0
a1
a2
Collector
Single glazing, flat0.81
3.5
0.014
plate (1G-FP)
Vacuum tube
0.70
1.6
0.037
Double glazing, flat0.80
2.4
0.015
plate (2G-FP)

For clarity, only two cases are presented in Fig. 3.10, 12.6 g/s UDU and
isothermal. For all collectors, the ambient temperature (Ta) is assumed at 25 °C and the
solar radiation (I) at 800 W/m2.
As expected, the single-glazing flat plate collector performs well at low
temperatures, but the total energy associated to its use increases considerably with
temperature, in particular for the isothermal case. The results for the vacuum tube shows
that it would be advantageous to operate such collectors at higher temperatures, since its
performance decreases little with higher temperatures, but the energy performance of the
regenerator increases at higher temperatures.
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Fig. 3.10. Specific energy consumption divided by the collector efficiency
versus inlet water temperature for different water flow rates and
configurations (I=800 W/m2, Tai=25 °C).
The best performance, however, is obtained with the use of the double glazing
flat-plate collector. Not only does it outperform the other two models for most of the
temperatures analyzed, it has a relatively constant performance, which would allow for
higher flexibility in the operation of the regenerator. The results indicate that the double
glazing flat-plate collector provides a better match between the regenerator and the
collector performance, for the range of temperatures considered in the present study.
However, the final choice in terms of economics would depend on the specific costs of
each type of collector and also on the costs of the regenerator. The available space for the
equipment installation might also be an important factor to be considered.
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3.4 Conclusions
A numerical model was developed for simultaneous heat and mass transfer in
parallel-plate regenerators. The model was used to evaluate the effect of some of the
main parameters on the regeneration capacity and energy performance. It was found that
the water inlet temperature and flow rate have a significant impact on regeneration.
The DDU flow configuration leads to higher regeneration rates but, in many
cases, higher specific energy consumption. This might be explained by the fact that
counter-flow configurations usually lead to higher transfer rates, a fact that is well known
for heat exchangers (Çengel, 1998). High transfer rates lead to higher evaporation rates,
but also to higher sensible heat transfer rates to the air stream. Since heat recovery from
the air stream was not considered, any sensible heat transferred to the air stream is
wasted. Therefore, the DDU configuration leads to higher evaporation rate, because of
the cross flow between the air and water streams. This also causes more losses to the air
stream. In the end, when the balance between evaporation rate and losses are taken into
account, the UDU configuration leads to lower specific energy consumption. The
differences between the two flow configurations are substantially reduced with higher
water flow rates. This is due to the reduction, with high water flow rates, in the water
temperature drop through out the regenerator. The closer the water temperature profile is
to the isothermal case, smaller is the difference between counter and co-current flow.
For higher water flow rates, higher temperatures generally lead to lower specific
energy consumption, but the results also indicate that, when a single glazing flat-plate
solar collector efficiency is taken into account, higher temperatures lead to a lower
energy performance. A careful match between the operation temperature of the
regenerator and the solar collector design would provide the best overall performance.
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CHAPTER 4
EXPERIMENTS WITH A SINGLE CHANNEL FLAT-PLATE DEHUMIDIFIER
4.1 Introduction
In order to evaluate some of the practical aspects of the operation of a flat-plate
liquid-desiccant dehumidifier, and to compare results predicted by the numerical model
with experiments, it was deemed necessary to build a test rig and associated dehumidifier
prototype. Although some data is available in the literature for the isothermal wall
condition, no information was found for non-isothermal operation. Initially, the intention
was to operate the apparatus either as dehumidifier or regenerator, but concerns related to
thermal expansion of the materials, and the consequent impact on the physical integrity of
the prototype, made it necessary to limit the experiments to dehumidifier conditions. The
decision to build a single-channel prototype was related to the physical space available
for the rig. This was particularly important given the requirements for air ducts in multiplate full scale dehumidifiers. The main goal of this part of the research was to evaluate
the performance of the dehumidifier under different operational conditions.
4.2 Apparatus
4.2.1 Test plate and channel
The first step taken was to design a prototype flat-plate device for testing. Some
of the challenges involved the choice and handling of materials capable of withstanding
temperatures up to 80°C and the corrosive nature of the LiCl-H2O solution. The material
chosen for the water channel was a commercially available polypropylene (PP) twin wall
sheet. Figure 4.1 shows the basic design and dimensions of the sheet. Technical drawings
and details can be found in Appendix A.
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Fig. 4.1. Cross-section of the twin wall polypropylene sheet used for building
the flat-plate test prototypes with its main dimensions.
The PP sheet was bent and the water manifolds were glued to the top and bottom
of the plate, as shown in Fig. 4.2. The water manifolds were built using pipes with a
60.33 mm outside diameter (2 in. nominal pipe size) and a 3.9 mm wall thickness. The
ends were capped at the top left and bottom right, and received fittings to connect to
standard ¾ in. NPT fittings. The plate was bent, providing a flat and unobstructed space
for the test channel.

Fig. 4.2. Drawing of test plate with water manifolds.
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The plate was then covered with a fabric, which was kept in place by the desiccant
manifold at the top and by the surface tension created between the wet fabric and the
plate. The fabric used in the final prototype was a commercially available 100 percent
cotton woven textile called velveteen. According to the supplier, the thread size for the
warp, weft and pile are 40/2 Ne1, 60/2 Ne and 32 Ne, respectively. When mounted over
the plate, the weft direction of the fabric was oriented in the horizontal direction and the
warp direction was oriented in the vertical direction. The pile is the raised portion of the
fabric where a third thread is woven into the fabric and, in the case of velveteen, it is cut
at the top, giving the fabric its “plush feel”. The thickness of the fabric used was
measured (both dry and wet) with a thickness gauge in two positions across the horizontal
(weft). A total of 50 measurements were made for the wet and dry cases. The wet
measurement was taken after soaking the fabric in a pail of cold tap water for 30 minutes.
The dry fabric was measured to be 1.24 ± 0.04 mm and the wet fabric to be
1.13 ± 0.04 mm.
The desiccant solution manifold was installed at the top of the plate, below the top
water manifold. It was made of ABS plastic piping with an outside diameter of
48.5 ± 0.1 mm and a wall thickness of 4.2 ± 0.2 mm. It had a central inlet port at the top,
with a nominal 3/8 in. NPT size, and two air-bleed ports, one on each extremity. The
desiccant manifold outlet was made of 142 holes, each with a 0.4 mm diameter. These
holes were equally spaced throughout the 1 m long test section. This design was chosen
after a significant amount of testing was conducted with various designs regarding flow

1

Ne, called “cotton count”, is a measurement unit for thread gauge. A cotton count of “1” means 840
yards of yarn weigh 1 pound. A higher Ne implies a finer thread. The number following the slash
represents the number of strands twisted together. Therefore, a Ne of 15 and 30/2 are equivalents, the latter
using two finer strands twisted together.
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uniformity. At the bottom, a trough made of polymethyl methacrylate (i.e., acrylic)
collected the desiccant solution, directing it to the flexible tubing used to transport it out
of the test section. Figure 4.3 shows a drawing of the plate with the fabric (in blue) and
the desiccant manifold and trough. A section of the desiccant manifold in operation can
be seen in Figure 4.4.

Fig. 4.3. Drawing of test plate with desiccant manifold, trough and fabric.

Fig. 4.4. Section of the desiccant manifold in operation.
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The assembly was mounted in a wooden box, made with 18.3 mm (¾ in. nominal
thickness) plywood sheets finished with a urethane varnish. The top and bottom portions
of the box were covered with metal plates. The metal plates and the PP test plate received
Ethylene Propylene Diene Monomer (EPDM) seals on each side to form a 1 m wide test
channel in the middle. A row of straws, each with a 3.3 mm diameter, 0.3 mm wall
thickness and 143 mm length, was attached to each of the metal plates. The row of plastic
straws increased air flow uniformity by increasing the pressure drop through the channel.
It also improved the conditioning and development of the flow.

Fig. 4.5. Test plate inside inner box (left), and test plate covered by metal plates at
the top and bottom (right). EPDM sealing was applied to the sides to
form the central 1 m wide channel
The inner box was then fitted inside a larger box, forming the air manifold. The
air manifold, with a maximum rectangular cross section of 142 mm x 210 mm, consisted
of two slanted plates, which gradually reduced the cross section from the above
mentioned maximum dimensions to zero. It was assumed that this arrangement would
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enhance the uniformity of air flow through the test section, although no attempts were
made to directly assess the uniformity. The outer box was covered with a 10 mm thick
tempered glass glazing. The space between the glazing and the box around its perimeter
was sealed with an EPDM gasket, and the gasket was compressed against the box by the
framing of the glazing. In order to ensure air tightness, each port through the box surface
consisted of a liquid-tight strain-relief connector or a bulk head fitting.

Fig. 4.6. Test box assembly with glazing indicating the main dimensions of the
test channel.
The test channel was formed by the space between the fabric, the glazing and the
side seals, creating a channel 1m wide and 0.5 m high. The gap between the glazing and
the plate was 5.0 mm, which left, after the thickness of the fabric was taken into
consideration, a channel depth of 3.87 mm. A schematic of the air flow pattern is shown
in Fig. 4.7. The air flows from the manifold/plenum to the space between the glazing and
the metal plate, going through the row of straws. It then flows over the film and through
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the outlet row of straws, reaching the outlet manifold/plenum. A metal bar to support a
dial indicator and a video camera was installed in front of the glazing. The dial indicator,
which was mounted at the center of the glazing, was used to measure the displacement of
the glazing under air flow conditions.

Fig. 4.7. Schematic of the test box with some of its main components.
The air flow pattern is indicated by the arrows.
The outer box and glazing were insulated with extruded polystyrene foam sheets,
with 0.1 m on the back and 0.075 m on the other sides, including the front. The front
insulation was removable, allowing for the inspection of the desiccant flow conditions
inside the box. Figure 4.8 shows the insulated test box, and Fig. 4.9 shows the test box
without the front insulation. Visible in front of the glazing are the supporting bar, dial
indicator and camera assembly. Technical drawings of the test box with full details can
be found in Appendix A.
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Fig. 4.8. Insulated test box.

Fig. 4.9. Test box without the front insulation.
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4.2.2 Balance of the system
In order to maintain the operation under steady state conditions, the three flow
streams (air, desiccant and water) had to be measured and controlled. For clarity, each
flow circuit will be presented here separately. Figure 4.10 presents the air flow circuit.
The desired air flow rate was established with the help of two centrifugal blowers, one
upstream and one downstream from the test box. The use of two blowers was necessary
to maintain the glazing in a neutral position while achieving the desired flow rate. It also
had the added benefit of reducing significantly any potential air leaks from the test box.
The AC powered blowers were manually controlled with the use of two variable
transformers (VARIACS). The air was taken from the inside of the building and
discharged outdoors.

Fig. 4.10. Diagram of the air flow circuit.
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After passing through the first blower, the air was directed to the air-conditioning section.
This part of the circuit was formed by a series of stainless steel boxes, each one with a
specific task. First, there was an electric heater, controlled by an electronic temperature
controller. The air was then humidified, with the water in the humidification tank being
heated by another independently controlled electric heater. The air was then directed to a
series of air-to-liquid heat exchangers, where it could be cooled/dehumidified or heated,
depending on the desired conditions. Finally, another electronically controlled electric
heater finished the conditioning of the inlet air. The air flow conditions, i.e., temperature,
flow rate, relative humidity and pressure were measured and the air was supplied to the
box. A set of valves provided the option of adjusting the direction of the air stream
through the box as top to bottom (down) or bottom to top (up).
Figure 4.11 shows the water flow circuit. Since the test plate cannot withstand
high pressures, an open tank connected to the main water supply was used to break the
circuit operational pressure. The temperature of the water was controlled by an electronic
temperature controller connected to an electric heater immersed in the tank. Cooling was
provided by a refrigerated bath, and the two circuits (glycol/bath and water/water tank)
were connected through a plate heat exchanger. The water flow rate was controlled by
two mechanisms. First, by changing the supply pump speed, and second, by acting on the
installed globe valve. As in the case of the air circuit, a set of valves provided the
possibility of operating the water from top to bottom (down) or bottom to top (up).
Finally, Fig. 4.12 presents the desiccant solution flow circuit. The concentrated
solution was stored in a constant level tank, shown in Fig. 4.13. This tank, with a total
capacity of 0.018 m3, was composed of three concentric acrylic cylinders. The solution
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was recirculated with the help of a centrifugal pump, flowing from the bottom of the
outer cylinder to the top of the innermost cylinder. An intermediate cylinder was installed
to prevent greater contact of the solution with the air inside the larger cylinder. A filter
with a pore size of 1 mm was installed in the recirculation line to keep the solution clean,
which was important to prevent clogging of the small holes in the desiccant manifold.
From the tank, the solution was supplied to a peristaltic pump with an electronic speed
control, and it was then pumped to the test box. At the outlet of the test box, samples
were taken for the measurement of density and mass flow. Figure 4.14 shows a
panoramic view of the entire experimental rig.

Fig. 4.11. Diagram of the water flow circuit.
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Fig. 4.12. Diagram of the desiccant solution flow circuit.

Fig. 4.13. Constant head desiccant solution tank.
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Fig. 4.14. Panoramic view of the experimental rig.

4.2.3 Instrumentation
In order to obtain the desired information from the test rig, a number of
instruments were used, some of which were redundant but included in order to
provide a means of checking the data. The basic variables to measure were mass flow
and temperature for all of the flow streams and water mass fraction in the desiccant
and air flow streams. Another level of complexity was added by the plate design
adopted. Since there would be some thermal interaction between the flow streams
inside the test box and before they reached the test channel, the simple measurement
of temperatures outside the box would not be sufficient to provide a good
understanding of thermal phenomena through the channel. Therefore, a number of
thermocouples were positioned at the inlet and outlet of the test channel, and also
behind the back wall of the test plate. Those positioned behind the back wall of the
test plate were located according to what is presented in Table 4.1 and Fig. 4.15.
Table 4.1. Position of thermocouples attached to the back wall of the test plate.
Horizontal position (m)
Vertical position (m)

0.25

0.50

0.75

0

x

x

x

0.0625
0.125

x
x

x

0.1875
0.25

x
x

x

0.3125
0.375

x

x
x

x

0.4375
0.5

x

x

x
x

x
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x

All thermocouples used in the present research were made from 0.5 mm thick
(24 AWG), type T (copper/constantan) wires. The thermocouples were calibrated
using a VWR constant temperature heated/refrigerated bath (model VWR072590)
with a 6 litre capacity and a ± 0.01°C temperature stability, and also with a Guildline
RTD thermometer, which had an estimated accuracy of ± 5 x 10-3 K.

Fig. 4.15. Test plate with thermocouples on the back wall. The small
dots are the pieces of thermocouple adhesive tape, and they
mark the position of the thermocouple junction. The
horizontal white lines are the pieces of double-sided closed
cell foam used to bond the plate to the wood substrate. The
arrow indicates the position of one thermocouple.
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Since the wall thickness was only 0.35 mm, the temperatures measured by the
thermocouples on the back of the test plate can be considered to be close
approximations of the water temperatures at the back wall inside the channel. Another
set of thermocouples was located at the inlet and outlet of the air channel, and another
set was installed in the desiccant film. The desiccant thermocouples were located
underneath the fabric at the bottom, but on top of the fabric at the top. The
thermocouples were attached on top of the fabric because there were concerns that
they would raise the fabric from the plate, preventing the flow of desiccant on the
sections of the plate directly below them. For those thermocouples, the readings were
somewhat influenced by the air flowing in proximity to the thermocouples. The
thermocouples exposed to the desiccant solution were covered with a synthetic rubber
coating, as shown in Fig.4.16. Figure 4.17 shows the thermocouples attached to the
fabric at the top.

Fig. 4.16. Thermocouple with rubber coating (blue) attached to the fabric.
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Fig. 4.17. Thermocouples attached to the fabric. In this picture the fabric is
dry and ripples can be observed on its surface. Under normal
operation, the fabric is wet and it has no ripples. This is done by
manually “smoothing” the fabric before running experiments.
The fabric shown in Figs. 4.16 and 4.17 was the first fabric used during the
preliminary experiments, and it was later replaced by the thicker velveteen fabric.
Similar thermocouple positions were used for this new fabric.
As indicated in Figs. 4.10, 4.11 and 4.12, thermocouples were also installed
outside the test box, which would allow for the calculation of an energy balance
between the flow streams. Additionally, thermocouples were also installed
immediately downstream from the relative humidity sensors used to measure the air
humidity. The instruments used for the air flow stream measurements are listed in
Table 4.2.
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Table 4.2. Characteristics of instruments used for measurements in the air
flow stream.
Description/
Manufacturer Model
Estimated Bias
Variable
Mass flow meter with Teledyne
laminar flow element

HFM-200/ LS-2D

± 1.6 x 10-4 kg/s

HMT 331

±(1.0+0.008

Hastings

Relative humidity and Vaisala
temperature transmitter

reading)

x

%RH and

±0.2 K
Pressure

Vaisala

PTB-210

Thermocouples

Omega

Type

T

± 0.60 hPa
–

24 ± 0.2K

AWG
The uncertainty analysis indicated that, under typical conditions, the relative
humidity uncertainty was responsible for approximately 70% of the uncertainty in the
evaluation of the humidity ratio, and that the humidity ratio was responsible for close
to 70% of the uncertainty in the calculations of the dehumidification rate. However,
the relative humidity transmitters used were considered high accuracy for this type of
instrument, and further improvements could only be obtained with the use of chilled
mirror dew-point sensors. The cost of such instruments ($12,000) is significantly
higher than that of the relative humidity transmitters ($1,500). Also, the uncertainty
analysis indicated that after calibration, the uncertainty of the thermocouples would
be approximately 0.1 K. However, because of non-uniformity across the
measurements sections, an additional 0.1 K was added to the estimated uncertainty.
More details about the uncertainty analysis can be found in Appendix B. In order to
improve the accuracy in the air-duct measurements, static mixers were built and
placed upstream from the measurement sections. For pressure measurements,
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piezometric rings were built following the recommendations and guidelines presented
by Benedict (1984).
The measurements of the water were somewhat less complex than those for
the air stream. Table 4.3 presents a list of the relevant instruments.
Table 4.3. Characteristics of instruments used for measurements in the water flow
stream.
Description/
Manufacturer Model
Estimated Bias
Variable
F-025 MVD

± 4.9 x 10-5 kg/s

SIKA

VTH 15K5-41

± 6.7 x 10-3 l/s

Omega

Type T – 24 AWG ± 0.2K

Coriolis Mass flow

Emerson

meter

Micro Motion

Turbine volumetric
flow meter
Thermocouples

The Micro Motion coriolis meter was used for low water flow rates, (below or
equal to 3.0 kg/min), and the SIKA turbine was used for the high flow rate test (i.e.,
10 kg/min).
The instruments used to measure the desiccant stream are presented in Table
4.4. As indicated in Fig. 4.12, the only measurements in-line were the ones for
temperature. Density and mass flow were measured through sampling of the solution
at the outlet and from the desiccant storage tank. The inlet desiccant mass flow was
not directly measured, but it was calculated through the inlet and outlet mass
fractions, and through the outlet mass flow rate. The method used for mass flow rate
measurement was the “stopwatch and bucket” method. A second balance, Sartorius
LE6202S, was connected directly to the data acquisition system, giving information
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on a quasi-continuous basis. The information from this balance, although it was not
used for the calculations, was useful to track the changes of the outlet mass flow
throughout each of the test runs.
Table 4.4. Characteristics of instruments used for
desiccant flow stream.
Description/
Manufacturer Model
Variable
Precision balance
Sartorius
LE 623S
Density meter
Anton Paar
DMA 4000
Stopwatch
TIMEX
5C 401
Thermocouples
Omega
Type T – 24 AWG

measurements in the
Estimated Bias
< 0.1 g
5 x 10-5 g/cm3
± 0.5 s*
± 0.2K

* This is the estimated uncertainty of the operation and not of the instrument itself.

The signals from the instruments were sent to a data acquisition system
(DAQ). Relative humidity and temperature from the relative humidity transmitters
were taken as digital signals using the RS-232 communications standard. The turbine
signal output was measured as a frequency by a counter board, and the remaining
analog signals were multiplexed by a SCXI-1000 National Instruments chassis. The
chassis/multiplexer used a USB interface to send the information to the computer
used during the experiments. A special algorithm was developed to run the DAQ
using Labview 7.0 (National Instruments, 2005). The data was saved to a file every
10 seconds.
4.3 Procedure
During some preliminary experiments, it was verified that the fabric, once it
had dried out, would not allow good rewetting and flow distribution, even at high
desiccant solution flow rates of one order of magnitude higher than the highest design
test flow rate of 1.2 g/s. Figure 4.18 shows this effect on a cotton fabric which was
0.3 mm thick and had no pile.
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The formation of dry patches could be prevented in two possible ways:
spraying solution on the fabric before a test run, or maintaining desiccant flow
through the plate at all times. Spraying the fabric surface involved a time consuming
operation of opening the test box and removing the heavy glass glazing.

Fig. 4.18. Dry patches on fabric surface operating with a desiccant
solution flow rate of 1.2 g/s, after the fabric had been
allowed to dry out.
A circuit was designed and installed to maintain a minimum desiccant
solution flow rate of approximately 0.5 g/s at all times during the testing period. This
was accomplished by directing the solution downstream from the box to a tank fitted
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with a sump pump and a float switch. In this way, the desiccant solution could be
returned to the constant level tank. All of the electric and electronic components
involved in this circuit, including the peristaltic pump responsible for supplying the
solution to the test box, were connected to an uninterruptible power supply (UPS)
with enough electricity storage to run the apparatus for three hours in the case of a
disruption in the electricity supply. The circuit described above was able to keep the
fabric wet, but, because it would recirculate the same solution batch for many hours
or even days, the solution stored in the system would became weak. The following
procedure was then adopted to ensure that a strong solution would be loaded
throughout the desiccant circuit during test runs:
1)

Turn the sump pump off to prevent return from weak solution to the
desiccant tank, while maintaining the desiccant flow through the plate.

2)

Remove the insulation front cover to allow for visual inspection of the
fabric.

3)

Turn the recirculation pump off, in order to prevent the desiccant from
flowing through the filter circuit.

4)

Drain the weak solution from the outer volume in the desiccant tank, still
with the pump to the test box on.

5)

Remove the filter cartridge, loading a new one that has been immersed in
the new strong solution.

6)

Open the air bleed valve connected to the desiccant manifold to allow for
manifold drainage.

7)

Load the strong solution into the desiccant tank.

8)

Connect the air compressor to the air-bleed line to force drainage of the
solution from the desiccant manifold, while pumping the old solution
through the manifold.

9)

Pump the old solution out of the inner cylinder until the level is close to
bottom.
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10)

Restart the filter circuit pump to supply new strong to solution to the inner
cylinder and to the test box.

11)

After 15 minutes, disconnect the air compressor from air bleed line.

12)

Flush the system with a short burst of desiccant at a high flow rate. For this
operation the tube through the peristaltic pump is replaced from 1/8 in.
nominal ID to 3/8 in. nominal ID, and flow rate is set to approximately 20
g/s.

13)

Repeat the above operation until air ceases to flow through the air bleed
line.

14)

Maintain the desiccant flow through the box, with no air flow, until the
density of the desiccant at the outlet is the same of the desiccant solution
inside the tank.

15)

Reinstall the insulation front cover.

The procedure described above took approximately 3 hours to complete each time.
Once the system had been flushed and primed with the new desiccant solution, the air
flow was started, following a much simpler procedure:
1) Turn on the dial indicator camera and light.
2) Verify the pointer position under no air flow.
3) Adjust the speed of each blower to achieve the air flow rate desired, while
maintaining the pointer in the same position as with the no flow condition.
4) Turn on the air-conditioning section elements, i.e., humidifier pump and
heater, air heaters 1 and 2, and constant temperature bath control and
circulation pump.
Once the above procedure was completed, a number of variables were monitored
to ensure that a steady state operation had been reached, which usually took another
2.5 to 3 hours. For all of the experiments performed, the desiccant density was the last
variable to reach a noticeable steady state. The term “noticeable” here is used in the
sense that no other variables should reach steady state if the solution concentration is
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still varying. The lag for the desiccant density could be explained by the high
accuracy of the density measurement, which would register changes not perceptible to
the other sensors involved in the monitoring of the other variables. After 2 hours of
operation, density samples of the desiccant solution at the outlet were measured every
15 minutes. When three samples were within 0.02% of each other, the system was
assumed to have reached a steady-state. Two measurements of the outlet desiccant
mass flow were then undertaken using a gravimetric (“bucket and stopwatch”)
method.
4.4 Test Matrix and Conditions
A test matrix was devised in order to cover some of the most important
operational conditions, but without unnecessarily extending the required testing
period. The idea was to have conditions that would ensure large variation of
temperature in the water stream, characterizing the non-isothermal operation. That
would have been easily attainable by running the test section as a regenerator, and
using relative high water temperatures and low water mass flow rates. However,
preliminary tests under hot water operation showed that the plate did not have enough
clearance for thermal expansion, which caused it to deform. Although the plate
returned to its original shape once it cooled down, it was considered safer to run the
experiments only as a dehumidifier, avoiding problems that might occur due to
thermal expansion during the tests. Table 4.5 presents the approximate flow
conditions set during the experiments.
The air inlet conditions were chosen to comply with one of the test conditions
set by ARI Standard 940 (ARI, 1998). Those conditions were a dry bulb air
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temperature of 26.7°C and a wet bulb temperature of 19.4°C, which gives, at 100 kPa,
a relative humidity of 50.8% and a humidity ratio of 11.3 g/kg. The air flow rate was
set to approximately 12 g/s. Such conditions would lead to an air stream Reynolds
number of 1296. Each letter in the flow configurations presented in Table 4.5 refers to
the direction of the flow stream. For example, DDU implies water down, desiccant
down and air up. Of course, the desiccant flow direction can only be downwards.
Table 4.5. Test Matrix
Test Run #

Flow

Water Flow

Desiccant Flow

Configuration

Rate (g/s)

Rate (g/s)

1

0.2
2.5

2
3
4

0.6
1.2

UDU

0.2
5.0

5

0.6

6

1.2

7

0.2
2.5

8
9
10

0.6
1.2

UDD

0.2
5.0

11

0.6

12

1.2

13

0.2

14

DDD

333.3

0.6

15

1.2

16

0.2

17

DDU

333.3

18

0.6
1.2
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Table 4.6 presents the resulting values for Reynolds numbers from the flow
rates presented in Table 4.5.
Table 4.6. Calculated Reynold numbers for the water and desiccant streams.
Water
Flow Rate (g/s)

2.5

5.0

333.0

Re

5

10

660

Desiccant
Flow Rate (g/s)

0.2

0.6

1.2

Re

0.07

0.21

0.42

The desiccant strong solution was prepared to have a 40% LiCl mass fraction,
and throughout the tests the solution was regenerated by boiling the weak, spent
solution, and readjusting the concentration with the addition of deionized water. The
relationship between the solution mass fraction and density was obtained from
samples of known mass fraction prepared at the beginning of the experiments, and
measured using the Anton Paar density meter. The data obtained was compared to
values published by Wimby et al. (1994), and the differences between the data
obtained in the present work and the published data were lower than 0.25% or 0.0025
g/cm3
The inlet conditions presented above are approximate, and real conditions for
each test vary slightly from the target ones. Some of the variables are difficult to
control to precise values, as is the case with the solution mass fraction, especially
when preparing larger batches. Also, the conditions inside the test channel differ from
the ones obtained outside the box. This is due to some heat exchange between the
streams before they reach the test channel.
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4.5 Results and Discussion
The results for the 18 test runs are presented in this section, with the exception
of test run #1. After the tests were completed, the computer file containing the data
for this test run became unreadable and the data was lost. Table 4.7 presents selected
results for the remaining test runs. The numbers presented are averages for the time
period considered as steady for each test run. For the case of fluid temperatures, the
results represent the average between the three thermocouples located at the inlet and
outlet of the test channel for each of the flow streams, as shown in Table 4.1. The test
run numbers correspond to the same numbers presented in Table 4.5.

Test
Run
2

Table 4.7. Selected results from test runs.
Flow
Inlet
Outlet
Configuration
UDU
AIR
12.1 ± 0.3
m& (g/s)
26.1 ± 0.2
27.4 ± 0.2
T (°C)
-3
(12.1 ± 0.4 ) x 10
(8.9 ± 0.3 ) x 10-3
Cw (kg/kg)
(3.8 ± 0.6 ) x 10-2
ΔC& w (g/s)
m& (g/s)
T (°C)
Cw (kg/kg)
ΔC& (g/s)
w

DESICCANT
0.569 ± 0.004
0.607 ± 0.005
28.4 ± 0.2
24.7 ± 0.2
0.5979 ± 0.0002
0.6228 ± 0.0001
(3.8 ± 0.3 ) x 10-2
WATER
2.48 ± 0.08

m& (g/s)
T (°C)

21.3 ± 0.2
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28.3 ± 0.2

Table 4.7 cont’d
Test
Run
3

Flow
Configuration

Inlet

Outlet
AIR

UDU
m& (g/s)

12.2 ± 0.3

-

T (°C)

26.1 ± 0.2

27.9 ± 0.2

Cw (kg/kg)

(12.1 ± 0.4 ) x 10-3

(8.9 ± 0.3 ) x 10-3

(3.8 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

1.134 ± 0.003

1.170 ± 0.004

T (°C)

29.1 ± 0.2

25.1 ± 0.2

Cw (kg/kg)

0.5980 ± 0.0002

0.6103 ± 0.0001

(3.6 ± 0.5 ) x 10-2

ΔC& w (g/s)

WATER
2.46 ± 0.08

m& (g/s)

21.6 ± 0.2

T (°C)
4

29.2 ± 0.2
AIR

UDU
m& (g/s)

12.0 ± 0.3

-

T (°C)

24.8 ± 0.2

23.9 ± 0.2

Cw (kg/kg)

(12.1 ± 0.4 ) x 10-3

(8.8 ± 0.3 ) x 10-3

(4.0 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.192 ± 0.006

0.232 ± 0.007

T (°C)

24.0 ± 0.2

22.2 ± 0.2

Cw (kg/kg)

0.5981 ± 0.0002

0.6676 ± 0.0002

(4.0 ± 0.4 ) x 10-2

ΔC& w (g/s)

WATER
4.81 ± 0.09

m& (g/s)

18.6 ± 0.2

T (°C)
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23.37 ± 0.2

Table 4.7 cont’d
Test
Run
5

Flow
Configuration

Inlet

Outlet
AIR

UDU
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.9 ± 0.2

25.2 ± 0.2

Cw (kg/kg)

(12.1 ± 0.4 ) x 10-3

(8.6 ± 0.3 ) x 10-3

(4.2 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.570 ± 0.002

0.611 ± 0.003

T (°C)

25.3 ± 0.2

23.3 ± 0.2

Cw (kg/kg)

0.5979 ± 0.0002

0.6251 ± 0.0001

(4.1 ± 0.2 ) x 10-2

ΔC& w (g/s)

WATER
4.79 ± 0.09

m& (g/s)

19.6 ± 0.2

T (°C)
6

24.8 ± 0.2
AIR

UDU
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.8 ± 0.2

25.2 ± 0.2

Cw (kg/kg)

(12.1 ± 0.4 ) x 10-3

(8.5 ± 0.3 ) x 10-3

(4.3 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

1.140 ± 0.006

1.180 ± 0.008

T (°C)

25.3 ± 0.2

23.6 ± 0.2

Cw (kg/kg)

0.5977 ± 0.0002

0.6113 ± 0.0002

(4.0 ± 0.6 ) x 10-2

ΔC& w (g/s)

WATER
4.82 ± 0.09

m& (g/s)

19.8 ± 0.2

T (°C)
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25.1 ± 0.2

Table 4.7 cont’d
Test
Run
7

Flow
Configuration

Inlet

Outlet
AIR

UDD
m& (g/s)

12.0 ± 0.3

-

T (°C)

26.5 ± 0.2

24.9 ± 0.2

Cw (kg/kg)

(12.0 ± 0.3 ) x 10-3

(8.9 ± 0.3 ) x 10-3

(3.7 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.207 ± 0.001

0.243 ± 0.002

T (°C)

28.1 ± 0.2

22.1 ± 0.2

Cw (kg/kg)

0.5982 ± 0.0004

0.6576 ± 0.0002

(3.6 ± 0.1 ) x 10-2

ΔC& w (g/s)

WATER
2.21 ± 0.08

m& (g/s)

20.2 ± 0.2

T (°C)
8

28.0 ± 0.2
AIR

UDD
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.5 ± 0.2

24.4 ± 0.2

Cw (kg/kg)

(12.1 ± 0.3 ) x 10-3

(8.7 ± 0.3 ) x 10-3

(4.1 ± 0.5 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.57 ± 0.01

0.61 ± 0.01

T (°C)

28.1 ± 0.2

20.7 ± 0.2

Cw (kg/kg)

0.5980 ± 0.0002

0.6245 ± 0.0002

(4.0 ± 0.6 ) x 10-2

ΔC& w (g/s)

WATER
2.31 ± 0.08

m& (g/s)

18.4 ± 0.2

T (°C)
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28.3 ± 0.2

Table 4.7 cont’d
Test
Run
9

Flow
Configuration

Inlet

Outlet
AIR

UDD
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.9 ± 0.2

24.9 ± 0.2

Cw (kg/kg)

(12.1 ± 0.3 ) x 10-3

(8.6 ± 0.3 ) x 10-3

(4.2 ± 0.5 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

1.139 ± 0.003

1.180 ± 0.004

T (°C)

28.8 ± 0.2

21.3 ± 0.2

Cw (kg/kg)

0.5980 ± 0.0002

0.61190 ± 0.00008

(4.1 ± 0.5 ) x 10-2

ΔC& w (g/s)

WATER
2.36 ± 0.08

m& (g/s)

17.8 ± 0.2

T (°C)
10

29.3 ± 0.2
AIR

UDD
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.1 ± 0.2

23.2 ± 0.2

Cw (kg/kg)

(12.0 ± 0.3 ) x 10-3

(8.7 ± 0.3 ) x 10-3

(4.1 ± 0.5 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.202 ± 0.005

0.242 ± 0.007

T (°C)

24.6 ± 0.2

19.5 ± 0.2

Cw (kg/kg)

0.5981 ± 0.0002

0.6643 ± 0.0004

(4.0 ± 0.4 ) x 10-2

ΔC& w (g/s)

WATER
4.94 ± 0.08

m& (g/s)

18.3 ± 0.2

T (°C)
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23.6 ± 0.2

Table 4.7 cont’d
Test
Run
11

Flow
Configuration

Inlet

Outlet
AIR

UDD
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.1 ± 0.2

23.8 ± 0.2

Cw (kg/kg)

(12.0 ± 0.3 ) x 10-3

(8.5 ± 0.3 ) x 10-3

(4.3 ± 0.5 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.570 ± 0.001

0.612 ± 0.002

T (°C)

25.7 ± 0.2

20.4 ± 0.2

Cw (kg/kg)

0.5980 ± 0.0002

0.62580 ± 0.00008

(4.2 ± 0.2 ) x 10-2

ΔC& w (g/s)

WATER
4.94 ± 0.08

m& (g/s)

18.5 ± 0.2

T (°C)
12

24.8 ± 0.2
AIR

UDD
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.8 ± 0.2

25.2 ± 0.2

Cw (kg/kg)

(12. 1 ± 0.3 ) x 10-3

(8.5 ± 0.3 ) x 10-3

(4.3 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

1.139 ± 0.006

1.180 ± 0.008

T (°C)

25.3 ± 0.2

23.6 ± 0.2

Cw (kg/kg)

0.5979 ± 0.0002

0.6117 ± 0.0002

(4.1 ± 0.6 ) x 10-2

ΔC& w (g/s)

WATER
4.82 ± 0.09

m& (g/s)

19.8 ± 0.2

T (°C)
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25.1 ± 0.2

Table 4.7 cont’d
Test
Run
13

Inlet

Flow
Configuration

Outlet

DDD

AIR
m& (g/s)

12.1 ± 0.3

T (°C)

25.9 ± 0.2

Cw (kg/kg)

24.1 ± 0.2

(12.1 ± 0.4 ) x 10

-3

(8.3 ± 0.3 ) x 10-3

(4.6 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.30 ± 0.02

0.349 ± 0.02

T (°C)

22.0 ± 0.2

20.3 ± 0.2

Cw (kg/kg)

0.5981 ± 0.0002

0.6506 ± 0.0006

(4 ± 1 ) x 10-2

ΔC& w (g/s)

WATER
320 ± 6

m& (g/s)

T (°C)
Test
Run
14

Flow
Configuration

19.1 ± 0.2

19.1 ± 0.2

Inlet

Outlet

DDD

AIR
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.9 ± 0.2

24.2 ± 0.2

Cw (kg/kg)

(12. 1 ± 0.4 ) x 10-3

(8.0 ± 0.3 ) x 10-3

(4.9 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.594 ± 0.001

0.642 ± 0.003

T (°C)

26.0 ± 0.2

20.4 ± 0.2

Cw (kg/kg)

0.5980 ± 0.0005

0.6281 ± 0.0004

(4.8 ± 0.2 ) x 10-2

ΔC& w (g/s)

WATER
317 ± 7

m& (g/s)

19.0 ± 0.2

T (°C)
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19.1 ± 0.2

Table 4.7 cont’d
Test
Run
15

Flow
Configuration

Inlet

Outlet
AIR

DDD
m& (g/s)

12.1 ± 0.3

-

T (°C)

25.9 ± 0.2

24.2 ± 0.2

Cw (kg/kg)

(12.1 ± 0.4 ) x 10-3

(8.0 ± 0.3 ) x 10-3

(5.1 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

1.191 ± 0.005

1.2400 ± 0.007

T (°C)

21.6 ± 0.2

20.6 ± 0.2

Cw (kg/kg)

0.5978 ± 0.0002

0.6136 ± 0.0002

(4.8 ± 0.6 ) x 10-2

ΔC& w (g/s)

WATER
317 ± 7

m& (g/s)

19.1 ± 0.2

T (°C)
16

19.1 ± 0.2
AIR

DDU
m& (g/s)

12.0 ± 0.3

-

T (°C)

25.7 ± 0.2

21.4 ± 0.2

Cw (kg/kg)

(11.9 ± 0.4 ) x 10-3

(8.0 ± 0.3 ) x 10-3

(4.7 ± 0.6 ) x 10-2

ΔC& w (g/s)

DESICCANT
m& (g/s)

0.303 ± 0.001

0.349 ± 0.002

T (°C)

20.0 ± 0.2

21.2 ± 0.2

Cw (kg/kg)

0.5982 ± 0.0008

0.651 ± 0.001

(4.60 ± 0.09 ) x 10-2

ΔC& w (g/s)

WATER
315 ± 6

m& (g/s)

19.1 ± 0.2

T (°C)
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19.1 ± 0.2

Table 4.7 cont’d
Test
Flow
Run
Configuration
17
DDU

Inlet
AIR
m& (g/s)
T (°C)
Cw (kg/kg)
ΔC& (g/s)

12.0 ± 0.3
26.1 ± 0.2
21.8 ± 0.2
-3
(12.1 ± 0.4 ) x 10
(8.1 ± 0.3 ) x 10-3
(4.8 ± 0.6 ) x 10-2

m& (g/s)
T (°C)
Cw (kg/kg)
ΔC& (g/s)

DESICCANT
0.577 ± 0.002
0.626 ± 0.005
21.7 ± 0.2
20.4 ± 0.2
0.598 ± 0.001
0.6296 ± 0.0009
(4.9 ± 0.3 ) x 10-2

w

w

WATER
316 ± 7

m& (g/s)
T (°C)

18

Outlet

19.0 ± 0.2

DDU

19.1 ± 0.2
AIR

m& (g/s)
T (°C)
Cw (kg/kg)
ΔC& (g/s)

12.1 ± 0.2
26.1 ± 0.2
22.0 ± 0.2
-3
(12.1 ± 0.4 ) x 10
(8.0 ± 0.3 ) x 10-3
(5.0 ± 0.6 ) x 10-2

m& (g/s)
T (°C)
Cw (kg/kg)
ΔC& (g/s)

DESICCANT
1.15 ± 0.01
1.20 ± 0.01
20.2 ± 0.2
21.6 ± 0.2
0.5977 ± 0.0002
0.6144 ± 0.004
(5.0 ± 0.9 ) x 10-2

w

w

WATER
315 ± 6

m& (g/s)
T (°C)

17.8 ± 0.2

19.1 ± 0.2

Although the inlet conditions vary between the different test runs, an attempt
to plot the water transfer rate for each of the experiments is shown in Figs. 4.19 and
4.20. The plots use the ΔC& w data for air, and the desiccant-air flow configuration is
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designated by counter-flow (CF) or co-current flow (CC). For all of the cases with
low or medium water flow rates, the water flow direction is up. For high water flow
rates, the flow direction is down, but being essentially an isothermal case, the water
flow direction is not important for such cases. Therefore, the water flow direction
could be considered to be the same for all of the plotted data points. Considering the
uncertainty in the data presented in Table 4.7 and Fig. 4.20, the only conclusion that
could be made with a high degree of confidence is that the isothermal cases lead to
higher transfer rates than the low water flow cases.

Fig. 4.19. Water transfer rate versus desiccant flow rate for different water
flow rates and flow configurations.
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Other conclusions are somewhat speculative, since the differences are smaller
than the combined uncertainty of the data points involved. There is some indication,
for example, that the desiccant flow rate has some influence on the water transfer
rates. With the exception of the low water flow rate case, the flow configuration
seems to have little impact on the water transfer rate.

Fig. 4.20. Water transfer rate versus desiccant flow rate for different water
flow rates and flow configurations, with uncertainty bars for water
transfer rate.
Water transfer rates calculated for the air stream and the desiccant stream
agree well within the estimated uncertainty range, as shown in Fig. 4.21. The results,
however, also indicate a small tendency for higher water transfer rate values for the
air stream than for the desiccant stream. This indicates a bias in measurements,
although such bias is covered by the uncertainty estimates. One possibility is drifting
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in the relative humidity sensors. These sensors where calibrated immediately after the
tests were undertaken, and showed considerable drift from the initial factory
calibration performed two years before. The new calibration results were factored in
the results, but it is impossible to know how the drift occurred along the time the
instruments were installed and the experimental rig was actively used. The relative
humidity sensors were first installed in the fall of 2005, and were not actively used in
terms of air flowing through them until December 2006. The experimental rig then
underwent three sets of experiments, with initial preliminary tests occurring in
December 2006 and in March 2007, and the final tests undertaken in a period of 4
weeks between July and August 2007.

Fig. 4.21. Water transfer rate for air stream versus water transfer rate for
desiccant stream.
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The uncertainty in the water transfer rate for the desiccant stream is heavily
influenced by the precision index, as shown in Appendix B. In this case, the bias
portion of the uncertainty was assumed to be the uncertainty declared by the
manufacturer for the different instruments involved, with the exception of the time
measurement in the mass flow measurement of the desiccant. In this case, a bias of
0.5 s was assumed for the operation of starting and stopping the stop watch. The
precision index is heavily influenced by the degrees of freedom or, in other words, the
number of measurements made. Unless some large standard deviations were present
in the data set to be taken, the uncertainty could have been reduced significantly by
increasing the number of measurements made for the density and mass flow rate. In
that regard, the small number of samples, usually 2 for the mass flow rate and 3 for
the desiccant density, erased the high accuracy of the instruments involved. For
example, in the case of the outlet desiccant mass flow rate, the precision typically
accounted for 65% of the total uncertainty estimate.
The interaction between the flow streams before they reached the test channel
created a situation where control of the inlet variables to the desired set points was
very difficult. This could have been prevented to a certain degree by improving the
thermal insulation around the water manifold cavity.
Another design improvement would be to increase the capacity of the
humidifier in the air conditioning section of the rig. During the design phase, the idea
was to neutralize variations throughout the day in the humidity inside the test room by
pre-heating the air to a temperature above ambient and then saturating it. To maintain
steady inlet humidity ratio conditions over the many hours required for one test run,
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constant manual adjustment of the humidifier and dehumidifier temperatures was
necessary.
The idea of using two blowers worked well in maintaining the desired air flow
rate, while preventing extensive deformation of the glazing and the test channel. The
power control to each of the blowers, which was done manually, had a good potential
to be automated. This could be done for further work with the apparatus.
4.6 Conclusions
An experimental rig was built for the testing of a liquid desiccant
dehumidifier. Tests were undertaken successfully. The results indicate that water
transfer rates increase with desiccant flow rate, but the gains are not significant for
the range of desiccant flow rates investigated. Increasing the cooling water flow rates
also has a positive impact on water transfer rates between the desiccant stream and
the air stream. The estimated uncertainty of the water transfer rate calculation is still
high, and reducing this uncertainty should be the subject of further study.
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CHAPTER 5
COMPARISONS BETWEEN NUMERICAL AND EXPERIMENTAL RESULTS

5.1 Introduction
Two goals were set when the decision was made to build and test an experimental
rig for the dehumidifier/regenerator. The first one was to gain practical experience and
insight on the operation of the equipment and its associated test rig. The second one was
to compare the results of the experiments with the numerical model previously
developed. Having accomplished the first goal through the experimental work, the second
goal is addressed in the present chapter.
5.2 Numerical Model Modifications
In order to compare the results from the numerical model to the ones obtained
from the experiments, a number of modifications had to be included in the original
numerical model. Those changes relate to the new boundary conditions in the prototype,
i.e., the single channel used for the experiments does not have the same symmetrical
conditions of the multiple plate considered in the previous numerical model, and nor does
it account for the thick fabric used in the prototype. Figure 5.1 shows the modified
geometry of the test channel using the same nomenclature as adopted for the original
numerical model.
All of the equations for the numerical model are the same as those presented in
Chapter 3, with the exception of the boundary conditions at δa and δw. The new boundary
conditions are:
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at y=δa,

∂T
∂C
a = 0,
a = 0 , u 0, and
a=
∂y
∂y

(5.1)

at y’=δw,

∂T
w = 0 , u = 0.
w
∂y '

(5.2)

Fig. 5.1 Schematic of test channel applied to the numerical model.
During the development of the test prototype, a thin fabric was used. However,
the final version employed during the tests used a much thicker fabric, and the flow could
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be characterized as a flow through a porous media. However, information could not be
found regarding the characterization of the fabric as a porous media, such as its
permeability – particularly for in-plane flow conditions as in the case of the prototype
being modeled. Therefore, the velocity profile was calculated using a parabolic profile
similar to the one adopted for the original model, but, at the channel entrance (x=0), the
thickness of the fabric was assumed to be the same as the film thickness (δd). Using a
procedure similar to the one presented in Chapter 3, the film thickness was allowed to
vary. Equation (2.3), which gives the fully developed film thickness for a falling film,
was used to determine the film thickness variation, according to the following steps:
•

the fully developed film thickness was calculated for the node outlet mass flow;

•

the difference between the fully developed film thickness at the inlet and outlet
was evaluated; and,

•

this difference was added or subtracted to the fabric thickness, giving the total
film thickness.
Therefore, the procedure makes the film effectively grow on top of the fabric.

This “growth” layer is, however, small in comparison to the fabric thickness or the air
channel depth – usually 2 or 3 orders of magnitude smaller.
The new model used the same finite-difference approximations as the original
one, employing a first order up-wind scheme for the convection terms, and centraldifferencing for the diffusion terms. The set of algebraic equations was again solved
using MICROSOFT EXCEL, version 2000.
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5.3 Results and Discussion
Using the same inlet conditions as for the 17 test runs presented in Table 4.6, a
comparison of the results obtained using the numerical model and the experiments is
shown in Table 5.1. The results show a deviation between the numerical and
experimental results that is larger than the experimental uncertainty for almost all of the
cases, both for the outlet water mass fraction in air, Cao, and the water transfer rate for the
air stream, ΔC& w .

Test
Run #
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Table 5.1 Comparison between numerical and experimental results.
Cao (kg/kg) x 10-3
ΔC& w (g/s) x 10-2
Experimental
Model
Experimental
Model
8.9 ± 0.3
8.2
3.8 ± 0.6
4.6
8.9 ± 0.3
8.3
3.8 ± 0.6
4.6
8.8 ± 0.3
7.8
4.0 ± 0.6
5.2
8.6 ± 0.3
7.6
4.2 ± 0.6
5.5
8.5 ± 0.3
7.5
4.3 ± 0.6
5.5
8.9 ± 0.3
8.6
3.7 ± 0.6
4.1
8.7 ± 0.3
8.0
4.1 ± 0.5
4.9
8.6 ± 0.3
8.0
4.2 ± 0.5
5.0
8.7 ± 0.3
8.0
4.1 ± 0.5
4.9
8.5 ± 0.3
7.4
4.3 ± 0.5
5.6
8.5 ± 0.3
7.3
4.3 ± 0.6
5.8
8.3 ± 0.3
7.4
4.6 ± 0.6
5.6
8.0 ± 0.3
7.0
4.9 ± 0.6
6.1
8.0 ± 0.3
6.8
5.1 ± 0.6
6.4
8.0 ± 0.3
6.9
4.7 ± 0.6
6.0
8.1 ± 0.3
6.8
4.8 ± 0.6
6.4
8.0 ± 0.3
6.7
5.0 ± 0.6
6.6
* residual (%) = 100 × numerical-experimental experimental

Residual* (%)
21
21
30
31
28
11
20
19
20
30
35
22
24
25
28
33
32

The results for the water transfer rate for the air stream, ΔC& w , are also plotted against
desiccant flow rates for each of the flow configurations and water flow rates. Figure 5.2
presents all of the results and, for clarity, separate results are also presented in Figs. 5.3 to
5.8.
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Fig. 5.2. Water transfer rate versus desiccant flow rate for all of the cases analysed.

Fig 5.3.

Relationship between water transfer rate and desiccant flow rate for
counter-flow, low water flow rate case (test runs 2 and 3).

Fig 5.4. Relationship between water transfer rate and desiccant flow rate for
counter-flow, medium water flow rate case (test runs 4, 5 and 6).
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Fig 5.5.

Relationship between water transfer rate and desiccant flow rate for
counter-flow, high water flow rate case (test runs 16, 17 and 18).

Fig 5.6.

Relationship between water transfer rate and desiccant flow rate for
co-current-flow, low water flow rate case (test runs 7, 8 and 9).
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Fig 5.7.

Relationship between water transfer rate and desiccant flow rate for
co-current-flow, medium water flow rate case (test runs 10, 11 and
12).

Fig 5.8.

Relationship between water transfer rate and desiccant flow rate for
co-current-flow, high water flow rate case (test runs 13, 14 and 15).
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In order to verfiy if there is a relationship between the residuals and the main variables in
the process (e.g., flow configuration, desiccant flow rate and water flow rate), the
residuals are plotted against these variables and presented in Figs. 5.9 to 5.11.

Fig. 5.9 Residual between experimental and numerical results plotted against
desiccant flow rate.

Fig. 5.10 Residual between experimental and numerical results plotted against
water flow rate.
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Fig. 5.11 Residual between experimental and numerical results for different flow
configurations (CF; counter-flow, CC; co-current flow).
The residual plots do not indicate a strong relationship between the three
evaluated variables and the residual values.
Some of the earlier works that dealt with the comparison between experimental
and numerical results cited poor wetting or bad desiccant flow distribution as the main
reason for poor agreement between numerical and experimental results. This was the case
for Park et al. (1994) and Jain et al. (2000). A better understanding of the theoretical
behaviour of the transfer process, and its relationship with the desiccant mass flow rate,
might be helpful in confirming these initial suspicions. Figure 5.12 presents the
maximum water transfer rate for the process involving the three streams: water, desiccant
and air. It assumes an infinitely long exchanger, in which the three streams are at
equilibrium at the outlet, both in terms of species and temperatures.
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Fig. 5.12. Theoretical water transfer rate assuming an infinitely long exchanger,
with the three streams at equilibrium at the outlet, both in terms of
species and temperatures. The inlet conditions are Tai=25°C,
Twi=Tdi=20°C, m& ai = 12 g s , Cwai=12 g/kg and Cwdi=0.6.
The same trend that can be seen in Figs. 5.4 to 5.8 can also be observed in Fig.
5.12. The trend indicates that there is a sharp reduction in the water transfer rate once the
desiccant flow rate falls bellow a certain threshold value. This is, of course, expected
because a low desiccant flow rate would lead to a rapid increase in water mass fraction in
the solution. This in turn would increase the equilibrium water vapour pressure at the
interface, thereby leading to a reduction in water transfer. Desiccant flow rates for the
experiments were chosen to be at an operational range where the lowest desiccant flow
rate could be used without drastically reducing the water mass transfer. However, this
meant that the water transfer rates would more likely fall into the “poor transfer” region
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once wetting became uneven. It is less likely that the same behavior would have been
observed if the desiccant flow rates were significantly higher.
Most of the assumptions of the numerical model have a tendency to make the
results more conservative, i.e., they predict lower transfer rates than it would be expected
if those assumptions were relaxed. Therefore, relaxing these assumptions would not lead
to lower predicted water transfer rates. This would be the case with developing flow, or
non-negligible convective flow across the channel. On the other hand, if the flow streams
were not laminar during the experiments, this would make the mass transfer rates higher,
not lower.
At this point, it would be interesting to revisit the comparisons between the
modeled and experimental data presented in Chapter 2. Table 2.5 presented the data for
the numerical model and the experimental analysis conducted by Keßling et al. (1998).
The authors reported a comparison of mass transfer coefficients obtained with desiccant
flow (which might be called “chemical condensation”) and those obtained with pure
“thermal condensation”. The latter was done by running chilled water inside the water
channels and without desiccant. The mass transfer coefficient was calculated from the
experimental data, and since the results agreed very well, the authors concluded that the
desiccant film resistances were negligible. They also concluded that the desiccant flow
distribution was good. These experiments were undertaken with a desiccant flow rate of
0.235 g/s, and an air flow rate of 12.64 g/s. Table 2.5 indicates that the discrepancy
between the experimental and numerical results increases with desiccant mass flow rate.
The desiccant flow rate used by Keßling et al. for the comparison of mass transfer
coefficients between the thermal and chemical condensation experiments was, in terms of
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flow rates presented in Table 2.5, an intermediate one. Different from what is presented
in Chapter 5, the model predicts lower dehumidification rates than the authors
experimental results, even when the uncertainty is taken into consideration. The
discrepancies were larger for larger desiccant flow rates, with the numerical results
always being lower than the experimental ones. This might suggest that some of the
discrepancies between the results of Keßling et al. and the numerical data might have
been caused by the assumptions of the numerical model when confronted with real flow
conditions inside the test channel, since most of the assumptions in the numerical model
have a tendency to make the results more conservative. Keßling et al. also presented a
pressure drop versus air flow rate plot, and, from its results, the authors concluded that a
portion of flow inside the test channel would have been under a turbulent regime. This
would have probably been caused by the test air-manifold and channel designs. The
manifold was connected to the test channel without a diffuser or any form of flow
conditioning, i.e., there was an abrupt transition from the manifold to the channel.
Turbulent, developing flow would have increased the total heat and mass transfer in the
channel. The fact that the outlet air temperatures predicted by the model were lower than
the experimental values would be a consequence of higher mass transfer in the
experiments, since higher mass transfer would lead to more heat being released during
the absorption process. The good agreement between the data from Keßling et al. and the
numerical model for very low desiccant flow rates might be due to the fact that, at very
low desiccant flow rates, the exchange surface area is somewhat oversized, i.e., if the
desiccant flow rate is very small, outlet mass fractions tend to the equilibrium mass
fractions values, and the specifics of the transfer phenomena become less important.
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5.4 Conclusions
The previously developed numerical model was modified to account for the new
boundary conditions. The results between the experimental and numerical analyses
disagree, in most cases, beyond the experimental uncertainty. Water transfer rate trends,
however, are similar. The numerical model predicts water transfer rates from 11% to 35%
higher than the ones found through the experiments. The residuals do not show any trend
in the evaluated variables. One hypothesis is that such disagreements are caused by nonuniform desiccant flow through the fabric and across the test channel, which would be
consistent with the findings of previous investigations.
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CHAPTER 6
SUMMARY OF RESULTS
6.1 Introduction
This chapter presents the summary of the more detailed discussions previously
introduced in Chapters 2, 3, 4 and 5.
6.2 Summary of Results
Throughout the present work, a number of steps were undertaken to check the
results predicted by the different versions of the proposed numerical models. Initially, the
isothermal wall case was compared with other numerical results available in the
literature. The numerical model was then compared to published experimental data. Table
2.5 presented the data for the numerical model and the experimental analysis conducted
by Keßling et al. (1998). The model predicts lower dehumidification rates than the
experimental results, even when the uncertainty is taken into account. The discrepancies
were larger for higher desiccant flow rates, with numerical results always being lower
than the experimental ones. This might suggest that some of the discrepancies between
Keßling et al. and the numerical data might have been caused by the assumptions used in
the numerical model that did not actually apply to the real flow conditions inside the test
channel. Keßling et al. suggested that, in their experiments, a portion of the flow inside
the test channel was under a turbulent regime. In this study, the numerical model assumed
laminar flow conditions and this would have a tendency to make the results more
conservative. The agreement between the data from Keßling et al. and the numerical
model does increase for very low desiccant flow rates but this could also be due to the
fact that, under these conditions, the exchange surface area is somewhat oversized, i.e., if
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the desiccant flow rate is very small, outlet mass fractions tend to the equilibrium mass
fractions values, and the specifics of the transfer phenomena become less important.
In the comparison of the experimental and numerical results presented in Chapter
5, the results also disagree, in most cases, beyond the experimental uncertainty. In this
case the numerical model over-predicts the mass transfer rates from 11% to 35%. The
residuals do not show any trend in the evaluated variables, however, there is an indication
that poor wetting of the fabric may be responsible for a significant portion of the
disagreement between the numerical and the experimental results. This is consistent with
the findings of some previous works, e.g., Jain et al. (2000) and Park et al. (1994). This
assertion is corroborated by the fact that most of the assumptions of the numerical model
have a tendency to make the results more conservative. Therefore, relaxing these
assumptions would not lead to lower predicted water transfer rates. This would be the
case for developing hydrodynamic flow, or non-negligible convective flow across the
channel. On the other hand, if the flow streams were not laminar during the experiments,
this would make the mass transfer rates higher instead of lower.
The numerical results also indicate that low water flow rates have a significant
impact on dehumidification and regeneration rates. In the case of the regenerator, the
results from the numerical model show that for systems driven by single-glazed, flat plate
solar collectors, it might still be advantageous to operate under low water flow rates in
the regenerator. This situation is not as obvious for the cases when double-glazed, flat
plate or vacuum tube solar collectors are used as a heat input. The ultimate economic
optimum would be a point of balance between the costs of the regenerator and the solar
collectors. For the case of the dehumidifier, however, it is unlikely that operating under
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low cooling water flow rates would be advantageous, since the most common heat
rejection equipment (a cooling tower) is usually significantly cheaper than the
dehumidifier.
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CHAPTER 7
CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK
7.1 Conclusions
Numerical models for a flat-plate dehumidifier and regenerator have been
developed. A limited parametric analysis was performed with a non-isothermal, variable
film thickness model. A prototype and experimental rig were built and successfully
operated. The comparisons between the numerical and experimental results show
discrepancies beyond the estimated uncertainty for the experimental data. The
conclusions drawn from the above mentioned results are:
i)

The water transfer rate increases with the desiccant flow rate and the
heating/cooling water flow rate. Higher water temperatures increase the
regeneration rate and decrease the dehumidification rate at the regenerator and
dehumidifier, respectively.

ii)

Based on the numerical results, the DDU flow configuration leads to higher
regeneration rates over the UDU configuration, but it also presents higher
specific energy consumption.

iii)

For higher water flow rates, higher temperatures generally lead to lower
specific energy consumption, but the results also indicate that, when the
efficiency of a typical single-glazed flat-plate solar collector is taken into
account, higher temperatures lead to a lower energy performance. This
observation, however, is dependant on the type of solar collector used. A
careful match between the operation temperature of the regenerator and the
solar collector design would provide the best overall performance.
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iv)

The numerical model agrees well with data found in the literature for similar
numerical models. The isothermal model also agrees well with experimental
data available in the literature for corresponding operational conditions.

v)

Significant discrepancies are found when comparing the numerical model to
the experimental data obtained as part of the present work. Poor wetting is
suggested as the main cause for these discrepancies.

7.2 Recommendations and Future Work
Regarding the prototype and test rig construction, the following recommendations
are made:
i)

Small changes in the design, namely, more thermal insulation inside the
inner box, would reduce the interaction between the air and water streams
before they reach the test channel. This would improve the control over
the inlet conditions during test runs.

ii)

Increasing the capacity of the dehumidifier used to precondition the supply
air would also significantly improve the control over the inlet humidity
ratio. The low humidification capacity meant that the test runs were more
susceptible to fluctuations in the humidity.

iii)

The thermal mass of the test box proved to be very high, significantly
increasing the amount of time required to reach steady-state. Therefore, a
new design, with a lower thermal mass, would reduce the amount of time
required for each test.

iv)

It is not clear if the use of the thick velveteen fabric was a better choice
than the original thin fabric used during preliminary tests. Although visual
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inspection indicated that the new fabric reduced the occurrence of dry
patches of desiccant, it is unclear if the problem was merely being
“hidden” inside the thick structure of the fabric.
v)

The initial glazing for the test box was made of acrylic. However, after a
few days of operation, the glazing warped, touching the fabric surface.
The cause for such behaviour is thought to be due to the exposure of the
inner and outer surfaces of the glazing to different levels of humidity.
After removal from the test box, the glazing returned to its original shape,
but it had to be replaced by a tempered glass sheet with the same
thickness. Using the same thickness as the original glazing was deemed
necessary to ensure that the framing and seals fitted. The glazing
replacement solved the original warping problem, but it added thermal
mass to the test box, and made the removal of the glazing more difficult,
due to the additional weight of the glass sheet.

vi)

Thermal expansion of the test plate was not properly accounted for in the
original design. This made it impossible to operate of the test rig as a
regenerator. Therefore, a new design should carefully account for thermal
expansion, which can be significant for plastic materials.

vii)

During the design of the experimental apparatus, special care should be
taken to prepare a way of regenerating the desiccant solution. In the
present work, the test plate was intended to be used as the regenerator,
however, even if such usage had not been impaired by the thermal
expansion issue, it would have probably been too slow for a practical
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operation. An improvised packed bed made of plastic materials was built,
but it suffered with desiccant flooding of the bed, which impaired air flow,
and the lack of adequate heating source for the regeneration process. The
final option chosen to regenerate the solution was to boil it using a
propane gas powered burner. This worked well, in a sense that the solution
could be regenerated quickly, but using a gas burner meant that the boiling
vessel had to be made of a metal, which corroded in a few days of
operation. Therefore, careful planning of the regeneration option would
have reduced costs and made the experiments less labour intensive.
viii)

While the choice of a single channel test plate made accurate
measurements of air flow rate easier, it also made the measurements of
density and mass flow of the desiccant more difficult. With a multi-plate
system, the desiccant flow rates would have been higher, potentially
allowing for the use of industrially available Coriolis mass flow meters,
which also have the capacity to accurately measure density and can be
installed “in-line”. This would have eliminated the sampling of solution
that was used in the present work. This contributed to many spills, and the
consequent time consuming clean-ups. Therefore, the option of using a
multi-plate arrangement instead of a single plate one should be
investigated.

ix)

Since the desiccant salts are very corrosive to most metals, the planning of
the site were the rig will be installed is important. Metallic materials
should be avoided in the test area and an effective way to contain and
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clean-up spills should be devised during the design stages of the
experimental rig.
x)

Many problems during the operation of the experimental rig were related
to the operation of open drains. This was the case for the draining of the
desiccant solution from the plate trough and also for the water draining in
the humidifier. Air locks many times prevented the adequate operation of
such drains, so careful design, with larger diameters and careful routing of
drainage piping would have improved the operation of the experimental
rig.

xi)

During preliminary testing, several desiccant manifolds were built and
tested for flow uniformity. The final design chosen showed good
uniformity during such tests and it was easy to manufacture. However, it
holds a relatively large volume of desiccant, which made priming of the
desiccant solution a time-consuming operation.

xii)

Although testing the flow uniformity of the manifold can be easily done
by a gravimetric method, the same can not be said about testing the
manifold operating with the fabric. The bottom edge of the fabric always
changes the flow pattern at the bottom of the fabric, making the
measurement difficult. One option is to use a dye and visually evaluate the
flow distribution. However, such method can only distinguish between
wet and dry areas, and it does not provide a quantitative measure of the
flow distribution through out the fabric surface. Since much of the
successful operation of a low desiccant flow absorber and regenerator lies
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on the flow distribution, methods should be devised to accurately measure
such distribution.
Considering the work herein presented and the conclusion and recommendations
above, the following topics are suggested for future work:
i)

The scope of the present work was limited in terms of the parametric
analysis performed. An extension of the analysis, including a more
thorough comparison between the three numerical models herein
presented, would lead to valuable information.

ii)

The analysis of other flow configurations should be undertaken,
particularly the cross-flow option, since it has constructive advantages
over co- and counter-flow arrangements.

iii)

It is apparent that the wetting behaviour of the plate by the desiccant has a
significant impact on the system performance. If a numerical model is to
be validated by the experimental results, significant efforts should be
devoted to understanding the interactions between the desiccant, fabric
and the plate. If poor wetting can not be suppressed, theoretical models
should be developed with some way of incorporating its effects.

iv)

The model should incorporate developing flow conditions, particularly for
the air stream. In the present work, the entrance length was estimated to be
close to 29% of the channel length. Considering that in practical
applications the entrance to the channel is more likely to be blunt, with no
flow developing section, the inclusion of such conditions would increase
the accuracy of the numerical model.

- 128 -

v)

The final optimization of a solar powered liquid desiccant system will be
only possible when all components can be simulated together, including
typical weather condition through out the year. Therefore, a natural step in
the development process of such systems is to implement full systems
models.
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APPENDIX A
TECHNICAL DRAWINGS FOR PROTOTYPE
A.1 Introduction
In Chapter 4, the main characteristics of the testing prototype were presented. In the
present appendix, the detailed technical drawings are introduced. All dimensions
presented in the drawings are in mm.
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- 138 Fig. A.1. Technical drawing, sheet 1.

- 139 Fig. A.2. Technical drawing, sheet 2.

- 140 Fig. A.3. Technical drawing, sheet 3.

- 141 Fig. A.4. Technical drawing, sheet 4.

- 142 Fig. A.5. Technical drawing, sheet 5.

- 143 Fig. A.6. Technical drawing, sheet 6.

- 144 Fig. A.7. Technical drawing, sheet 7.

APPENDIX B
UNCERTAINTY ANALYSIS AND SAMPLE CALCULATIONS
B.1 Introduction
Throughout the experiments, a number of measurements were taken, and from
those measurements, a set of variables was calculated. This appendix briefly reviews the
methods used to estimate the uncertainty of the experimental data. It also provides a
sample of calculations performed.
B.2 Uncertainty Analysis
Any experiment carries a certain degree of uncertainty. The method used in the
present work to estimate the uncertainty of measured and calculated variables is based on
the method presented by ASME (1985) and Moffat (1988). For 95% confidence level, the
following expression is presented:

U r = ⎡⎣ Br2 + (tS r ) 2 ⎤⎦

1

2

(B.1)

where Ur is the estimated absolute uncertainty, Br is the bias limit of the result, Sr is the
precision index of the result and t is the Student t value, which depends on the number of
samples taken, and its associated degree of freedom. The precision index is calculated to
estimate the standard deviation, and is calculated by:

⎡ N
2 ⎤
⎢∑(Xk − X ) ⎥
⎥
S = ⎢ k =1
N −1
⎢
⎥
⎢⎣
⎥⎦

1

2

(B.2)
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where Xk is the value of an individual measurement, X is the average value of the
measurements and N is the number of measurements. In the present work, for each one of
the variables measured, the precision index was calculated. This was done for both the
data collected through the automated data acquisition system and the measurements that
were done manually, e.g., desiccant density and mass flow rate. The precision index is
also an indicator of the level of variations during the measurement for each one of the
measured variables, since the conditions are never perfectly steady. The precision index
of the average value is calculated through Eq. (B.3):

SX =

S
N

(B.3)

The number of degrees of freedom of the average is defined as:

υX = N −1

(B.4)

With an estimation of the Bias (Br), it is possible then to calculate the estimated
uncertainty with Eqs. (B.1) through (B.4).Unfortunately, most of the information required
is obtained after some calculation is applied to the basic measured values. To obtain the
uncertainty of a derived value r that is dependent on a number of independent
parameters Pi , the precision index and the bias are combined according to (B.5) and
(B.6):
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⎡ j
S r = ⎢ ∑ θi S Pi
⎣ i =1

)

⎡ j
Br = ⎢ ∑ θi BPi
⎣ i =1

)

(

(

2

2

⎤
⎥
⎦

1

⎤
⎥
⎦

2

(B.5)

1

2

(B.6)

where j is the number of independent parameters involved in the calculation and θ i is the
sensitivity coefficient given by:

θi =

∂r
∂Pi

(B.7)

When the above differentiation is difficult or there is no mathematical expression to
relate r and Pi, then θi can be calculated by (B.8), which can be evaluated numerically:

θi =

Δr
ΔPi

(B.8)

The last step to evaluate the combined uncertainty is to calculate the combined degrees of
freedom. This is done following the Welch-Satterthwaite formula:

υr =

(

Sr4

⎡ θS
⎢ i Pi
∑
⎢ υP
i =1
i
⎣⎢
j

)

4

(B.9)
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Equation (B.10), presented by ISO (1988), can be used to compute the Student t for a
95% confidence level, once the number of degrees of freedom, υ , is known :

t95 = 1.96 + 2.36 + 3.2

υ

υ2

+ 5.2

υ 3.84

(B.10)

B.3 Sample Analysis
The water transfer rate for the air stream can be calculated by the following
equation:
ΔC& a = (ωai − ωao ) m& da

(B.11)

where ω is the humidity ratio in kg w kg da and m& da is the dry air mass flow rate in kg/s.
Therefore, the sensitivity coefficients are:

θω =

∂ΔC& a
= m& da
∂ωai

(B.12)

θω =

∂ΔC& a
= − m& da
∂ωao

(B.13)

θ m& =

∂ΔC& a
= (ωai − ωao )
∂m& da

(B.14)

ai

ao

da

With the equations above and the values of the number of degrees of freedom, bias
and precision index for the m& da , ωao and ωai , Eqs. (B.1), (B.5), (B.6) and (B.10) can then
be used to calculate the estimated uncertainty. Unfortunately, neither humidity ratio nor
dry air mass flow rate are measured directly. Therefore, the same procedure has to be
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repeated from the initial measured values. For the case of humidity ratio, those would be
the pressure, temperature and relative humidity, and for the dry air mass flow, the
measured variables would be again pressure, temperature and relative humidity, plus the
humid air mass flow. The uncertainty calculations are presented by Slayzak and Ryan
(1998). The humidity ratio is calculated by:

ω=

0.622 ⋅ pv
p − pv

(B.15)

and

pv = φ ⋅ pvs

(B.16)

where φ is the relative humidity, p is the total pressure in Pa, pv is the water vapour
pressure in Pa and pvs is the saturation pressure for water at the same temperature of the
air, also in Pa. The sensitivity coefficients are:

θT =

⎡
⎤
∂ω
p
∂p
⎞⎢
= 0.622 ⎛⎜ v
⎥
⎟
∂T ⎠ ⎢ ( p − p )2 ⎥
∂T
⎝
v
⎣
⎦

(B.17)

where,

∂pv
C ⎞
⎛ −C
= pv ⎜ 28 + C10 + 2 ⋅ C11 ⋅ T + 3 ⋅ C12 + 13 ⎟
∂T
T ⎠
⎝ T
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(B.18)

and T is the temperature in K and C8 to C13 are constants as presented by
ASHRAE (1997).

θφ =

⎡
⎤
p
∂ω
= 0.622 pvs ⎢
⎥
2
∂φ
⎢⎣ ( p − pv ) ⎥⎦

(B.19)

θp =

∂ω −0.622 pv
=
∂p ( p − pv )2

(B.20)

For the dry air mass flow rate:

m& da =

m& ai
(1 + ωai )

(B.21)

and the sensitivity coefficients are:

and

θω =

∂m& da
−m& a
=
2
∂ω
(1 + ω )

(B.22)

θ m& =

∂m& da
1
=
∂m& a (1 + ω )

(B.23)

a
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B.4 Estimated Bias and Precision Index
In the present work, the estimated bias values for the different instruments employed
are presented in Table B.1. Most are obtained from the total uncertainty estimates
supplied by the instrument manufacturers.
Table B.1 – Estimated bias for the instruments used in the present work.
Description/
Manufacturer Model
Estimated Bias
Variable
Mass flow meter with Teledyne
HFM-200/ LS-2D
± 1.6 x 10-4 kg/s
laminar flow element
Hastings
Relative humidity and Vaisala
HMT 331
±(1.0+0.008 x reading)
temperature transmitter
%RH and ±0.2 K
Pressure
Vaisala
PTB-210
± 0.60 hPa
Thermocouples
Omega
Type T – 24 AWG ± 0.2K
Description/
Manufacturer Model
Uncertainty
Variable
Coriolis Mass flow
Emerson
F-025 MVD
± 4.9 x 10-5 kg/s
meter
Micro Motion
Turbine volumetric flow SIKA
VTH 15K5-41
± 6.7 x 10-3 l/s
meter
Thermocouples
Omega
Type T – 24 AWG ± 0.2K
Description/
Manufacturer Model
Uncertainty
Variable
Precision balance
Sartorius
LE 623S
< 0.1 g
Density meter
Anton Paar
DMA 4000
5 x 10-5 g/cm3
Stopwatch
TIMEX
5C 401
± 0.5 s*
Thermocouples
Omega
Type T – 24 AWG ± 0.2K
In the case of the balance, the measured values are first corrected for the
buoyancy effect, and then the bias is calculated using the method presented by
Reichmuth (2000), which uses basic information provided by the balance supplier, as
repeatability and non-linearity, to estimate the uncertainty. For the stopwatch, the
estimated bias represents the bias in the operation and not in the stopwatch itself, which
would be negligible. Although calibrated, the estimated bias of the thermocouples was
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conservatively estimated at 0.2°C, taking into consideration non-uniform temperature
distribution in flow streams.
The data supplied by the manufacturers already takes in to account some of the
random uncertainties related to the instrument. In that regard, assuming the total
estimated uncertainty as the bias is somewhat conservative. On the other hand, the bias
information is not available separately. The precision index is seen as an evaluation of the
the variability of the conditions during the test. For all variables where the data
acquisition process was automated, the precision index was negligible. For the case of the
desiccant mass flow rate and density, the precision index was significant.
Once the data was initially treated and the averages calculated, the bias, precision
index, number of degrees of freedom and measured value were used as an input to a
computer program that calculated the output variables and their respective uncertainties.
Section B.5 presents the computer code developed.
B.5 Computer Code for Uncertainty Calculations
In order to calculate the uncertainties, a computer code was written and
implemented to operate with the software package EES (F-chart, 2007). EES is an
equation solver, with the added benefit of having built-in function for thermodynamic
properties. In the case of the uncertainty propagation involving thermodynamic properties
supplied by EES, the numerical form of the sensitivity coefficient, Eq. (B.8) was used.
The same approach was used for the density-concentration relationship for the desiccant.
Following is a copy of the computer code:
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"Calculates the t-Distribution for 95% confidence, from ISO 7066-2 Standard"
Function ts(mu)
ts= 1.96 + (2.36/mu) + (3.2/mu) + (5.2/ (mu^3.84))
END

"Calculates uncertainty in humidity ratio from RH, T and P"
Function Urh(RHin,URin,Tin,Ut,pin,Upin)
URUin=URin/100
c8=-5.8002206e3
c10=-4.8640239e-2
c11=4.1764768e-5
c12=-1.4452093e-8
c13=6.5459673
T3=Tin+273.15
pv=(RHin/100)*p_sat(WATER,T=Tin)
dpvdt=pv*((-1*c8/(T3^2))+c10+2*c11*T3+3*c12*T3^2+c13/T3)
dwdp=-0.622*pv/((pin-pv)^2)
dwdt=0.622*dpvdt*(pin/((pin-pv)^2))
dwdrh=0.622*p_sat(WATER,T=Tin)*(pin/(pin-pv)^2)
Urh=((dwdt*Ut)^2+(dwdrh*URUin)^2+(dwdp*Upin)^2)^0.5
END

"Function for Specic heat (J/Kg)- NOT USED, not Conde's equation- Input T=Centigrades;
Concentration in %"
FUNCTION spheat(Td,C)
A1:=1.0020-1.2505e-2*C+0.7575e-4*C*C;
B1:=6.8248e-7*C*C-5.554e-4-1.5178e-5*C;
C2:=5.2266e-6+3.6623e-8*C-3.8345e-9*C*C;
Cp:=A1+B1*T+C2*Td*Td;
CP1:=Cp*1000*4.186;
spheat:=CP1;
END
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"Function for Vapour Pressure (kPa) of solution NOT CONDE's equation - Input T=Centigrades;
Concentration in %"
Function vappress(Td,C)
A:=12.7409-6.5536e-2*C-8.2416e-4*C*C
B:=29.310*C+0.66911*C*C-4675.4
C1:=3.7268e5-1.6898e3*C-1.8710e2*C*C
arg:=(A+(B/(Td+273))+(C1/((Td+273)^2)))
p1=10^(arg)*0.13333
vappress:=p1;
END
Function vp(Td,C) "Function for Vapour Pressure (kPa) of solution - Input T=Centigrades;
Concentration in %"
MF:=C/100
Ts:=Td+273.15
PI0:=0.28
PI1:=4.3
PI2:=0.6
PI3:=0.21
PI4:=5.1
PI5:=0.49
PI6:=0.362
PI7:=-4.75
PI8:=-0.40
PI9:=0.03
PI25:=1- ( 1 + (MF/PI6)^PI7)^PI8 - PI9*exp( -1*((MF-0.1)^2)/0.005)
A:= 2 - (1 + (MF/PI0)^PI1)^PI2
B:=(1 + (MF/PI3)^PI4)^PI5 - 1
f=A+(B*Ts/(t_crit(WATER)+273.15))
vp=PI25*f*p_sat(WATER,T=Td)
END

Function solubility(C) "Function for solubility in T=Centigrades for a given Concentration in %"
MF=C/100
IF (MF>.558) THEN
A0:=-1.356800
A1:=3.448540
A2:=0
ELSE
IF (MF>.452) THEN
A0:=-1.312310
A1:=6.177670
A2:=-5.034790
ELSE
IF (MF>.369) THEN
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A0:=-0.315220
A1:=2.882480
A2:=-2.624330
ELSE
IF (MF>.287) THEN
A0:=-0.560360
A1:=4.723080
A2:=-5.811050
ELSE
IF(MF>.253) THEN
A0:=-0.005340
A1:=2.015890
A2:=-3.114590
ELSE
A0:=0.422088
A1:=-0.90410
A2:=-2.936350
ENDIF
ENDIF
ENDIF
ENDIF
ENDIF
IF(MF>.253) THEN
TETA:=A0+A1*MF+A2*MF^2
ELSE
TETA: =A0+A1*MF+A2*MF^2.5
ENDIF
solubility:=(TETA*(t_crit(WATER)+273.15))-273.15
END
Function dens(Td,C)
MF:=C/100
ro0:=1.0
ro1:=0.540966
ro2:=-0.303792
ro3:=0.100791
arg:=MF/(1-MF)
dens:=density(WATER,T=Td,X=0)*(ro0+ro1*arg+ro2*arg^2+ro3*arg^3)
END

Function visco(Td,C) "Dynamic viscosity, uses the same units of water viscosity, ie, kg/ms or
Pa.s"
MF:=C/100
ksi:=MF/(1-MF)^(1/0.6)

- 155 -

TETA:=(Td+273.15)/(t_crit(WATER)+273.15)
a:=exp(0.090481*ksi^3.6+1.390262*ksi+(0.675875*ksi/TETA)+-0.583517*ksi^2 )
visco:=viscosity(WATER,T=Td,X=0)
END

Function conduct(Td,C)
MF:=C/100
ro0:=1.0
ro1:=0.540966
ro2:=-0.303792
ro3:=0.100791
arg:=MF/(1-MF)
dens:=density(WATER,T=Td,X=0)*(ro0+ro1*arg+ro2*arg^2+ro3*arg^3)
M:=42.394
ksieq:=MF*dens*1/M
alfa:=10.8958e-3+(-11.7882e-3*MF)
conduct:=conductivity(WATER,T=Td,X=0)-(alfa*ksieq)
END

Function cplicl(Td,C)
MF:=C/100
IF MF<= 0.31 THEN
f1:=1.43980*MF-1.24317*MF^2-0.12070*MF^3
ELSE
f1:=0.12825+0.62934*MF
ENDIF
TETA:=((Td+273.15)/228)-1
f2:=58.5225*(TETA^0.02)-105.6343*(TETA^0.04)+47.7948*(TETA^0.06)
cplicl:=specheat(WATER,T=Td,X=0)*(1-f1*f2)
END
Function heatdilute(Td,C)
MF:=C/100
TETA:=(Td+273.15)/(t_crit(WATER)+273.15)
hd0:=169.105+457.850*TETA
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ksi=MF/(0.6-MF)
heatdilute:=hd0*( (

1 + (ksi/0.845)^(-1.965) )^(-2.265) )

END
FUNCTION diff(Td,C) "The first equation uses Conde's data,
but the second, preferred one, uses data from Potnis, S. V.; Lenz, T. G., and Dunlop, E. H.
(1995).
Measurement of water diffusivity in aqueous lithium bromide and lithium chloride solutions. "
MF:=C/100
"From Krynicki et al. ,Faraday Discuss. Chem. Soc., 1978, 66, 199 - 208"
Dw=6.9e-15*(Td+273.15)/viscosity(WATER,T=Td,X=0)
"diff:=Dw*(1- ( 1+ ( (MF^0.5)/0.52 )^(-4.92) ) ^ (-0.56))"
x:=MF
diff= (-2326.28952790384*x^5+5606.73777185174*x^4+-4646.32079847028*x^3+
1755.82649553726*x^2+-315.194468122785*x+23.4270639561506)*1e-9
END
"**************************************************************************************************************
*************************************************"
"INPUTS
***************************************************************************************************************
**************************************"

Duplicate j=1,4
TCinlet[j]=LOOKUP('INPUTS',1,j)
End

Tinlet[1]=LOOKUP('INPUTS',2,1)
Toutlet[1]=LOOKUP('INPUTS',3,1)
TCoutlet[1]=LOOKUP('INPUTS',4,1)
Pin[1]=LOOKUP('INPUTS',5,1)
Pout[1]=LOOKUP('INPUTS',6,1)
RHin[1]=LOOKUP('INPUTS',7,1)
RHout[1]=LOOKUP('INPUTS',8,1)
Mainlet[1]=LOOKUP('INPUTS',9,1)
Tainbox[1]=LOOKUP('INPUTS',10,1)
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Taoutbox[1]=LOOKUP('INPUTS',11,1)
Tdesin[1]=LOOKUP('INPUTS',12,1)
Tdesout[1]=LOOKUP('INPUTS',13,1)
roout[1]=LOOKUP('INPUTS',15,1)
mdout[1]=LOOKUP('INPUTS',16,1)
roin[1]=LOOKUP('INPUTS',18,1)
Twin[1]=LOOKUP('INPUTS',19,1)
Twout[1]=LOOKUP('INPUTS',20,1)
Mwv[1]=LOOKUP('INPUTS',21,1)
Tairoutchannel[1]=LOOKUP('INPUTS',22,1)
Tairinchannel[1]=LOOKUP('INPUTS',23,1)
Twoutchannel[1]=LOOKUP('INPUTS',24,1)
Twinchannel[1]=LOOKUP('INPUTS',25,1)
Tdesinchannel[1]=LOOKUP('INPUTS',26,1)
Tdesoutchannel[1]=LOOKUP('INPUTS',27,1)
Tinlet[2]=LOOKUP('INPUTS',2,2)
Toutlet[2]=LOOKUP('INPUTS',3,2)
TCoutlet[2]=LOOKUP('INPUTS',4,2)
Pin[2]=LOOKUP('INPUTS',5,2)
Pout[2]=LOOKUP('INPUTS',6,2)
RHin[2]=LOOKUP('INPUTS',7,2)
RHout[2]=LOOKUP('INPUTS',8,2)
Mainlet[2]=LOOKUP('INPUTS',9,2)
Tainbox[2]=LOOKUP('INPUTS',10,2)
Taoutbox[2]=LOOKUP('INPUTS',11,2)
Tdesin[2]=LOOKUP('INPUTS',12,2)
Tdesout[2]=LOOKUP('INPUTS',13,2)
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roout[2]=LOOKUP('INPUTS',15,2)
mdout[2]=LOOKUP('INPUTS',16,2)
roin[2]=LOOKUP('INPUTS',18,2)
Twin[2]=LOOKUP('INPUTS',19,2)
Twout[2]=LOOKUP('INPUTS',20,2)
Mwv[2]=LOOKUP('INPUTS',21,2)
Tairoutchannel[2]=LOOKUP('INPUTS',22,2)
Tairinchannel[2]=LOOKUP('INPUTS',23,2)
Twoutchannel[2]=LOOKUP('INPUTS',24,2)
Twinchannel[2]=LOOKUP('INPUTS',25,2)
Tdesinchannel[2]=LOOKUP('INPUTS',26,2)
Tdesoutchannel[2]=LOOKUP('INPUTS',27,2)
Tinlet[3]=LOOKUP('INPUTS',2,3)
Toutlet[3]=LOOKUP('INPUTS',3,3)
TCoutlet[3]=LOOKUP('INPUTS',4,3)
Pin[3]=LOOKUP('INPUTS',5,3)
Pout[3]=LOOKUP('INPUTS',6,3)
RHin[3]=LOOKUP('INPUTS',7,3)
RHout[3]=LOOKUP('INPUTS',8,3)
Mainlet[3]=LOOKUP('INPUTS',9,3)
Tainbox[3]=LOOKUP('INPUTS',10,3)
Taoutbox[3]=LOOKUP('INPUTS',11,3)
Tdesin[3]=LOOKUP('INPUTS',12,3)
Tdesout[3]=LOOKUP('INPUTS',13,3)
roout[3]=LOOKUP('INPUTS',15,3)
mdout[3]=LOOKUP('INPUTS',16,3)
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roin[3]=LOOKUP('INPUTS',18,3)
Twin[3]=LOOKUP('INPUTS',19,3)
Twout[3]=LOOKUP('INPUTS',20,3)
Mwv[3]=LOOKUP('INPUTS',21,3)
Tairoutchannel[3]=LOOKUP('INPUTS',22,3)
Tairinchannel[3]=LOOKUP('INPUTS',23,3)
Twoutchannel[3]=LOOKUP('INPUTS',24,3)
Twinchannel[3]=LOOKUP('INPUTS',25,3)
Tdesinchannel[3]=LOOKUP('INPUTS',26,3)
Tdesoutchannel[3]=LOOKUP('INPUTS',27,3)
Tinlet[4]=LOOKUP('INPUTS',2,4)
Toutlet[4]=LOOKUP('INPUTS',3,4)
TCoutlet[4]=LOOKUP('INPUTS',4,4)
Pin[4]=LOOKUP('INPUTS',5,4)
Pout[4]=LOOKUP('INPUTS',6,4)
RHin[4]=LOOKUP('INPUTS',7,4)
RHout[4]=LOOKUP('INPUTS',8,4)
Mainlet[4]=LOOKUP('INPUTS',9,4)
Tainbox[4]=LOOKUP('INPUTS',10,4)
Taoutbox[4]=LOOKUP('INPUTS',11,4)
Tdesin[4]=LOOKUP('INPUTS',12,4)
Tdesout[4]=LOOKUP('INPUTS',13,4)
roout[4]=LOOKUP('INPUTS',15,4)
mdout[4]=LOOKUP('INPUTS',16,4)
roin[4]=LOOKUP('INPUTS',18,4)
Twin[4]=LOOKUP('INPUTS',19,4)
Twout[4]=LOOKUP('INPUTS',20,4)
Mwv[4]=LOOKUP('INPUTS',21,4)
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Tairoutchannel[4]=LOOKUP('INPUTS',22,4)
Tairinchannel[4]=LOOKUP('INPUTS',23,4)
Twoutchannel[4]=LOOKUP('INPUTS',24,4)
Twinchannel[4]=LOOKUP('INPUTS',25,4)
Tdesinchannel[4]=LOOKUP('INPUTS',26,4)
Tdesoutchannel[4]=LOOKUP('INPUTS',27,4)

"END OF INPUTS
***************************************************************************************************************
***************************"
"START CALCULATIONS
***************************************************************************************************************
******************"
"Calculates total uncertainty for INPUT variables"
TCinlet[5]= SQRT (

TCinlet[3]^2 + ( ts(TCinlet[4])*TCinlet[2] )^2

Tinlet[5]= SQRT (

Tinlet[3]^2 + ( ts(Tinlet[4])*Tinlet[2] )^2

TCoutlet[5]= SQRT (
Toutlet[5]= SQRT (
Pin[5]= SQRT (

TCoutlet[3]^2 + ( ts(TCoutlet[4])*TCoutlet[2] )^2

Pin[3]^2 + ( ts(Pin[4])*Pin[2] )^2

Pout[3]^2 + ( ts(Pout[4])*Pout[2] )^2

RHin[5]= SQRT (

RHin[3]^2 + ( ts(RHin[4])*RHin[2] )^2

)
)

Mainlet[3]^2 + ( ts(Mainlet[4])*Mainlet[2] )^2

Tainbox[5]= SQRT (

Tdesin[5]= SQRT (

)

Taoutbox[3]^2 + ( ts(Taoutbox[4])*Taoutbox[2] )^2

Tdesin[3]^2 + ( ts(Tdesin[4])*Tdesin[2] )^2

Tdesout[5]= SQRT (

)

Tainbox[3]^2 + ( ts(Tainbox[4])*Tainbox[2] )^2

Taoutbox[5]= SQRT (

roin[5]= SQRT (

)

)

RHout[3]^2 + ( ts(RHout[4])*RHout[2] )^2

Mainlet[5]= SQRT (

)

)

Pout[5]= SQRT (

roout[5]= SQRT (

)

Toutlet[3]^2 + ( ts(Toutlet[4])*Toutlet[2] )^2

RHout[5]= SQRT (

)

)

Tdesout[3]^2 + ( ts(Tdesout[4])*Tdesout[2] )^2

roout[3]^2 + ( ts(roout[4])*roout[2] )^2
roin[3]^2 + ( ts(roin[4])*roin[2] )^2

- 161 -

)

)

)

)

mdout[5]= SQRT (
Twin[5]= SQRT (

mdout[3]^2 + ( ts(mdout[4])*mdout[2] )^2
Twin[3]^2 + ( ts(Twin[4])*Twin[2] )^2

Twout[5]= SQRT (
Mwv[5]= SQRT (

)

Twout[3]^2 + ( ts(Twout[4])*Twout[2] )^2
Mwv[3]^2 + ( ts(Mwv[4])*Mwv[2] )^2

Tairoutchannel[5]= SQRT (
)

)

)

)

Tairoutchannel[3]^2 + ( ts(Tairoutchannel[4])*Tairoutchannel[2] )^2

Tairinchannel[5]= SQRT (

Tairinchannel[3]^2 + ( ts(Tairinchannel[4])*Tairinchannel[2] )^2

Twoutchannel[5]= SQRT (

Twoutchannel[3]^2 + ( ts(Twoutchannel[4])*Twoutchannel[2] )^2

Twinchannel[5]= SQRT (

Twinchannel[3]^2 + ( ts(Twinchannel[4])*Twinchannel[2] )^2

Tdesinchannel[5]= SQRT (
)
Tdesoutchannel[5]= SQRT (
)^2 )

)

)

Tdesinchannel[3]^2 + ( ts(Tdesinchannel[4])*Tdesinchannel[2] )^2
Tdesoutchannel[3]^2 + ( ts(Tdesoutchannel[4])*Tdesoutchannel[2]

" TRANSFORMS water flow from lpm to kg/s"

Mw[1]=Density(Water,T=Twin[1],P=101000+14000)*Mwv[1]*1e-3/60
Mw[3]= Density(Water,T=Twin[1],P=101000+14000)*Mwv[3]*1e-3/60
Mw[2]=Density(Water,T=Twin[1],P=101000+14000)*Mwv[2]*1e-3/60
Mw[4]=Mwv[4]
Mw[5]= SQRT (

)

Mw[3]^2 + ( ts(Mw[4])*Mw[2] )^2

)

" Propagate uncertainty from RH to HR "
HRinlet[1]=humrat(AIRH2O,T=Tinlet[1],P=Pin[1],R=RHin[1]/100)
HRinlet[2]=Urh(RHin[1],RHin[2],Tinlet[1],Tinlet[2],Pin[1],Pin[2])
HRinlet[3]=Urh(RHin[1],RHin[3],Tinlet[1],Tinlet[3],Pin[1],Pin[3])
HRinlet[4]=RHin[4]
HRinlet[5]= SQRT ( HRinlet[3]^2 + ( ts(HRinlet[4])*HRinlet[2] )^2

)

HRinletTC[1]=humrat(AIRH2O,T=TCinlet[1],P=Pin[1],R=RHin[1]/100)
HRinletTC[2]=Urh(RHin[1],RHin[2],TCinlet[1],TCinlet[2],Pin[1],Pin[2])
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HRinletTC[3]=Urh(RHin[1],RHin[3],TCinlet[1],TCinlet[3],Pin[1],Pin[3])
HRinletTC[4]=RHin[4]
HRinletTC[5]= SQRT ( HRinletTC[3]^2 + ( ts(HRinletTC[4])*HRinletTC[2] )^2

)

HRoutlet[1]=humrat(AIRH2O,T=Toutlet[1],P=Pout[1],R=RHout[1]/100)
HRoutlet[2]=Urh(RHout[1],RHout[2],Toutlet[1],Toutlet[2],Pout[1],Pout[2])
HRoutlet[3]=Urh(RHout[1],RHout[3],Toutlet[1],Toutlet[3],Pout[1],Pout[3])
HRoutlet[4]=RHout[4]
HRoutlet[5]= SQRT ( HRoutlet[3]^2 + ( ts(HRoutlet[4])*HRoutlet[2] )^2

)

HRoutletTC[1]=humrat(AIRH2O,T=TCoutlet[1],P=Pout[1],R=RHout[1]/100)
HRoutletTC[2]=Urh(RHout[1],RHout[2],TCoutlet[1],TCoutlet[2],Pout[1],Pout[2])
HRoutletTC[3]=Urh(RHout[1],RHout[3],TCoutlet[1],TCoutlet[3],Pout[1],Pout[3])
HRoutletTC[4]=RHout[4]
HRoutletTC[5]= SQRT ( HRoutletTC[3]^2 + ( ts(HRoutletTC[4])*HRoutletTC[2] )^2

)

"Corrects mass flow to account fot change in Cp for humid air from dry air, neglecting uncertainty
propagation from this equation"
CPratio=cp(AIR,T=0)/cp(AIRH2O,T=Tinlet[1],P=Pin[1],R=HRinlet[1]/100)
Main[1]=Mainlet[1]*CPratio
Main[2]=Mainlet[2]*CPratio
Main[3]=Mainlet[3]*CPratio
Main[4]=Mainlet[4]
Main[5]= SQRT ( Main[3]^2 + ( ts(Main[4])*Main[2] )^2

)

"**************************************************************************************************************
***************************************"
"Propagate uncertainty of density and temperature into Concentration"
Cin[1]=Interpolate('C x rho','C','rho',rho=roin[1]/1000)
delCdelro=(Interpolate('C x rho','C','rho',rho=1.01*roin[1]/1000)-Cin[1])/(1.01*roin[1]-roin[1])
densl=dens(20,Cin[1])
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densl=dens(20*1.01,C2)
delCdelT=(C2-Cin[1])/(20.2-20)

"0.02 is the T uncertainty for the DMA4000"
Cin[3]=SQRT(

(0.05*0.02)^2 + (delCdelro * roin[3])^2

)

Cin[2]=SQRT(

(0.05*0.02)^2 + (delCdelro * roin[2])^2

)

Cin[4]=Cin[2]^4/ ( (((0.05*0.02)^4)/roin[4]) + (((delCdelro * roin[2])^4)/roin[4]) )
Cin[5]= SQRT ( Cin[3]^2 + ( ts(Cin[4])*Cin[2] )^2

)

Cout[1]=Interpolate('C x rho','C','rho',rho=roout[1]/1000)
delCdelro2=(Interpolate('C x rho','C','rho',rho=1.01*roout[1]/1000)-Cout[1])/(1.01*roout[1]-roout[1])
densl2=dens(20,Cout[1])
densl2=dens(20*1.01,C3)
delCdelT2=(C3-Cout[1])/(20.2-20)

"0.02 is the T uncertainty for the DMA4000"
Cout[3]=SQRT(

(0.05*0.02)^2 + (delCdelro2 * roout[3])^2

)

Cout[2]=SQRT(

(0.05*0.02)^2 + (delCdelro2 * roout[2])^2

)

Cout[4]=Cout[2]^4/ ( (((0.05*0.02)^4)/roout[4]) + (((delCdelro2 * roout[2])^4)/roout[4]) )
Cout[5]= SQRT ( Cout[3]^2 + ( ts(Cout[4])*Cout[2] )^2

)

"**************************************************************************************************************
*******************************************"

mdin[1]=mdout[1]*(Cout[1]/100)/(Cin[1]/100)
mdin[2]=SQRT( ( (mdout[1]*(Cout[1]/100)/((Cin[1]/100)^2)
((Cout[1]/Cin[1])*mdout[2])^2
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)*Cin[2]/100 )^2 +

+ ( (Cout[2]/100)*mdout[1]/(Cin[1]/100))^2 )
mdin[3]=SQRT( ( (mdout[1]*(Cout[1]/100)/((Cin[1]/100)^2)
((Cout[1]/Cin[1])*mdout[3])^2
+ ( (Cout[3]/100)*mdout[1]/(Cin[1]/100))^2 )

)*Cin[3]/100 )^2 +

" Because the degrees fo freedom are different and small, the equation bellow is used to
calculated the combined D.F. "
mdin[4]=mdin[2]^4/( ( ( ( (mdout[1]*(Cout[1]/100)/((Cin[1]/100)^2) )*Cin[2]/100 )^4 )/Cin[4]) +
(((Cout[1]/Cin[1])*mdout[2])^4/mdout[4] ) + (( (Cout[2]/100)*mdout[1]/(Cin[1]/100))^4/Cout[4]) )
mdin[5]= SQRT ( mdin[3]^2 + ( ts(mdin[4])* mdin[2] )^2

)

" Calculate water absorption from LiCl solution and its uncertainty and degrees of freedom"
deltaWdes[1]=mdout[1]-mdin[1]
deltaWdes[2]=SQRT(mdout[2]^2+mdin[2]^2)
deltaWdes[3]=SQRT(mdout[3]^2+mdin[3]^2)
deltaWdes[4]=(mdout[2]^2+mdin[2]^2)^2
/mdin[4]) )

/ ( ( (mdout[2]^4)/mdout[4]) + ( (mdin[2]^4)

deltaWdes[5]= SQRT ( deltaWdes[3]^2 + ( ts(deltaWdes[4])* deltaWdes[2] )^2

)

"**************************************************************************************************************
************************************************************************************"
Mdryair[1]=Main[1]/(HRinlet[1]+1)
Mdryair[2]=SQRT(
( Main[2]/ (HRinlet[1]+1) )^2 +
(HRinlet[1]+1)^2 ) ^2
)
Mdryair[3]=SQRT( ( Main[3]/ (HRinlet[1]+1) )^2 +
^2 )

( (Main[1]*HRinlet[2]) /

( (Main[1]*HRinlet[3]) / (Hrinlet[1]+1)^2 )

Mdryair[4]=Main[4]
Mdryair[5]= SQRT ( Mdryair[3]^2 + ( ts(Mdryair[4])*Mdryair[2] )^2

)

MdryairTC[1]=Main[1]/(HRinletTC[1]+1)
MdryairTC[2]=SQRT( ( Main[2]/ (HRinletTC[1]+1) )^2 +
(HRinletTC[1]+1)^2 ) ^2 )

( (Main[1]*HRinletTC[2]) /

MdryairTC[3]=SQRT( ( Main[3]/ (HRinletTC[1]+1) )^2 +
(HRinletTC[1]+1)^2 ) ^2 )

( (Main[1]*HRinletTC[3]) /

MdryairTC[4]=Main[4]
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MdryairTC[5]= SQRT ( MdryairTC[3]^2 + ( ts(MdryairTC[4])*MdryairTC[2] )^2

)

deltaWair[1]=(HRinlet[1]-HRoutlet[1])*Mdryair[1]
deltaWair[2]=SQRT( (HRinlet[2]*Mdryair[1])^2
(HRinlet[1]-HRoutlet[1]) * Mdryair[2]
)^2
)

+ (HRoutlet[2]*Mdryair[1])^2 +

(

deltaWair[3]=SQRT( (HRinlet[3]*Mdryair[1])^2
(HRinlet[1]-HRoutlet[1]) * Mdryair[3]
)^2
)

+ (HRoutlet[3]*Mdryair[1])^2 +

(

deltaWair[4]=Mdryair[4]
deltaWair[5]= SQRT ( deltaWair[3]^2 + ( ts(deltaWair[4])*deltaWair[2] )^2

)

deltaWairTC[1]=(HRinletTC[1]-HRoutletTC[1])*MdryairTC[1]
deltaWairTC[2]=SQRT( (HRinletTC[2]*MdryairTC[1])^2
+
( (HRinletTC[1]-HRoutletTC[1]) * MdryairTC[2]
)^2

+ (HRoutletTC[2]*MdryairTC[1])^2

deltaWairTC[3]=SQRT( (HRinletTC[3]*MdryairTC[1])^2
+
( (HRinletTC[1]-HRoutletTC[1]) * MdryairTC[3]
)^2

+ (HRoutletTC[3]*MdryairTC[1])^2

)

)

deltaWairTC[4]=MdryairTC[4]
deltaWairTC[5]= SQRT ( deltaWairTC[3]^2 + ( ts(deltaWairTC[4])*deltaWairTC[2] )^2

)

Massbalance[1]=abs(deltaWdes[1]-deltaWair[1])
Massbalance[2]=SQRT ( deltaWdes[2]^2 + deltaWair[2]^2 )
Massbalance[3]=SQRT ( deltaWdes[3]^2 + deltaWair[3]^2 )
"EES is has probelms handling those numbers, so a multiplier was applied to both numerator and
denominator"
Massbalance[4]= 1e20 * Massbalance[2]^4 / (1e20 *((deltaWdes[2]^4)/deltaWdes[4]) + 1e20*
((deltaWair[2]^4)/ deltaWair[4]))
Massbalance[5]= SQRT ( Massbalance[3]^2 + ( ts(Massbalance[4])*Massbalance[2] )^2
MassbalanceTC[1]=abs(deltaWdes[1]-deltaWairTC[1])
MassbalanceTC[3]=SQRT ( deltaWdes[3]^2 + deltaWairTC[3]^2 )
MassbalanceTC[2]=SQRT ( deltaWdes[2]^2 + deltaWairTC[2]^2 )
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)

MassbalanceTC[4]= 1e20 * MassbalanceTC[2]^4 / (1e20 *((deltaWdes[2]^4)/deltaWdes[4]) +
1e20* ((deltaWairTC[2]^4)/ deltaWairTC[4]))
MassbalanceTC[5]= SQRT (
MassbalanceTC[2] )^2 )

MassbalanceTC[3]^2 + ( ts(MassbalanceTC[4])*

massbalance%residual[1]=100*abs(deltaWdes[1]-deltaWair[1])/deltaWdes[1]
massbalance%residual[2]= SQRT( (( 100*Massbalance[1]/(deltaWdes[1]^2)
)*deltaWdes[2])^2
+ ( Massbalance[2]*100/deltaWdes[1])^2 )
massbalance%residual[3]= SQRT( (( 100*Massbalance[1]/(deltaWdes[1]^2)
)*deltaWdes[3])^2
+ ( Massbalance[3]*100/deltaWdes[1])^2 )
massbalance%residual[4] = ( massbalance%residual[2]^4 ) /
( ( ( ( (100*Massbalance[1]/(deltaWdes[1]^2) ) * deltaWdes[2])^4 ) / deltaWdes[4])
( (
(Massbalance[2]*100/deltaWdes[1])^4 )/ Massbalance[4])
)

+

massbalance%residual[5]= SQRT ( massbalance%residual[3]^2 + ( ts(
massbalance%residual[4])* massbalance%residual[2] )^2 )

massbalance%residualTC[1]=100*abs(deltaWdes[1]-deltaWairTC[1])/deltaWdes[1]
massbalance%residualTC[2]= SQRT( (( 100*MassbalanceTC[1]/(deltaWdes[1]^2)
)*deltaWdes[2])^2
+ ( Massbalance[2]*100/deltaWdes[1])^2 )
massbalance%residualTC[3]= SQRT( (( 100*MassbalanceTC[1]/(deltaWdes[1]^2)
)*deltaWdes[3])^2
+ ( Massbalance[3]*100/deltaWdes[1])^2 )
massbalance%residualTC[4] = ( massbalance%residual[2]^4 ) / ( ( ( (
(100*MassbalanceTC[1]/(deltaWdes[1]^2) )
* deltaWdes[2])^4 ) / deltaWdes[4])
+
( (
(MassbalanceTC[2]*100/deltaWdes[1])^4
)/ Massbalance[4])
)
massbalance%residualTC[5]= SQRT ( massbalance%residual[3]^2 + ( ts(
massbalance%residual[4])* massbalance%residual[2] )^2 )

delEw[1]=(enthalpy(WATER,T=Twout[1],P=14700+101000)*Mw[1]enthalpy(WATER,T=Twin[1],P=14700+101000)*Mw[1])
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delEw[2]= SQRT ( (4.186 * Mw[2])^2 + (4.186*Mw[2])^2 + (4.186* Mw[1]* SQRT(
Twout[2]^2 + Twin[2]^2 ))^2 )
delEw[3]= SQRT ( (4.186 * Mw[3])^2 + (4.186*Mw[3])^2 + (4.186* Mw[1]* SQRT(
Twout[3]^2 + Twin[3]^2 ))^2 )
delEw[4]=Mw[4]
delEw[5]= SQRT (

delEw[3]^2 + ( ts( delEw[4])* delEw[2] )^2

)

EainTC[1]=enthalpy(AIRH2O,T=Tainbox[1],P=Pin[1],W=HRinletTC[1])*MdryairTC[1]
EainTC[2]= SQRT( (Mdryair[1]*SQRT ( ((1.006+ HRinletTC[1]*1.805)*Tainbox[2])^2 +
( (2501 + 1.805* Tainbox[1])*HRinletTC[2])^2 ))^2 + (
enthalpy(AIRH2O,T=Tainbox[1],P=Pin[1],W=HRinletTC[1])* Mdryair[2])^2 )
EainTC[3]= SQRT( (Mdryair[1]*SQRT ( ((1.006+ HRinletTC[1]*1.805)*Tainbox[3])^2 +
( (2501 + 1.805* Tainbox[1])*HRinletTC[3])^2 ))^2 + (
enthalpy(AIRH2O,T=Tainbox[1],P=Pin[1],W=HRinletTC[1])* Mdryair[3])^2 )
EainTC[4]=Tainbox[4]
EainTC[5]= SQRT (

EainTC[3]^2 + ( ts( EainTC[4])* EainTC [2] )^2

)

EaoutTC[1]=enthalpy(AIRH2O,T=Taoutbox[1],P=Pin[1],W=HRoutletTC[1])*MdryairTC[1]
EaoutTC[2]= SQRT( (Mdryair[1]*SQRT ( ((1.006+ HRoutletTC[1]*1.805)*Taoutbox[2])^2 +
( (2501 + 1.805* Taoutbox[1])*HRoutletTC[2])^2 ))^2 + (
enthalpy(AIRH2O,T=Taoutbox[1],P=Pout[1],W=HRoutletTC[1])* Mdryair[2])^2 )
EaoutTC[3]= SQRT( (Mdryair[1]*SQRT ( ((1.006+ HRoutletTC[1]*1.805)*Taoutbox[3])^2 +
( (2501 + 1.805* Taoutbox[1])*HRoutletTC[3])^2 ))^2 + (
enthalpy(AIRH2O,T=Taoutbox[1],P=Pout[1],W=HRoutletTC[1])* Mdryair[3])^2 )
EaoutTC[4]=Taoutbox[4]
EaoutTC[5]= SQRT (

EaoutTC[3]^2 + ( ts( EaoutTC[4])* EaoutTC [2] )^2

)

delEaTC[1]=(EaoutTC[1]-EainTC[1])
delEaTC[2]= SQRT ( EainTC[2]^2 + EaoutTC[2]^2 )
delEaTC[3]= SQRT ( EainTC[3]^2 + EaoutTC[3]^2 )
delEaTC[4]= EainTC[4]
delEaTC[5]= SQRT (

delEaTC[3]^2 + ( ts( delEaTC[4])* delEaTC [2] )^2
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)

Edin[1]=cplicl(Tdesin[1],Cin[1])*mdin[1]*Tdesin[1]
Edin[2]= SQRT ( (2.720* Tdesin[1]*mdin[2])^2 + (2.720 * Tdesin[2]*mdin[1])^2 )
Edin[3]= SQRT ( (2.720*Tdesin[1]*mdin[3])^2 + (2.720 * Tdesin[3]*mdin[1])^2 )
Edin[4]= Edin[2]^4 / ( ((2.720*Tdesin[1]*mdin[2])^4)/mdin[4] +
((2.720*Tdesin[2]*mdin[1])^4)/Tdesin[4] )
Edin[5]= SQRT ( Edin[3]^2 + ( ts( Edin[4])* Edin [2] )^2

)

Edout[1]=cplicl(Tdesout[1],Cin[1])*mdout[1]*Tdesout[1]
Edout[2]= SQRT ( (2.720* Tdesout[1]*mdout[2])^2 + (2.720 * Tdesout[2]*mdout[1])^2 )
Edout[3]= SQRT ( (2.720*Tdesout[1]*mdout[3])^2 + (2.720 * Tdesout[3]*mdout[1])^2 )
Edout[4]= Edout[2]^4 / ( ((2.720*Tdesout[1]*mdout[2])^4)/mdout[4] +
((2.720*Tdesout[2]*mdout[1])^4)/Tdesout[4] )
Edout[5]= SQRT ( Edout[3]^2 + ( ts( Edout[4])* Edout [2] )^2

)

delEd[1]=Edout[1]-Edin[1]
delEd[2]= SQRT ( Edout[2]^2 + Edin[2]^2)
delEd[3]= SQRT ( Edout[3]^2 + Edin[3]^2)
delEd[4]= delEd[2]^4 / ( (( Edout[2]^4)/Edout[4]) + (( Edin[2]^4)/Edin[4]))
delEd[5]= SQRT ( delEd[3]^2 + ( ts( delEd[4])* delEd[2] )^2

)

energybalanceTC[1]=delEw[1]+delEaTC[1]+delEd[1]
energybalanceTC[2]= SQRT ( delEw[2]^2 + delEaTC[2]^2 + delEd[2]^2 )
energybalanceTC[3]= SQRT ( delEw[3]^2 + delEaTC[3]^2 + delEd[3]^2 )
"energybalanceTC[4] = 1e10*energybalanceTC[2]^4 / (
1e10*delEw[2]^4/delEw[4]
1e10*delEaTC[2]^4/delEaTC[4]
+ 1e10*delEd[2]^4/delEd[4] )"
energybalanceTC[4]=delEaTC[4]
energybalanceTC[5]= SQRT ( energybalanceTC[3]^2 + ( ts( energybalanceTC[4])*
energybalanceTC[2] )^2 )
Eain[1]=enthalpy(AIRH2O,T=Tainbox[1],P=Pin[1],W=HRinlet[1])*Mdryair[1]
Eain[2]= SQRT( (Mdryair[1]*SQRT ( ((1.006+ HRinlet[1]*1.805)*Tainbox[2])^2 +
( (2501 + 1.805* Tainbox[1])*HRinlet[2])^2 ))^2 + (
enthalpy(AIRH2O,T=Tainbox[1],P=Pin[1],W=HRinlet[1])* Mdryair[2])^2 )
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+

Eain[3]= SQRT( (Mdryair[1]*SQRT ( ((1.006+ HRinlet[1]*1.805)*Tainbox[3])^2 +
( (2501 + 1.805* Tainbox[1])*HRinlet[3])^2 ))^2 + (
enthalpy(AIRH2O,T=Tainbox[1],P=Pin[1],W=HRinlet[1])* Mdryair[3])^2 )
Eain[4]=Tainbox[4]
Eain[5]= SQRT (

Eain[3]^2 + ( ts( Eain[4])* Eain [2] )^2

)

Eaout[1]=enthalpy(AIRH2O,T=Taoutbox[1],P=Pin[1],W=HRoutlet[1])*Mdryair[1]
Eaout[2]= SQRT( (Mdryair[1]*SQRT ( ((1.006+ HRoutlet[1]*1.805)*Taoutbox[2])^2 +
( (2501 + 1.805* Taoutbox[1])*HRoutlet[2])^2 ))^2 + (
enthalpy(AIRH2O,T=Taoutbox[1],P=Pout[1],W=HRoutlet[1])* Mdryair[2])^2 )
Eaout[3]= SQRT( (Mdryair[1]*SQRT ( ((1.006+ HRoutlet[1]*1.805)*Taoutbox[3])^2 +
( (2501 + 1.805* Taoutbox[1])*HRoutlet[3])^2 ))^2 + (
enthalpy(AIRH2O,T=Taoutbox[1],P=Pout[1],W=HRoutlet[1])* Mdryair[3])^2 )
Eaout[4]=Taoutbox[4]
Eaout[5]= SQRT (

Eaout[3]^2 + ( ts( Eaout[4])* Eaout [2] )^2

)

delEa[1]=(Eaout[1]-Eain[1])
delEa[2]= SQRT ( Eain[2]^2 + Eaout[2]^2 )
delEa[3]= SQRT ( Eain[3]^2 + Eaout[3]^2 )
delEa[4]= Eain[4]
delEa[5]= SQRT (

delEa[3]^2 + ( ts( delEa[4])* delEa [2] )^2

)

energybalance[1]=delEw[1]+delEa[1]+delEd[1]
energybalance[2]= SQRT ( delEw[2]^2 + delEa[2]^2 + delEd[2]^2 )
energybalance[3]= SQRT ( delEw[3]^2 + delEa[3]^2 + delEd[3]^2 )
energybalance[4] = energybalance[2]^4 / (
delEw[2]^4/delEw[4]
delEa[2]^4/delEaTC[4]
+ delEd[2]^4/delEd[4] )

+

energybalance[5]= SQRT ( energybalance[3]^2 + ( ts( energybalance[4])* energybalance[2] )^2
)

"delEa[1]=(Eaout[1]-Eain[1])
delEa[2]= SQRT ( Eain[2]^2 + Eaout[2]^2 )
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delEa[3]= SQRT ( Eain[3]^2 + Eaout[3]^2 )
delEa[4]= Eain[4]
delEa[5]= SQRT (

delEa[3]^2 + ( ts( delEa[4])* delEa [2] )^2

)"

Energyin2=(enthalpy(AIRH2O,T=Tairinchannel[1],P=Pin[1],W=HRinletTC[1])*
MdryairTC[1])+enthalpy(WATER,T=Twinchannel[1],P=14700+101000)*Mw[1]+cplicl(Tdesinchann
el[1],Cin[1])*mdin[1]*Tdesinchannel[1]
Energyout2=(enthalpy(AIRH2O,T=Tairoutchannel[1],P=Pout[1],W=HRoutletTC[1])*
MdryairTC[1])+enthalpy(WATER,T=Twoutchannel[1],P=14700+101000)*Mw[1]+cplicl(Tdesoutch
annel[1],Cout[1])*mdout[1]*Tdesoutchannel[1]
energybalancechannel=Energyin2-Energyout2
$Export 'CLIPBOARD' energybalancechannel,Energyin2,Energyout2
Cawi[1]=Hrinlet[1]/(1+Hrinlet[1])
Cawi[2]=SQRT((((Hrinlet[1]^2-Hrinlet[1]-1)/(1+Hrinlet[1])^2)*Hrinlet[2])^2)
Cawi[3]=SQRT((((Hrinlet[1]^2-Hrinlet[1]-1)/(1+Hrinlet[1])^2)*Hrinlet[3])^2)
Cawi[4]=Hrinlet[4]
Cawi[5]= SQRT (

Cawi[3]^2 + ( ts( Cawi[4])* Cawi [2] )^2

)

Cawo[1]=Hroutlet[1]/(1+Hroutlet[1])
Cawo[2]=SQRT((((Hroutlet[1]^2-Hroutlet[1]-1)/(1+Hroutlet[1])^2)*Hroutlet[2])^2)
Cawo[3]=SQRT((((Hroutlet[1]^2-Hroutlet[1]-1)/(1+Hroutlet[1])^2)*Hroutlet[3])^2)
Cawo[4]=Hroutlet[4]
Cawo[5]= SQRT (

Cawo[3]^2 + ( ts( Cawo[4])* Cawo [2] )^2

)

deltaWairmassfraction[1]=(Cawi[1]-Cawo[1])*Main[1]
deltaWairmassfraction[2]=SQRT( (Cawi[2]*Main[1])^2
(Cawi[1]-Cawo[1]) * Main[2]
)^2
)

+ (Cawo[2]*Main[1])^2 +

(

deltaWairmassfraction[3]=SQRT( (Cawi[3]*Main[1])^2
(Cawi[1]-Cawo[1]) * Main[3]
)^2
)

+ (Cawo[3]*Main[1])^2 +

(

deltaWairmassfraction[4]=Main[4]

deltaWairmassfraction[5]= SQRT ( deltaWairmassfraction[3]^2 + (
ts(deltaWairmassfraction[4])*deltaWairmassfraction[2] )^2 )
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APPENDIX C
GRID SENSITIVITY ANALYSIS
C.1 Introduction
The grid density is an important parameter in numerical analysis. In most cases, it
is important to achieve a balance between error reduction and the required computational
resources. A fine grid might lead to good results, but at a very high computational cost. A
coarse grid, on the other hand, might lead to excessive error and convergence problems.
Because of the initial intention of adopting the manuscript format for the present work,
the grid sensitivity analysis was omitted from Chapters 2 and 3, but it is presented
separately here.
C.2 Analysis
For the numerical analysis developed in the present work, the starting point was to
evaluate the grid sensitivity for a single stream under laminar flow conditions, flowing
between parallel plates.
Shah (1978) presented the analytical solution for a thermally developing and
hydrodynamic developed flow with specified wall temperatures. Tabulated values for the
local Nu were given, and they are used in the present work as a basis of comparison for
the proposed grid. The analysis used a 0.5 m meter long channel, with 3 mm between the
plates, a water flow rate of 0.3 kg/s, a wall temperature of 50°C and a water inlet
temperature of 20°C. The local Nusselt number is defined as:
qx'' Dh
Nu x =
,
k (Tw − Tm )

(C.1)
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where qx'' is the local heat flux, Tw is the wall temperature, Tm is the mean bulk
temperature of the fluid, k is the fluid thermal conductivity and Dh is the hydraulic
diameter, which is defined as:

Dh = 4 A ,
P

(C.2)

where A is the cross sectional area and P is the channel perimeter. The solution is given
as a function of x*, which is defined as:

x

x =
*

Dh
,
Re Dh ⋅ Pr

(C.3)

where Pr is the Prandtl number, x is the coordinate in the axial direction and ReDh is the
Reynolds number based on the hydraulic diameter.
The differential energy conservation equation was approximated using the finitedifference method, with the up-wind scheme being used for the convection term and the
central-differencing scheme for the diffusion term. The grid was initiated with 20 nodes
across the half channel and a uniform cell size in the axial direction, dx, of 1.25 mm. The
grid was refined, and a non-uniform grid was introduced in the axial direction. In this
refined grid case, the first and last 20 nodes in the axial direction had a smaller spacing,
dx1, and the remaining nodes had a spacing dx. Figures 6.1 and 6.2 present the results
obtained.
Figure 6.1 shows that there is little difference among the results for the grid
considered. Figure 6.2, however, presents a closer look at the inlet of the channel, where
gradients in the results are larger. At this location there are noticeably larger
discrepancies between Shah’s values and the numerical values of the present work,
particularly for coarser grids in the axial direction. Considering the results presented in
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Fig. 6.2, a non-uniform grid in the axial direction was chosen, with dx=0.005, dx1=dx/8
and 20 nodes across the half-channel width.

Fig. C.1. Local Nusselt number for different meshes, for the first 0.37 m of the channel.

Fig. C.2. Local Nusselt number for different meshes, for the first 4.9 mm of the channel.
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The arrangement discussed above formed the basis for the grid used for the model
incorporating the desiccant and air streams. In this case, 7 nodes were used for the
desiccant and 40 nodes were used for the air half-channel. This was later expanded to
incorporate the water stream, with 20 nodes for the half-channel of this stream. All
streams used the non-uniform grid in the axial direction as described earlier.
Once the full model was set, a new sensitivity analysis was performed, this time
by simply varying the number of nodes and verifying the results. The base case adopted
had the same geometry presented in Chapter 3 operating as a regenerator, with a DDU
flow configuration and the inlet conditions presented in Table C.1. The regenerator case
was chosen because the gradients are larger for such an application, making this extreme
situation a better test case.
Table C.1.Inlet conditions for base case used for sensitivity analysis.
T (°C)
C (kg/kg)
m& (g/s)
Air

12.64

60

14.5 x 10-3

Water

2.5

60

-

Desiccant

1.26

35

0.7

Table C.2 presents the grid parameters for the simulated cases. As previously
stated, the base case had 20 nodes for the water half-channel, 40 nodes for the water half
channel, 7 nodes for the desiccant film and the irregular spacing in the previously
described axial direction. Each of the other analyzed cases represented a refinement in the
grid spacing in one of the flow streams. Table C.3 presents the results obtained for these
cases. An initial attempt to evaluate the reduction of the grid density across the desiccant
film from 7 nodes to 4 nodes became unstable and failed to converge. As can be seen in
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Table C.3, the proposed changes had little impact on the evaluated variables. Therefore,
the mesh density of the base case was adopted as the standard throughout the present
work.

Nodes
Across
Water
Nodes
Across Air
Nodes
Across
Desiccant
Axial

Table C.2 Grid parameters for the cases analyzed.
Base
1
2
20
40
40

3
20

40

40

80

40

7

7

7

14

dx=0.005
dx1=dx/8

dx=0.005
dx1=dx/8

dx=0.005
dx1=dx/8

dx=0.005
dx1=dx/8

Table C.3. Results for the grid density cases evaluated.
Base
1
2
3
-3
Cao (kg/kg) x10
25.8
25.8
26.2
25.8
-2
7.2
7.2
7.1
7.3
ΔC& a (g/s) x 10

C.3 Conclusions
A grid sensitivity analysis was performed. Initially, the analysis compared the
results for hydrodynamic developed and thermally developing flow inside a parallel plate
channel, and the initial grid density was chosen based on this initial assessment. The grid
analysis was then extended to the full model, with water, desiccant and air flow streams.
The results comparing the base case to three other cases with finer meshes lead to the
conclusion that it would be advantageous to maintain the lower grid density of the base.
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