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Construction and Analysis of Heat-and Mass Exchangers for Liquid 

Desiccant Systems 

ABSTRACT 

Novel flat plate and tube-bundle heat and mass exchangers were designed, built, and 

experimentally examined in combination with an aqueous solution of lithium chloride as a 

desiccant. Prior to the construction of the components, two test rigs were built for the evaluation of 

several textiles and liquid desiccant distributors. 

The first test rig was used for the evaluation of liquid desiccant wicking performance of different 

fabrics. Several textiles with different compositions, thicknesses, and surface densities were tested 

at different desiccant solution mass fractions. The evaluation aimed to determine the textile with 

the highest absorption capacity and the best diffusion behavior. The best performing textile was 

implemented as a contact surface between the air and the desiccant solution in the heat and mass 

exchangers. The second test-rig was utilized for the evaluation of desiccant solution distribution 

over the exposed surface. Several tests were conducted for different geometry profiles and different 

solution flow rates. The experiments aimed to find a liquid desiccant distributor that is capable of 

facilitating the maximum uniform distribution of the liquid desiccant at low flow rates. Two plate-

type liquid desiccant absorbers were implemented in internally-cooled and adiabatic 

dehumidification modes for air conditioning and drying applications, respectively. Also, two tube-

bundles were implemented in an internally-heated mode for the regeneration of the liquid 

desiccant. 

Several experiments were conducted with the components that have been constructed in different 

processes; adiabatic dehumidification mode, internally-cooled absorber, and internally-heated 

regenerator. A parametric analysis was performed to evaluate the influence of some of the most 

important operational parameters on the components performance. The performance is represented 

by the moisture removal rate and the component effectiveness. The absorber performance was 

studied as a function of the desiccant solution flow rate, cooling water flow rate, air inlet humidity 

ratio, and air inlet temperature. Also, the liquid desiccant regenerator was studied as a function of 

the desiccant solution flow rate, desiccant solution inlet temperature, heating water inlet 

temperature, and air inlet temperature. The results indicate that water transfer rates increase with 

desiccant flow rate, but those results are not significant for the investigated range of desiccant flow 

rates. Increasing the cooling water flow rates also has a positive impact on water transfer rates 

between the desiccant and the air streams. Higher water temperatures increase the regeneration rate 

at the regenerator. Also, the results showed that increasing the air inlet temperature has a small 

effect on the moisture removal rate for both the absorber and regenerator experiments in the 

internally cooled or heated modes, respectively. 

The results of the internally cooled dehumidification showed a consistent reduction in the humidity 

ratio. In the experimental runs the change in the relative humidity ranges between 12 and 18 %-

points accompanied with a change in the humidity ratio that ranges between 2.4 and 4.1 g/kg. For 

the given experimental setup, the conditions of the air leaving the internally cooled absorber lie 

within the thermal comfort zone according to European and American standards.  
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Furthermore, a comparison between an internally cooled absorber with a cooling water temperature 

of 20°C and a conventional vapor compression system with an apparatus dew point temperature of 

12 °C was performed. The results show that the dehumidification through the internally cooled 

absorber leads to savings in the dehumidification load of about 40% when compared to cooling the 

air below its dew point temperature in conventional air conditioning systems. 

The results of the liquid desiccant regeneration through the tube-bundle showed that heating-water 

inlet temperature (at constant mass flow rate of the heating water) has the highest impact on the 

moisture removal rate which was varied in the range between 50 °C and 90 °C, through which the 

diluted solution is regenerated with an increase of the LiCl-mass fraction in the regeneration of a 

value between 0.01 kg/kg and 0.06 kg/kg. Moreover, the air to solution mass ratio has a major 

impact on the performance of the regenerator. 

Furthermore, the plate-type absorber experimental results were compared with results of a 

numerical finite difference model that has been developed at the Institute of Solar and Engineering 

Systems. Significant disagreements were found when comparing the numerical model to the 

majority of the experimental results for the plate type absorbers. The model results over predict the 

heat and mass transfer compared to the experimental results beyond the experimental uncertainty. 

This is a result of ideal conditions and assumptions of uniform distribution of the circulated fluids. 

In the absorption experiments, the model yields moisture transfer rates of 11% to 35%-points than 

those observed in the dehumidification experiments performed in the laboratory. Also, the 

deviation of results was larger for the demonstration plant measurements compared to the 

laboratory measurements. However, the moisture transfer rate trends were similar. 

In the framework of the presented PhD study a liquid desiccant demonstration plant including 

instrumentation was developed and erected. The developed dehumidifier and regenerator were 

implemented in an open cycle liquid desiccant demonstration plant for drying hay bales. The 

components were installed in a 20 foot container at the Hessian State Domain Frankenhausen, 

Germany. Several adiabatic dehumidification experiments were performed in different seasons of 

the year by applying ambient air. The absorber aims at reducing the process air humidity ratio and 

heating up the air by few Kelvins above the ambient temperature. The performance of the absorber 

was studied as a function of the desiccant solution flow rate for a fixed air flow rate with varying 

ambient conditions. The experimental results showed a consistent increase in the process air 

temperature in the range of 3 to 8.5 K accompanied with a reduction in the air inlet humidity ratio 

in the range of 1.3 to 4.3 g/kg, depending on the desiccant flow rate and the ambient air conditions. 

The maximum change in the solution concentration was 5.7 % points for an air to desiccant mass 

ratio (G/L) of 82. This concentration spread yields a volumetric energy storage capacity of about 

430 MJ/m
3
. This value is very low compared to the simulated value as a result of insufficient 

wetting of the absorber plates.  

In an additional test sequence, the desiccant solution was pumped in the absorber in an intermittent 

mode, in order to reach higher storage capacities and to improve wetting of the contact surface. In 

this measurement, a concentration spread of about 13 % points and an energy storage capacity of 

about 900 MJ/m
3
 (about 8 times more than for continuous flow with the same desiccant mass flow 

rate) was observed. 
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Aufbau und Untersuchungen eines Wärme- und Stoffübertragers 

für offene Sorptionssysteme  

Zusammenfassung 

Es wurden neuartige Wärme- und Stoffübertrager in Platten- und Rohrbündelausführung ausgelegt, 

errichtet und experimentell untersucht. Als Sorbens wurde eine wässerige LiCl-Salzlösung 

verwendet. Für Voruntersuchungen wurden zudem zwei Versuchsstände zur Untersuchung der 

Benetzbarkeit von Textilien, die auf die Tauscherfläche aufgebracht werden, und zur Untersuchung 

des Salzlösungsverteilungssystems errichtet. 

Der erste Versuchsstand dient zur Untersuchung der Saug- bzw. Kapillarkraft verschiedener 

Textilarten. Die verwendeten Textilien verfügten über verschiedene Strukturen und 

Zusammensetzungen, Stärken und Oberflächendichten Sie wurden mit Sorbens unterschiedlicher 

Konzentration beaufschlagt. Ein Ziel der Untersuchungen war die Ermittlung von Textilien mit 

möglichst guten Absorptions- und  Diffusionseigenschaften. Das Textil mit den besten 

Eigenschaften wurde im Wärme- und Stoffübertrager als Austauschoberfläche zwischen der 

Prozessluft und Salzlösung verwendet.  

Der zweite Versuchsstand dient zur Untersuchung des Salzlösungsverteilungssystems und der 

Verteilung der Salzlösung über der Austauschoberfläche. Unterschiedliche Verteilergeometrien 

und Salzlösungsmassenströme wurden untersucht. Zudem wurde ein Verteiler entwickelt mit dem 

Ziel, eine möglichst gleichmäßige Verteilung der Salzlösung bei niedrigen Massenströmen zu 

erreichen.  

Des Weiteren wurden zwei Plattenabsorber in einem intern gekühlten und adiabaten 

Entfeuchtungsbetrieb für Luftklimatisierungs- und Trocknungsanwendungen implementiert. Auch 

wurden zwei Rohrbündel zur Regeneration der Salzlösung in einem intern beheizten Betrieb 

implementiert. 

Die Komponenten wurden im adiabaten Betrieb, als intern gekühlter Absorber und intern beheizter 

Regenerator vermessen. Wichtige Einflussparameter wurden eingehend untersucht. So wurden im 

Absorber insbesondere der Salzlösungs- und Kühlwassermassenstrom, sowie die Eintrittswerte für 

Luftfeuchte und -temperatur variiert, im Regenerator wurden insbesondere der 

Salzlösungsmassenstrom sowie die Eintrittstemperaturen der drei Medien variiert. Als 

Bewertungsgrößen wurden der Entfeuchtigkeitsgrad und die Effektivität der Wärme- und 

Stoffübertragung in den untersuchten Komponenten verwendet.  Die Versuchsergebnisse zeigen, 

dass sich der Verdampfungsmassenstrom nur geringfügig mit steigendem Salzlösungsmassenstrom 

erhöht. Ebenso verändert sich der Verdampfungsmassenstrom durch eine Erhöhung der 

Lufteintrittstemperatur sowohl im intern gekühlten Absorber als auch im intern geheizten 

Regenerator nur geringfügig. Dagegen haben der interne Kühlwassermassenstrom im Absorber und 

die Heizwassertemperatur im Regenerator einen stärkeren Einfluss auf den 

Verdampfungsmassenstrom und somit auf den resultierenden LiCl-Massenanteil des Sorbens in 

den Komponenten.   Im intern gekühlten Absorber ergibt sich eine Änderung der relativen 

Luftfeuchtigkeit von 12 bis 18 %-Punkten. , Dies entspricht einer Abnahme des Luftwassergehalts 
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im Absorber von 2,4 g/kg bis 4,1 g/kg. Somit entspricht die Luftqualität nach der Konditionierung 

in der Absorptionseinheit der Luftbehaglichkeitsanforderungen laut DIN.  

Weiterhin wurde ein theoretischer Vergleich zwischen dem untersuchten, intern gekühlten 

Absorber mit einer Kühlwassertemperatur von 20 °C und einer konventionellen 

Kompressionskältemaschine mit einer Taupunkttemperatur von 12 ° C durchgeführt. Dabei ergab 

sich für die Luftentfeuchtung durch den Absorber eine Verringerung der Entfeuchtungsenthalpie 

um bis zu 40% im Vergleich zur Luftkonditionierung mit dem konventionellen System. 

Die Untersuchungen des intern geheizten Rohrbündelregenerators veranschaulichen, dass die 

Heizwassertemperatur einen erheblichen Einfluss auf den Verdampfungsmassenstrom hat, wobei 

die Heizwassertemperatur von 50 °C bis 90 °C bei konstantem Heizwassermassenstrom variiert 

wurde. Die Änderung des LiCl-Massenanteils der Salzlösung im Regenerator lag dabei im Bereich 

zwischen 0,01 kg/kg und 0,06 kg/kg. 

Zudem wurden die Versuchsergebnisse des Plattenabsorbers mit einem numerischen Finite-

Differenzen-Modell verglichen, das am Fachgebiet Solar- und Anlagentechnik entwickelt wurde. 

Die Ergebnisse zeigen, dass der Wärme-  und Stofftransport im numerischen Modell im Vergleich 

zu den Experimenten aufgrund von idealisierten Modellannahmen überschätzt wird. Insbesondere 

führt die getroffene Annahme einer gleichmäßigen Salzlösungsverteilung zu hohen Abweichungen. 

So betrug die Abweichung des übertragenen Wasserdampfmassenstroms in den durchgeführten 

Laboruntersuchungen des Absorptionsprozesses zwischen 11% und 35%- Punkten. Zudem waren 

die Abweichungen zwischen gemessenen und modellierten Daten der Laborexperimente geringer 

als die der Demonstrationsanlage Allerdings ist dabei eine ähnliche Tendenz des übertragenen 

Wasserdampfs zu sehen. 

Im Rahmen der vorliegenden Arbeit wurde zudem eine Demonstrationsanlage für ein offenes 

Absorptionssystem zur Heuballentrocknung errichtet, in der die zuvor entwickelten Komponenten 

Absorber und Regenerator eingehend untersucht wurden. 

Die Entfeuchtung und Erwärmung der Außenluft während des Absorptionsprozesses wurde in 

unterschiedlichen Jahreszeiten vermessen. Der absorbierte Wasserdampfmassenstrom wurde in der 

Abhängigkeit vom Salzlösungsmassenstrom mit einem festen Luftvolumenstrom unter 

verschiedenen Luftbedingungen untersucht. Die Versuchsergebnisse zeigen eine Erhöhung der 

Prozesslufttemperatur im Bereich von 3 bis 8,5 K sowie eine Senkung des Wassergehalts der Luft 

von 4,3 bis 1,3 g/kg in Abhängigkeit vom Salzlösungsmassenstrom und Außenluftbedingungen. 

Die größte Änderung der LiCl-Massenanteils in der Lösungbetrug 5,7% bei einem 

Massenstromverhältnis der Luft zur Salzlösung von 82. Daraus ergibt sich eine volumetrische 

Energiespeicherkapazität von ca. 430 MJ/m
3
. Dieser Wert ist im Vergleich zum theoretisch 

ermittelten Wert aufgrund einer unvollständigen Benetzung der Absorberplatten sehr gering. 

In einer zusätzlichen Versuchsreihe wurde die Salzlösung im Absorber daher in einem 

intermittierenden Betrieb gepumpt, um höhere Energiespeicherkapazitäten zu erreichen und die 

Benetzung der Absorberplatten zu verbessern. Bei dieser Messung wurde eine 

Konzentrationsänderung von ungefähr 13%-Punkten und eine Energiespeicherkapazität von ca. 900 

MJ/m³ ermittelt. 
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INTRODUCTION 

1.1 Background and Motivations 

This thesis presents experimental and analytical investigations carried out at University of Kassel, 

Institute of Thermal Engineering, on the development of open-cycle liquid desiccant systems for 

drying and air conditioning applications. Air conditioning systems are intended to come up with 

particular indoor conditions which differ according to the regarded application. Those conditions 

are defined as the indoor air quality (IAQ) parameters. These parameters include the supply air 

temperature, humidity, odors, oxygen, and carbon dioxide levels. Desiccant systems were studied 

by many researchers. Extensive research was driven by rising energy prices, increasing desire for 

air conditioning and the demanding modern codes on ventilation and indoor air quality, Öberg and 

Goswami (1998). The ventilation rates per person or per area have increased for many applications 

in ASHRAE standards in the last few decades, for some applications it is doubled or tripled, 

ASHRAE (2004). The percentage of the latent load rises by raising the ventilation rate. Around 

68% of the complete moisture load in nearly all commercial buildings is caused by ventilation, 

Zhang (2008). This proportion may additionally escalate in situations of 100% fresh air such as in 

hospitals and health care centers. 

Energy Efficiency of Space Air-Conditioners 

Air conditioning marketplace demand leads to extensive loads on electrical grids. Desiccant-based 

dehumidification with indirect evaporative cooling could reduce the cooling energy use by up to 

81%. Also, it could shift most of the energy needs to thermal energy sources, reducing annual 

electricity use by up to 90%, Kozubal et al. (NREL, 2011). 

Air can be dehumidified by applying the cooling-based methods of vapor compression systems, or 

alternatively it can be dehumidified using desiccant systems. Dehumidification at the cooling 

surface is considered the most widely used, and accepted method. The surface temperature has to 

be below the dew point temperature of the air being dehumidified, whether through evaporating 

refrigerant (direct expansion), or alternatively by cold water (chilled water cooler). The apparatus 

dew point (ADP) needs to be lower when the ventilation air flow rate is increased. 

The air conditioning cooling load is split into latent and sensible loads. The decoupling between the 

dehumidification and cooling is a crucial issue in the field of air conditioning. Energy savings in air 

conditioning are essentially dependent on the desired dehumidification. The dehumidification of 

the supply air is typically performed by simply sub-cooling of air. In order to bring the air to the 

desired comfortable temperatures, the cooled air has to be reheated causing an energetically 

uneconomical process. 

Reasonable energy consumption dehumidification is feasible with the use of desiccants. Desiccants 

are able to lower the humidity content in the air irrespective of the dew point temperature. In 

adiabatic solid or liquid desiccant systems the latent load is removed firstly by the desiccant 

material. Further sensible cooling can then be achieved using different methods, such as direct or 

indirect evaporative cooling, the use of cooling water, or by direct expansion of the refrigerant. The 
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handling of the sensible load does not require cooling below the dew point, which will remarkably 

increase the coefficient of performance (COP) of the refrigeration cycle. The COP of the air 

conditioning unit could possibly be improved by about 3% for each 1 K rise in the temperature of 

the cooling water, Röben (1998). 

Also, one of the primary potential uses of desiccant dehumidification is the co-sorption effect. 

Desiccants are in the position to attract additional ingredients over water vapour such as 

contaminants and even microorganisms, Öberg and Goswami (1998). Furthermore, condensations 

in desiccant systems outcomes with dry air ductwork and thus condensation reduced significantly 

in air pans which will be a rich environment for fungus and microbial growth. 

Besides the usage of desiccant systems in air conditioning applications, it is also used for drying 

applications in some industrial and agricultural applications. For drying agricultural products, 

desiccant systems are utilized as a substitute for conventional fossil fuels driven systems with fairly 

high drying temperatures. Further disadvantageous of conventional drying systems are that the 

enzymes in the dried product are destroyed by the excessive heat. Smells associated with burning 

diesel as well other fuels may impart unfavorable odor or flavor, Khouzam (2007). Accordingly, 

drying at decreased temperatures along with humidity can reduce the drying time compared to 

conventional sun dryer or just cold air ventilation systems. Also, low temperature drying could 

keep the fresh color of the product by applying desiccant systems, Madhiyanon et al. (2007). 

1.2 Objectives  

The most crucial intention of the current research is the design, construction, and testing of liquid 

desiccant absorbers and regenerators in different processes and at different operating conditions. 

The design of the components utilizes novel components and ideas in order to enhance the main 

liquid desiccant components. The main goal of the current research is to enhance the heat and mass 

transfer within the non-adiabatic absorber and regenerator by improving the water to desiccant 

contact surface. Furthermore, this work is aimed at improving the contact surface between the air 

and the desiccant solution. The current research shows that the textiles that represent the direct 

contact surface between the air and the desiccant solution, have a high influence on the heat and 

mass transfer between the circulated fluids. Also, improving the air-desiccant solution interface can 

possibly eliminate entrainment of the desiccant solution into the process air stream (carryover). 

This study presents the construction of plate-type and a tube-bundle type heat and mass 

exchangers. The absorbers and regenerators operate in adiabatic as well as non-adiabatic modes. 

The internally cooled/heated absorber/regenerator allows the application of a low flow desiccant 

solution. Low falling film flow, internally cooled or heated absorbers and regenerators have drawn 

attention in the last 20 years due to their effectiveness, compactness, low pressure drop, and the 

low risk for carryover.  

However, the common insufficient wetting conditions in practical systems seriously impact the 

heat and mass transfer of falling film liquid desiccant systems. 

Little research has been carried out on falling film liquid desiccant systems, according to the 

literature, Mesquita, 2007; Qi, 2013. It turned out that the air/desiccant contactors tend to be wetted 
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incompletely with the desiccant solution. Poor wetting influences the heat and mass transfer 

between air and solution, significantly. 

The aim of this work is to develop and analyze low flow liquid desiccant systems. The objectives 

of this thesis are as follows:  

 Design and construction of test-rigs for the evaluation of liquid desiccant wicking 

performance of different fabrics: The evaluation aims to identify the textile with the 

highest absorption capacity and diffusion behaviour. The chosen textile is used as the 

contact surface between the air and the desiccant solution. The use of textiles improves the 

spreading of the desiccant solution and facilitates the contact between the liquid desiccant 

and air. Therewith, the attached textiles increase the exposure time of the desiccant 

solution and thereby enhance the desired mass and heat transfer. In addition, applying the 

proper textile over the exchanging surfaces plays an important role in eliminating the 

carryover problem. 

 Design and construction of a test-rig for the evaluation of desiccant solution distribution 

over the exposed surface: Uneven distribution of the liquid desiccant as it enters the 

absorber or the regenerator is undesirable because it reduces the effective area of contact 

between the liquid desiccant and air. Desiccant solution maldistribution is higly affecting 

the heat and mass transfer in the absorber and regernarator. This study presents a liquid 

desiccant distributor that is capable to facilate suitable uniform distribution of the liquid 

desiccant at low flow rates. 

 Design and construction of plate-type liquid desiccant absorbers: The aim is to construct 

two types of liquid desiccant absorbers. Internally-cooled twin-wall plate absorber which is 

operated in non adiabatic mode for air conditioning applications and solid plates absorber 

which is operated in adiabatic mode for drying applications. 

 Design and construction of copper tube-bundle falling film liquid desiccant heat and mass 

exchanger: The tube bundle is used as an internally heated regenerator and as an internally 

cooled absorber. 

 Experimental evaluation of the liquid desiccant dehumidifiers and regenerators for 

different operating conditions in both adiabatic and non-adiabatic modes. 

 Analysis of the experimental results: A parametric analysis is performed to evaluate the 

influence of the most important inlet parameters on the performance of the absorber and 

the regenerator. 

 Comparison of some experimental results with related results from the literature for the 

same controlled parametric conditions. Also, the experimental results of the plate type 

absorbers are compared with a neumerical finite difference model results. The numerical 

model is developed by Mützel (2009). 

 Construction of a solar-assisted liquid desiccant demonstration plant for drying 

applications. The goal of this demonstration plant is to dry baled hay with initial moisture 

content of about 35 % (wet basis, w.b.). The moisture content needs to be reduced to about 

18-12% before stored. 

 Carry out several experiments in the demonstration plant for different seasons of the year 

with different ambient air temperatures and humidity ratios. 
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1.3 Structure of the Current Research  

This thesis contains eight chapters, each of which is dedicated to a particular part of the research 

activities in liquid desiccant systems.  

Chapter 2 presents a comprehensive literature survey on open cycle desiccant systems. It presents 

the potential benefits and applications of desiccant systems and the developments achieved in 

sorption dehumidification technologies, with a focus on low flow falling film liquid desiccant 

systems. Chapter 3 highlights the theoretical aspects applied to the analysis of the liquid desiccant 

heat and mass exchangers introduced within this research. Moreover, the characteristics of LiCl 

solution are discussed regarding the vapour pressure, solubility, equilibrium curves and density. 

The mathematical equations for the mass and energy balance factors as well as the performance of 

the desiccant heat and mass exchanger are also discussed. 

The Chapters 4 to 7 represent the construction of test rigs, the construction of components, the 

construction of the demonstration plant, and the experimental as well as the numerical results. The 

structure of each chapter is as follows: 

- Experimental results of the test-rigs regarding the evaluation of textile-wetting and liquid 

desiccant distribution: Chapter 4 and Chapter 5. 

- Construction of the components as well as the construction of the demonstration plant: 

Chapter 6. 

- Experimental results of the absorption and regeneration processes for the individual 

components as well as for the demonstration plant: Chapter 7. 

Chapter 8 summarizes the obtained results, draws conclusions and provides a future outlook. 



 

 

 

2 LITERATURE REVIEW 

2.1 Potential and Applications 

2.1.1 Types of Applications 

The Handbook of HVAC Systems and Equipment, ASHRAE (2000) presents the target 

applications for desiccant dehumidification at atmospheric pressure. These applications include:  

 Dehumidification for humidity sensitive processes in which high restrictions on the process 

air moisture content are required: Such processes include pharmaceutical and chemical 

industries, manufacturing of candies and chocolates, as well as electronic and instrument 

storage areas, missiles and radar stations. 

 Dehumidification for the applications of high internal latent loads: It is most widespread in 

heavily occupied buildings such as colleges, movie theaters, senior care facilities, dancing 

clubs, and restaurants. 

 Dehumidification for applications which are sensitive to biological contamination in 

condensate drainage pans, filters, and porous insulation within the ductwork: Desiccant 

dehumidification eliminates the presence of condensed water so duct lining remains dry 

and therefore mildew is unable to grow within the system. This approach is especially ideal 

for hospitals, medical facilities, and related biomedical manufacturing facilities where air-

borne microorganisms might result in extravagant problems. 

Desiccant dehumidification dates back to the 1930's after Kathabar Systems developed the earliest 

liquid desiccant dehumidifier, mainly for industrial applications, Kathabar Systems (2014). In the 

last few decades, desiccant systems were more implemented and studied by many researchers. 

Extensive investigations were carried out as a result of the increasing desire for air conditioning 

and the demanding modern codes and standards on ventilation and indoor air quality, Öberg and 

Goswami (1998). 

The most important experienced potential of desiccant dehumidification was in the supermarket 

industry. Pesaran (1994) stated that more than 500 supermarkets were installed that utilize 

desiccant dehumidification coupled with electric-driven refrigeration systems in the USA by the 

year of 1992. This number is 20 times higher than those installed by the year 1987. Also, he 

introduced three case studies of desiccant-based air conditioning in a supermarket in New England, 

a three story (150 rooms) hotel in West Palm Beach, Florida and a six-story office building (32,200 

m
2
) in Houston. In the first case study, the conventional air conditioning system is replaced with a 

desiccant based air conditioner. The system used a desiccant wheel with silica gel as the desiccant 

material manufactured by Munters DryCool. He came to the conclusion that using desiccant-based 

air conditioners could more precisely control the humidity levels within the supplied air stream. 

This will possibly eliminate the maintenance of freezers according to frost problems. Furthermore, 

the possibility of independent control of the humidity and temperature allows an evaporator to 

function at higher temperatures. An energy cost savings of $8,500/year was achieved in the 

presented case study. 
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Potential studies of desiccant systems as an alternative or hybrid to conventional air conditioning 

systems have drawn considerable interest over the last few years. Jiang et al. (2004) presented an 

evaluation between liquid desiccant dehumidification systems and traditional air conditioning 

systems. The evaluation was focused on the operation cost, driving energy source, humidity control 

and indoor air quality. He concluded that a savings of up to 40 % of the operating costs are 

achievable by applying liquid desiccant-based cooling systems. 

2.1.2 Solid versus Liquid Desiccant Systems 

Solid desiccants represent the majority of the applied desiccant systems for air conditioning 

purposes and they account for 66% of desiccant systems sold, TIAX (2004). Desiccant rotary beds 

are classified as the most applied kind of solid desiccant systems. Only regeneration-air with poor 

heat capacity is able to be heated for regeneration in desiccant wheels. Liquid desiccant techniques 

have several benefits when compared to solid desiccant systems. A variety of research presents 

assessments concerning both desiccant kinds. Liquid desiccant provides more design and 

installation arrangements in comparison to solid desiccant wheels where the regeneration takes 

place concurrently with the dehumidification. The off-site and asynchronous desiccant regeneration 

is achievable for liquid desiccant contactors, Oberg and Goswami (1998). The capability to cool 

down or heat up the desiccant solution exterior during the absorption or regeneration, respectively, 

resulted in greater energy efficiency than those of solid desiccant types, Lowenstein et al. (1998). 

Also, liquid-desiccant systems for cooling and dehumidifying air cost significantly less than solid-

desiccant systems. He mentioned that the liquid-desiccant system, having an advanced regenerator, 

will have operating costs that are around 40% less than those for the solid-desiccant system, 

Lowenstein et al. (1998). 

Furthermore, one of the important advantages of liquid desiccant over solid desiccant systems is 

the energy needed for the regeneration of the desiccant. The activation of solid desiccants is 

performed generally by elevating temperatures to 90 °C and above, Lowenstein et al. (1998). In 

contrast, liquid desiccants can be regenerated at reduced temperatures. 

Additionally, concentrated liquid desiccants present an alternative means for energy storage for 

peak load shifting when appropriate supply for regeneration exists, Kessling et al. (1998). 

Moreover, the pressure drop through a liquid desiccant contactor is less compared with that through 

a solid desiccant wheel. Desiccant wheel dehumidifiers induce high pressure drops which 

demanded an excessive amount of fan power to be considered for air conditioning applications, 

Gandhihasan (1990). The pressure drop within liquid desiccant components is going to be further 

diminished through the use of plate type desiccant to air contactors with a surface air velocity of 2 

m/s, Lowenstein et al. (2006). 

2.1.3 Drying applications 

Desiccant air dryers use either liquid or solid desiccants. Most systems are not cooled internally, 

here referred to as “adiabatic mode”. In the literature, the majority of the applied desiccants are 

solid, designed as desiccant wheels or desiccant beds. 
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Desiccant wheels with silica gel as desiccant are studied experimentally, for example, for drying of 

vegetables, Nagaya et al. (2006), coarsely chopped coconut pieces, Madhiyanon et al. (2007), or 

kenaf core fiber, Misha et al. (2015). The experimental results proved that the systems deliver good 

product consistency and keep their own fresh color, original texture and shape, as well as vitamin 

content. The drying rate of this system type was faster than that of conventional drying systems 

without desiccants, reviewed in Misha et al. (2012). 

Stationary desiccant beds were also utilized for drying applications, for example, by integrating the 

solid desiccants directly below the solar thermal collector transparent insulation materials. 

Perforated trays with different types of solid desiccants such as CaCl2 or composites of CaCl2, 

bentonite, vermiculite, and cement were used (Badgujar, 2012; Shanmugam and Natarajan, 2007; 

Thoruwa et al., 2000). For all the experimental investigations the drying potential is increased and 

the drying time is reduced compared to systems without desiccants. These systems were operated 

in an intermittent mode. The adsorber operated only during the night by circulating air between the 

product being dried and the adsorbent.  

Liquid desiccant systems with packing material either in structured or random packing, as the 

contact medium between air and solution, are so far the most studied types of heat and mass 

exchangers. Related research in flooding liquid desiccant systems in both structured and random 

types of packed-bed type are reported by many authors (Ertas et al. 1994; Esam Elsarrag, 2006; 

Palanichamy Gandhidasan, 2005; Gommed and Grossman, 2007). Also, several flooded packed 

beds are cited in the literature for drying grains using LiCl-H2O solution, Kame Khouzam (2007) 

and for drying a paper tray by using CaCl2-H2O solution, Rane et al. (2005). 

2.2 Desiccant Materials 

Choosing the desiccant has a great influence over the design and implementation of the desiccant 

system. The most important properties of economic desiccants are to be physically and chemically 

stable for numerous cycles. The desiccant must be capable to retain significant weight fractions of 

water vapor at desirable partial pressures, ASHRAE Book of Fundamentals (1997). The properties 

of desiccants were reviewed and reported by several authors. According to Lowenstein et al. (1998) 

the most significant criteria were listed for the selection of the appropriate sorbent. These include 

thermal, physical, and chemical properties.  

Basically, the hygroscopic components employed need to be non-toxic and environment-safe, as 

they are used in open systems at ambient pressure. Moreover, volatile substances, except water, 

should not be enclosed in the air stream. In addition, the sorbents must have long-term stability. A 

great advantage for dehumidification of air with the hygroscopic materials is the possibility to 

benefit from low temperature heat for regeneration. Furthermore, the cost of the materials should 

not be too high. The solubility is an important parameter of the desiccant compound. Uniform 

distribution of the desiccant solution for a wide range of concentrations is an important factor for 

higher absorption and desorption capacity. The crystallization temperature should be as low as 

possible to ensure that it can't cause deposition of dissolved salts under normal conditions of use. 

Liquid desiccants are sorted into two main groups, glycols and hygroscopic salt solutions. 
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2.2.1 Glycols 

Glycols are organic compounds and they are in liquid phase at room temperature unlike 

hygroscopic dry salts. Triethylene glycol (TEG), which was previously a widely used liquid 

desiccant, is becoming rarely used in desiccant systems. In 1930s the company Niagara Blower, 

developed the first frost free evaporator system implementing TEG for industrial HVAC 

applications. The triethylene glycol is sprayed over the evaporator coils continuously while air is 

passing over the coils. The first combination of desiccant systems with solar air conditioning was 

proposed and experimentally analyzed by Löf in the mid-1950s using TEG as the liquid desiccant, 

Gommed and Grossman (2004). 

The major unattractive characteristic of glycols is that they are extremely volatile. A high 

concentrated TEG solution provides a similar drying capacity to a comparatively low concentration 

of LiCl solution. The existence of remarkably high concentration of glycol within the air stream is 

an indicator of elevated carryover of the desiccant solution when compared to desiccant salt 

solutions. This makes HVAC applications of glycols economically and environmentally 

unattainable in their existing state, Lowenstein (2008). Furthermore, glycol regeneration is another 

difficult issue. It was noticed that the regeneration air stream carries significant amounts of glycols 

together with absorbed water vapor. An improvement was made by New York State Energy 

Research and Development Authority, by implementing a glycol distillation column. This method 

reduced the glycols particles in the regeneration air stream but it incurs extra cost for the system 

and reduces performance, Lowenstein et al. (1998). Also, some improvements to minimize the 

glycols carryover by the selection of the air to desiccant contactors in the structured packing towers 

were found in the literature. Elsarrag (2006) presented a packing tower with triethylene glycol as 

the desiccant solution. The tower provides zigzag air flow path that possibly enhances the air 

distribution and reduces the carryover of the glycol. 

Although the problem of volatilization is considered a big issue for the widespread use of glycols in 

desiccant-based dehumidification systems many publications were still directed at glycols, such as 

triethylene, monoethylene glycol (MEG) and propylene glycol (PG), Factor and Grossman (1980) 

and Abdul-Wahab et al. (2004). Glycols are selected as desiccants since they possess some 

important characteristics that are attractive in liquid desiccant systems. Glycols have minimal 

toxicities and they are non-corrosive to the majority of metals in comparison to salt desiccant 

solutions, Esam Elsarrag (2006).  

2.2.2 Hygroscopic Salt Solutions 

Hygroscopic salt solutions are mixtures of any hygroscopic salt in water. Several hygroscopic salt 

solutions were studied and implemented in open cycle liquid desiccant systems. Halide salt water 

solutions such as calcium chloride (CaCl2), lithium chloride (LiCl) and lithium bromide (LiBr) are 

the most widely used. 

In the literature, CaCl2 is the most affordable and attainable desiccant. However, its modest 

desiccation capacity, because of relatively higher vapor pressure, restricts its widespread 

implementation, Al-Farayedhi et al. (2002). In contrast, LiCl is among the most stable liquid 

desiccants and it has significant dehydration mass fractions. 
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A detailed overview of thermal properties of LiCl and CaCl2 is introduced by Conde (2004). He 

reviewed and gathered measured data from 1850 onwards from several literatures. Furthermore, he 

presented empirical curves relating  the characteristics for these aqueous solutions; solubility limits 

at wide mass fractions, vapour pressure, density, surface tension, dynamic viscosity, thermal 

conductivity, specific thermal capacity, and differential enthalpy of dilution. In the current 

research, LiCl-H2O solution is used for testing the absorber and regenerator components, and the 

empirical data presented by Conde are used in the analysis of measured data. 

Between the above mentioned desiccants, LiCl is the most expensive. The idea of mixing LiCl with 

other hygroscopic salts was discussed by many authors. A mixture of CaCl2 and LiCl was applied 

as a cost-effective liquid desiccant mixture (CELD) to improve the CaCl2 solution by reducing its 

vapor pressure and to create a new economical liquid desiccant, Ertas et al. (1992), and Al-

Farayedhi et al. (2002). It turned out that the mixture provides low viscosity and has lower surface 

vapor pressure than the 100 % CaCl2 solution. It was also concluded that a 50/50 mixture with a 

mass fraction of 0.43 kg/kg performs like a pure LiCl solution with a mass fraction of 0.4 kg/kg at 

the same conditions of temperature and pressure. The saving in cost is approximately 30% contrary 

to 100% LiCl solution that have the same surface vapour pressure in a temperature range between 

20-30°C. 

Comparisons among various aqueous salt solutions were presented in some publications. Röben 

(1998) experimentally studied the density, surface tension and viscosity of CaCl2 and LiCl 

solutions. Furthermore, he presented salt mixtures which were produced by Solvay Deutschland 

GmbH for desiccant cooling applications. The solutions were produced from mixtures of LiCl, 

calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) as Klimat 3930. Also, additives of glucose (Klimat 

3930G) and additives of emulsion S (Klimat 3930S) were used. However, the sorbent Klimat is not 

available in the market and is not even outlined in the literature as an effective sorbent material. 

The major issue of halide salt solutions is the corrosive behavior with the majority of metals in 

open cycle liquid desiccant systems. In contrast to open cycle desiccant systems this will not be an 

issue in closed cycle where the oxygen levels are very low, such as in LiBr absorption chillers. The 

corrosion problem opened the door for several studies in two areas. The first is directed to find 

other alternatives to the current halides in use, and the second is to minimize or eliminate this 

problem by using additives. 

Weak organic acid salts like potassium formate (CHKO2) and sodium formate (CHNaO2) are less 

corrosive than salt solutions as well as less volatile than glycols. Additionally, they are less viscous 

leading to less pumping power for circulation. In contrast, these types of salts possess low drying 

capacity unlike LiCl and CaCl2 solutions. Furthermore, weak organic acids would be an 

appropriate environment for biological growth through the desiccant devices which may result in 

foul smells. Longo and Gasparella (2005) examined aqueous solutions of LiBr, LiCl and CHKO2. 

The empirical and modeling data showed that LiBr and LiCl performed much better as 

dehumidifying desiccants while CHKO2 regenerated more effectively. 

Furthermore, advancement of desiccant salt solutions through the introduction of additives to 

reduce corrosion effect is presented by some researchers. Jain et al. (2000) introduced lithium 

chromate (Li2CrO4) which serves as an anti-corrosive compound to a LiBr solution in a liquid 
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desiccant absorber and regenerator made out of galvanized iron. However, in the presented work 

nothing is mentioned about the results of adding the lithium chromate to the LiBr solution.  

The drawbacks of crystallization and corrosion with metal components are considered to be the 

main problem in open cycle liquid desiccant systems. Research of ionic liquids (ILs) as a possible 

substitute to salt solutions has been conducted. ILs are organic salts that possesses attractive 

physical and chemical properties, like air and moisture stability, low flammability, thermal stability 

and maintaining their liquid state over a wide range of temperatures, Khashayar Ghandi (2014). 

The majority of the research was directed to find an alternative to traditional sorbents of ammonia 

(NH3) and LiBr in closed cycle absorption systems. However, the viscosity of ILs is often 

relatively high and thus the film becomes thicker, Luo et al. (2012). The IL flow in the micro-

channels used at the absorber and desorber may create a significant pressure drop, which can affect 

the system’s performance. Moreover, investigations of structure property relationships for ionic 

liquids as potential sorption media are in progress at University of Kassel, Department of 

Chemistry. 

2.3 Development of Air to Desiccant Contactors 

The area where the desiccant solution and air flow come together is an essential factor for the 

system performance as it affects the energy consumption of the system. Liquid desiccant to air 

contactors are particularly addressing the mass and heat transfer among the circulated fluids. 

Good desiccant contactor should have considerable surface area for desiccant-air interaction. Even 

more, the contact surface has to be extremely durable and stable as it would be continuously wetted 

and dried as the desiccant is circulated through the absorption-desorption cycle. Desiccant to air 

contactors are required to be manufactured from materials that can endure the corrosive properties 

of the desiccant solutions. 

2.3.1 Packing Towers  

In the literature, the adiabatic (uncooled or unheated) heat and mass exchangers are the most 

examined type. A common feature of an adiabatic heat and mass exchanger is a packed bed with 

both, regular and random structures. Packed beds, or packed towers are widespread in the 

pharmaceutical, chemical and petroleum industries. Moreover, the properties of packing towers 

relating to the shape, size, materials and fluid dynamics of packed columns were discussed in 

details, Fluid Dynamics of Packed Columns, Jerzy Mackowiak (2010). 

In a packed tower operating as a dehumidifier, the strong and cold liquid desiccant flows down due 

to gravitational forces within the tower, and becomes a film over the packing material surface. The 

air is generally passed through the packing tower in a counter flow configuration with the desiccant 

solution. The dehumidified air leaving the tower is afterward cooled down to get rid of the heat of 

condensation and the heat of sorption released within the dehumidification process. The packing 

materials make up the contacting surface and they are commercially accessible in various shapes 

and manufactured with various materials like ceramics, carbons, plastics or metal alloys. Packing 

towers are sorted into two primary groups, the first is known as randomly placed packing towers 

and the second is called structured packing towers. The randomly packed towers enable more mass
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 transfer by means of a sizable area in a relatively small volume, on the other hand the air pressure 

drop within the packing is generally high. In comparison, the structured packing towers benefit 

from a relatively low pressure drop. Structured packings can be either made in the form of sheet-

type or gauze-type as corrugated sheets. These sheets are assembled such that air and liquid 

flowing between adjacent sheets encounter regular distribution inside the packing. Figure 2.1 

shows some examples of random (2.1.a) and structured packing (2.1.b) utilized in packing towers, 

Fluid Dynamics of Packed Columns, Jerzy Mackowiak (2010). 

a.   

b.  

Figure 2.1: Commercially available, random (a) and structered(b) packings, Jerzy Mackowiak (2010) 

Many research studies analyzed, experimentally and numerically, the packed beds at different 

operating conditions, desiccant solutions, constructions, desiccant distributions, flow 

configurations, effective surface volumes, and inlet conditions of the air and the desiccant solution, 

(Abdul-Wahab et al., 2004; Al-Farayedhi et al., 2002; Essam Elsarrag, 2006; Ertas et al., 1994; 

Gommed and Grossman, 2007; Longo and Gasprella, 2005; Liu et al., 2006a and 2006b). 

Factor and Grossman (1980) examined a packed bed dehumidifier/regenerator for solar air 

conditioning with liquid desiccants. The packed column measurements were conducted by using 

MEG and LiBr as desiccants. Moreover, a theoretical model was developed to estimate the 

functionality of the absorber and the regenerator under several operating conditions. A finite 

difference model was introduced which provides the functional span of air to desiccant solution 

mass ratios and relevant alterations in air humidity as well desiccant concentration. It was 

concluded that the tests carried out with LiBr solution being a desiccant were highly consented 

with the theoretical model and that the application of MEG as a desiccant lead to inexact results. It 

was also determined that preheating of the regeneration air will significantly improve the desiccant 

regeneration. However, in the current study, the preheating of the regeneration air has little effect 

on an internally heated regenerator especially when heating water temperatures range between 70 

and 80 °C.  

Khan and Ball (1993) presented the effect of the important factors in packing towers. These factors 

include the cross-sectional area, air velocity and pressure drop. The cross-sectional area is the 

central design index since it directly affects the air-desiccant mass flow, the wettability factor and 

the pressure drop through the column. 

Abdul-Wahab et al. (2004) investigated three structured packing-types as a liquid desiccant 

dehumidifier. The volumetric surface areas of the investigated packing towers were 77, 100, and 

200 m
2
/m

3
. TEG was implemented as a desiccant solution and it was examined at lower flow rates 

compared to those typically found in the literature. The operation of the dehumidifier was 
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estimated in terms of the moisture removal rate as well the dehumidifier effectiveness by varying 

the influencing inlet parameters of the process air and TEG. It was concluded that the desiccant 

flow rate, desiccant concentration and air inlet temperature are the most essential parameters in 

estimating the moisture removal rate. Desiccant flow rate, air inlet temperature and packing density 

are the primary variables in predicting the dehumidifier’s effectiveness. 

Chen et al. (2014) presented a cross-flow packed-bed dehumidifier and regenerator as a heat pump 

driven liquid desiccant self-regenerating (HPLD-SR) hybrid air-conditioning system. The packed-

bed consists of specially impregnated and corrugated cellulose paper sheets with different flute 

angles and a specific surface area of 450 m
2
/m

3
. It was concluded that the use of condensation heat 

of the vapor compression system is sufficient, to a certain degree, for the liquid desiccant 

regeneration. However, the system is unable to work in environments with a humid climate or high 

latent load. The condensation heat may not satisfy the regeneration of the liquid desiccant in these 

situations. 

Kinsara et al. (1996) proposed a mathematical model of liquid desiccant air conditioning system 

using CaCl2 as a desiccant. The system is composed of two identical packed-beds and its 

performance was studied under different conditions. It was concluded that over most conditions the 

proposed system was found to be more energy-efficient than a conventional air conditioning 

system.  

A solar driven liquid desiccant system for cooling, dehumidification and air conditioning of a 

group of offices is presented by Gommed and Grossman (2007). The system is composed of an 

absorber and regenerator with a LiCl solution as a desiccant. The absorber consists of a packed 

tower and operates in an adiabatic mode, the regeneration of the diluted LiCl solution is done by 

using hot water from a solar thermal collector field. The performance of the system was monitored 

for five summer months under varying operating conditions. The paper describes the operation of 

the experimental system and presents the measured data and the calculated performance 

parameters. 

Liu et al. (2006a and 2006 b) examined experimentally the influence of the air and liquid desiccant 

inlet parameters to the dehumidification and regeneration performance. Celdek structured-type 

packing tower was studied in cross flow configurations and a LiBr aqueous solution was 

implemented as the desiccant. The moisture removal rate as well as humidifier and regenerator 

effectiveness were analyzed as a function of desiccant inlet temperature, desiccant concentration, 

desiccant flow rate, and air inlet temperature and humidity ratio. 

Although, the available commercial products use packing towers or beds with high desiccant flow 

rates, these systems need to be furthered improved regarding their performance and cost, 

Lowenstein et al. (2008). Lowenstein stated that the liquid desiccant flow rate needs to be high in 

the packed beds to be able to provide good surface wetting of the packing materials. Additionally, 

to maintain the desiccant solution at a relatively low temperature as heat releases during the 

absorption process or at high temperatures through the regeneration process. Carryover of the 

desiccant molecules into the air stream is proportional to the desiccant flow rates. High air to 

desiccant solution mass ratios (MR) increases the risk of carryover. In the literature, typical air to 

desiccant solution mass ratio varies in the range 0.5 to 2. Most of the discussed packing towers or 
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beds are using mist eliminators to remove the carried desiccant solution from the supplied air 

stream. This will raise the pressure drop increasing parasitic power consumption. 

2.3.2 Non-Adiabatic Liquid Desiccant Absorber and Regenerator: State of the 

Art 

The concept of very low liquid desiccant flow was outlined in great detail as the state of the art in 

liquid desiccant systems by Lowenstein et al. (1998). Low flow rates of the desiccant solution will 

be possible primarily when the liquid desiccant is concurrently cooled down within the absorber or 

continuously heated up inside the regenerator. The low-flow technology has drastically lowered 

pressure drops in the system. The energy consumption will be decreased by reducing desiccant 

pumping. In addition, low flow rates will increase the change in concentration of the desiccant 

solution; this will increase the thermochemical energy storage. 

2.3.2.1 Internally cooled/heated plat-type absorber/regenerator 

A plate type absorber made of twin wall corrosive-resistant plastics is represented by Röben 

(1998). Good surface wetting of the plates with the salt solution was achieved by using polymers 

that were treated with the corona discharge method. An evaporative cooled air stream is used to 

dissipate the heat of sorption, Röben (1998). However, the uniform distribution of the desiccant 

solution was a big issue in the presented work.  

Keßling et al. (1998) presented an internally 

cooled/heated absorber/regenerator, their 

contribution and evaluation methods are referred 

to in the current work. LiCl-H2O was used as a 

desiccant solution with a mass fraction of 0.4 

kg/kg with extremely low flow rates “micro-

flow”. The volume flow rate of the desiccant 

solution was varied in the range between 6 to 20 

l/h, the air volume flow rate was in the range of 

1000 m
3
/h and the cooling water flow rate was 

kept high in the range of 3600 l/h at a 

temperature of 24 °C. The absorber has a total 

surface area of 55.5 m
2
; the effective surface area was about 42 m

2
 since 25% of the surface was 

used by spacers supporting the air channels and enhancing turbulent flow through the channels. 

The absorber consists of 29 polypropylene twin-wall plates with internal cooling water passages. 

The plates’ outer surfaces were covered with fleece to distribute the LiCl-H2O solution uniformly. 

The absorber was tested for external and internal air design conditions. There conditions were a 

temperature of 24°C and a humidity ratio of 14.5 g/kg and a temperature of 24 °C and a humidity 

ratio of 11 g/kg respectively. The air to desiccant solution mass ratio is varied between 45 to 155, 

Figure 2.2 shows a schematic diagram of the internally cooled absorber. 

The experimental results showed a maximum reduction in the air humidity ratio (Δω) of 7.3 g/kg 

for an air-solution mass ratio of 45. In addition, a maximum reduction in the LiCl-H2O mass 

fraction (Δξ) of 0.13 kg/kg (13%) was achieved for air-solution mass fraction of       . 

Figure 2.2: Schematic of an internally cooled 

absorber, Keßling et al. (1998) 
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However, the experiments showed stark deviation in the mass balance of 30% for some 

experiments. Furthermore, the calculated storage capacity according to the experimental results 

was about half of the modeled storage capacity.  A maximum storage capacity of 700 MJ/m
3
 was 

observed. The author attributed this to the very bad wetting of the air-desiccant solution contact 

surfaces; he mentioned that just 30% of the surface was properly wetted. Also, the same unit was 

used to regenerate the diluted desiccant solution back to its initial mass fraction used in the 

absorber (0.4 kg/kg). The regeneration air inlet conditions were kept as those for the 

dehumidification measurements ( =35 °C and ω=14.5 g/kg). It was noticed that the diluted 

desiccant solution flow rate could be doubled by increasing the heating water temperature from 55 

°C to 65°C. Additionally, the regenerator was capable to bring the diluted desiccant solution with 

an inlet mass fraction of 0.325 kg/kg slightly above the desired mass fraction of 0.4 kg/kg. 

Lävemann et al. (2006) viewed several plate-type absorbers with internally cooled water. The 

process air and the salt solution were in a cross-flow configuration. The liquid desiccant is 

distributed by means of membrane hoses on top of the heat transfer plates. The absorber plates 

were covered with fleece; capillary forces cause further spreading of the solution over the flow 

surface. The design was the same as the one suggested by Keßling with different exposed surface 

area and different external and internal air design conditions. The absorber of Lävemann et al. 

(2006) is constructed of 128 plates to dehumidify and cool an air volume flow rate of 3200 m
3
/h. 

The air to desiccant mass ratio was 25. The air conditioning latent load was 6 times more than the 

air conditioning sensible load. The external air design condition was set to an air temperature of 

27.5 °C and a humidity ratio of 12 g/kg, and the air internal design conditions was set to an air 

temperature of 25.3 °C and a humidity ratio of 6.2 g/kg. It was shown that the plates were not 

completely wetted with the desiccant solution and that the absorber could achieve just 55% of the 

latent cooling load. 

An additional illustration of internally cooled absorber was 

introduced by Saman and Alizadeh (2002). The absorber is 

made of thin plastic plates with a wall thickness of 0.2 mm. 

The 600×600 mm
2
 plates are stacked in a case with a width of 

600 mm. the gap between the plates is kept at 3 mm. CaCl2-

H2O solution with a mass fraction of 0.4 kg/kg was used as a 

desiccant solution. The cooling water was sprayed in a counter 

flow configuration with the secondary air stream on the 

opposite side of the same wall as the desiccant solution.. The 

absorber was oriented in such a way that the diagonal of the 

plate is vertical, 45° between each air stream and the horizontal 

(rhombus with a 45° angle), as shown in Figure 2.3. 

The air to desiccant mass ratio was in the range of 10, the 

air maximum flow rate was in the range 1800 m3/h and the maximum CaCl2-H2O flow rate was in 

the range of 156 l/h. the cooling water flow rate was in the range of 276 l/h. the absorber was tested 

in three modes: liquid desiccant only, liquid desiccant and water, and liquid desiccant, water and 

secondary air stream. The absorber effectiveness was examined as a function of air inlet humidity 

ratio and temperature. It was concluded that an effectiveness of the absorber of 75 % could be 

Figure 2.3: Schematic of an evaporative 

cooled absorber, Saman and Alizadeh (2002) 
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achieved for an air flow of 1080 m
3
/h. Despite that the proposed absorber has the features of 

compactness and effectiveness, it is hard to assemble. Also, it is hard to guarantee that the 

circulated fluids will not mix with each other especially with such thin plates. 

Jain et al. (2000) analyzed experimentally a falling film tubular-type internally-cooled absorber as 

well as a falling film externally-heated plate-type regenerator. LiBr solution was implemented as a 

desiccant solution. In the absorber, the air and the LiBr solution were brought in contact within the 

tube in concurrent flow configuration from top to bottom. The cooling water was circulated 

through shell in a counter flow configuration. The regenerator was made of parallel galvanized iron 

sheets. The LiBr solution is drawn down by gravitational forces over one side of the plates while 

air is supplied in a counter flow. The experiments were conducted at two wetting factors and the 

experimental outcomes were assessed with a theoretical model. It was determined that the 

operation of the absorber and the regenerator is particularly influenced by the way the desiccant 

solution is supplied to these components. The agreement between the modeled and the 

experimental results were within a range of ± 30 %. 

Single channel internally-cooled prototypes were explored by few authors. Mesquita (2007) tested 

experimentally a single channel internally cooled absorber. The absorber was tested at several 

water and liquid desiccant flow rates and at several flow configurations. The channel was coated 

with cotton (thickness of 0.8 mm) to increase the exposure time. The dehumidifier was tested in 

adiabatic and non-adiabatic modes using LiCl solution at low flow rate. Furthermore, a two 

dimensional numerical model for the previous suggested prototype was conducted by Mesquita et 

al. (2006). Also, a parametric analysis was performed to evaluate the influence of the most 

important inlet parameters on moisture removal rate. It was concluded that water temperature and 

mass flow rate of desiccant have a dominant impact on the performance of the plate-type 

dehumidifier. The experimental results show similar trends to those featured in the numerical 

results. However, disparities among the numerical and experimental results were greater than the 

estimated experimental uncertainty. There is some indication that poor desiccant wetting of the 

exposed surface caused the discrepancy. 

Ren et al. (2007) studied numerically the heat and mass transfer processes in an internally cooled or 

heated air-desiccant contact units. LiCl, CaCl2 and LiBr solutions were used as desiccant solutions. 

Four flow arrangements were studied for defining the differential equations by performing 

combination of counter and parallel flow configurations among the three circulated fluids. The 

effects of the desiccant film heat and mass transfer resistances, the variations of desiccant mass 

flow rate, non-unity values of Lewis factor and irregular surface wetting conditions were 

considered in the differential model. It was concluded that the results of the analytical solutions 

were found to have quite acceptable settlement along with the numerical integrations. Furthermore, 

it was found that the flow arrangement with air flowing counter currently to the fluid and solution 

streams yields the optimum performance. Likewise, it was concluded that the air and solution inlet 

conditions impact the unit’s performance. Precooling or preheating the air and solution in 

dehumidification or regeneration units, respectively, will aid to enhance the unit’s performance. 

Liu et al. (2009) studied the performance of internally-cooled liquid desiccant dehumidifiers. A 

heat and mass transfer model for an internally cooled dehumidifier was established and well 

validated by both the experimental results and the analytical solutions available in the literature. It 
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was concluded that the counter-flow configuration between air and desiccant solution has the best 

dehumidification performance, parallel-flow configuration is the poorest, and the performance of 

cross-flow configuration is between the counter-flow and parallel-flow configurations at the same 

operating conditions. The main factor that influences the desiccant absorbing ability is the 

desiccant concentration for the internally cooled dehumidifier, and the desiccant temperature for 

the adiabatic dehumidifier. Less desiccant flow rate can be adopted in the internally cooled 

dehumidifier, which is about an order of magnitude less than that in the adiabatic dehumidifier. The 

decrease of the desiccant concentration is the main factor that influences the internally cooled 

dehumidifier’s performance, while the increase of the desiccant temperature is the main 

performance restricting factor in adiabatic dehumidifier. 

2.3.2.2 Internally cooled/heated tube-type absorber/regenerator 

Tubular desiccant heat and mass exchangers may be divided into coiled tubing and tube bundle. 

The distribution of the desiccant solution is carried out through nozzles or openings in a 

distribution system. The surface of the tubes is used as a contact surface between the air and the 

desiccant solution. While in the tubes, a cooling or heating medium removes the heat of absorption 

or heats up the desiccant solution in the absorber or regenerator, respectively. 

These types of absorbers and regenerators were presented by several authors. The most examined 

type is the integrated liquid desiccant with conventional vapor compression systems. In such 

systems, the absorber is integrated within the evaporator and the regenerator is integrated within 

the condenser.  

Khan and Sulsona (1998) numerically studied 

the performance of an internally cooled absorber 

integrated with a vapor compression evaporator. 

The modeled evaporator consisted of tube-

bundle installed horizontally; the tubes were 

divided into three rows according to 

arrangement from the top down (upper, middle 

and lower rows). Ammonia was used a 

refrigerant and LiCl-H2O solution with a mass 

fraction of 0.4 kg/kg was used as a liquid 

desiccant. Figure 2.4 shows a schematic of the integrated absorber-evaporator. 

A parametric analysis was carried out to study the interaction of different parameters on the cooling 

and the dehumidification performance of the integrated system. The system was studied by varying 

the design parameters of the heat and mass exchanger where different NTU were used. In addition, 

it was studied by varying the operating conditions: the evaporator temperature was varied between 

-5 to 25 °C. The sensible and latent cooling loads were also varied. For the sensible cooling load 

variation, the air humidity ratio was kept constant at 12.5 g/kg while varying the air dry bulb 

temperature between 22 to 45 °C. The latent cooling load was varied by varying the air humidity 

ratio between 6 to 20 g/kg while the air dry air temperature was fixed at 35 °C. It was concluded 

that increasing the desiccant to air mass ratio (L/G) above 0.2 has a minor effect on increasing the 

total load. It was suggested to keep desiccant flow rate as low as possible while maintain complete 

Figure 2.4: Schematic of the integrated absorber-

evaporator modeled by Khan and Sulsona (1998) 
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wetting of the coils with the desiccant solution. Also, it was noticed that the air temperature and 

humidity ratio profile does not vary noticeably by moving from the upper to the lower coils for 

high refrigerant to air mass ratios. Furthermore, it was concluded that the evaporator temperature 

has a significant effect on the integrated absorber especially for high refrigerant to air mass ratios. 

Yamaguchi et al. (2011) studied experimentally and 

simulated an integrated liquid desiccant vapor 

compression system. The absorber was integrated to 

the evaporator coils where the regenerator was 

integrated to the condenser coils. Figure 2.5 shows a 

schematic of the integrated absorber-

evaporator/regenerator-condenser. LiCl-H2O solution 

was used as a liquid desiccant with a mass fraction of 

0.269 kg/kg (with an evaporator temperature of 6°C 

this mass fraction is equivalent to a mass fraction of 

0.43 at 25 °C) and R407C was used as a 

refrigerant. The outer surface of coils and fins 

were uniformly coated to prevent corrosion due 

to presence of the LiCl solution. A heat 

exchanger was implemented between the diluted desiccant solution leaving the absorber to the 

regenerator (cool side) and the concentrated solution leaving the regenerator to the absorber (hot 

side). It was concluded that the performance of the desiccant system was remarkably enhanced 

where it was slightly improved for the vapor compression system. The authors also concluded that 

the performance of the vapor compression system could be improved by improving the compressor 

isentropic efficiency and the concentrated-diluted solutions heat exchanger. However, the change 

in the desiccant solution mass fraction was just 0.002 kg/kg for a refrigerant temperature at the 

condenser inlet of 73 °C. Also, the desiccant to air mass ratio in the absorber and regenerator was 

2.0. Moreover, the desiccant solution was sprayed over the coils and fins and the authors said 

nothing about the carryover or the use of mist eliminators. 

Internally cooled tubes of polypropylene and copper were studied experimentally in a liquid 

desiccant absorber by Gommed and Grossman (2004). The performance of the absorber was 

studied using LiCl-H2O solution. The authors then decided to use an adiabatic packing bed with a 

volumetric surface area of 285 m
2
/m

3
. It was noticed that the copper tubes were easily corroded by 

the desiccant solution in the presence of air, and that the bare polypropylene tubes were difficult to 

wet. 

Carryover of the desiccant molecules within the conditioned air stream is prorated to the desiccant 

flow rates. Carryover could be a significant issue associated with packed beds. The desiccant flow 

rate needs to be high in packing towers to successfully insure good surface wetting and to restrict 

the rise in the desiccant temperature. High desiccant flow rate increases the chance for the 

desiccant mist to be taken with the air stream. One treatment method is to use mist eliminators 

which amplify the pressure drop and lead to a raise in the parasitic power needed by the ventilators 

as well as increased regular maintenance. However, Lowenstein et al. (2006) presented a zero 

carryover liquid desiccant air conditioner for solar applications. It was concluded that the low-flow 

Figure 2.5: Schematic of the integrated absorber-

evaporator/regenerator-condenser, Yamaguchi et al. 

(2011) 
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technology used by the new liquid desiccant conditioner was highly effective on restraining droplet 

carryover, without using additional droplet filters or demisters. For operation with a 44% solution 

of lithium chloride, a face velocity of 2.0 m/s, and a total air flow of 0.656 m
3
/s droplet carryover 

was suppressed for all desiccant flows less than about 2.84 l/min. The verification of the zero 

carryover operation of the low flow conditioner was done by using laser particle counting. 

2.4 Contribution of the Current Study 

As discussed through the literature review, the significant issues regarding liquid desiccant systems 

are the uniform distribution of the desiccant solution and the surface wetting of the air-desiccant 

contact surface. Solving those problems will definitely improve the overall performance of the 

liquid desiccant system by enhancing the heat and mass transfer. Furthermore, it will minimize or 

even eliminate the carryover of the desiccant solution into the supply or the regeneration air 

streams. The concept of low flow liquid desiccant is considered state of the art since it represents 

the optimal use of the desiccant solution amount supplied to the absorber or the regenerator. Low 

flow liquid desiccant systems are capable of matching the internal design conditions without the 

need to circulate huge amounts of the desiccant solution. Low flow will minimize the auxiliary 

power consumption for the liquid desiccant pumping. In addition, it will reduce the fan power 

consumption through the elimination of mist eliminators, leading to a reduction in the pressure 

drop through the structured distribution of the air-desiccant contactors in the plate and tube-type 

heat exchangers. Low flow of will increase the concentration spread of the desiccant solution and 

thus increase the energy storage capacity of the desiccant solution. 

One of the aims of the presented work is to improve the chemical and the thermal stability of the 

liquid desiccant components. Previous studies in the literature pointed out that the construction of 

the regenerator is the main issue regarding the thermal stability. The liquid desiccant internally-

heated regenerators presented in the literature were constructed of polymers so that they will not be 

corroded. However, the polymers were expanded with the heating-water and thus the diluted 

desiccant solution was heated externally and then distributed over the regenerator-plates.  

In this study, novel internally cooled/heated plate and tube-bundle type heat and mass exchangers 

in combination with an aqueous solution of LiCl are designed, constructed and evaluated 

experimentally in terms of their absorption and regeneration performance. The issue of wetting the 

air-solution contactors with the desiccant solution is presented in chapter 4 and is published in 

Jaradat et al. (2008 and 2009). A test-rig is constructed for the evaluation of liquid desiccant 

wicking performance of different fabrics. The evaluation aims to find out the textile with the 

highest absorption capacity and diffusion behaviour. In addition. A test-rig is constructed for the 

evaluation of desiccant solution distribution over the exposed surface. The aim of the desiccant 

solution distributor is to facilitate the maximum uniform distribution of the liquid desiccant at low 

flow rates. The reults are presented in chapter 5 and published in Jaradat et al. (2008 and 2009). 

The results obtained from the previous studies regarding the textiles evaluation and the desiccant 

solution distribution are used in constructing plate-type and tube-bundle heat and mass exchangers. 

Two plate-type absorbers are consructed completely from anti-coorosion thermal plastics 

(polycarbonate). Also, two tube-bundle heat and mass exchangers are constructed out of copper 

tubes. The tubes are protected from corrosion with a thin layer of powder coating. Furthermore, the



2.4 Contribution of the Current Study                                                                                     19 

 

 

tubes are coated with thin cellulose fibers with high capillary force. Both of heat and mass 

exchanger’s types are evaluated experimentally at different operating conditions. Furthermore, they 

are tested in a demonstration plant for drying hay bales in an agricultural domain at the Hessian 

State Domain Frankenhausen, Germany. The major results of this work are published in Jaradat et 

al. (2010, 2011, 2012a, 2012b, 2013, 2014a, 2014b, 2016a, 2016b, and 2016c).



 

 

 

 



 

 

3 OPEN CYCLE SORPTION SYSTEMS 

Sorption systems utilize physical or chemical attraction among a pair of substances. The term 

sorption is a collective expression for the process wherein one substance occupies or holds another. 

The opposite process is referred to as desorption or frequently as generation. Between the couple of 

substances, the substance having the lower boiling temperature is known as sorbate and the other is 

referred to as sorbent. Heat is released whilst the sorbent absorbs the sorbate. Reversely, heat needs 

to be transferred to the sorbent to separate the sorbate. For adsorption, the adsorbed substance is 

drawn to the surface of the adsorbent by either Van der Waals forces or through chemical bonds. 

Regarding absorption, the absorbed substance will diffuse within the sorbent and will chemically or 

physically impact the sorbent itself. 

This chapter presents a comparison between several methods that are used for air dehumidification. 

Conventional vapor compression, solid and liquid desiccant air conditioning systems are illustrated 

over the psychrometric chart. In addition, the fundamental theory of liquid desiccant 

dehumidification and regeneration is also introduced. 

3.1 Desiccant Air Conditioning Systems 

Air conditioning accounts for a sizable part of modern day electrical power consumption. Quality 

of air is determined mainly by humidity and temperature. Figure 3.1 shows a schematic diagram for 

a common air conditioning of a conventional vapor compression system. 

 

Figure 3.1: Schematic diagram of a simple conventional air conditioning system 

A traditional air conditioning system reduces the temperature of the air stream while the air passes 

across cooling coils until it reaches the dew point temperature. The air is cooled to the saturation 

point, this is represented as state 1 to state 2 on the psychrometric chart illustrated in Figure 3.2. 

The air stream is further cooled which causes the moisture to be condensed as the air temperature 

continues to drop, state 2 to state 3. Then finally, the air needs to be reheated to meet the sensible 

temperature that matches the human comfort zone, the reheating state is represented as state 3 to 

state 4. The line between state 4 to state 5 represents the increase in the supply air dry bulb 
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temperature and humidity ratio within the conditioned space, which depends on the internal design 

conditions. 

 

Figure 3.2: Illustration of an ideal conventional vapor compression air conditioning cycle on the psychrometric 

chart 

The main thermodynamic disadvantage of vapor compression air conditioning systems is the 

inefficient dehumidification process. The handling of the latent load requires cooling of the air 

below its dew point resulting in a lower air temperature than needed. Furthermore, additional 

energy is needed to reheat the air to the required temperature. In desiccant based air conditioning 

system the latent cooling is carried out through desiccant dehumidification and sensible cooling by 

direct or indirect evaporative cooling or in combination with vapor compression systems. The two 

main airstreams in a desiccant based air conditioning system are the supply airstream and the 

regeneration airstream. Supply air can be all outdoor air or possibly a combination of outdoor and 

recirculating air. The regeneration airstream is a heated airstream utilized to regenerate the 

desiccant. 

Desiccants function by transferring moisture because of a difference between the water vapor 

pressure at their surface and that of the surrounding air. When the vapor pressure at the desiccant 

surface is lower than that of the air, the desiccant attracts moisture. When the surface vapor 

pressure is higher than that of the surrounding air, the desiccant releases moisture. 

Figure 3.3 shows the relationship between the moisture content of the desiccant and its surface 

vapor pressure. As the moisture content of the desiccant rises, so does the water vapor pressure at 

its surface. At some point, the vapor pressure at the desiccant surface is the same as that of the air 

the two are in equilibrium. Then moisture cannot move in either direction until some external force 

changes the vapor pressure at the desiccant or in the air. 
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Figure 3.3: Desiccant cycle; the effect of desiccant moisture content and temperature on the desiccant water vapor 

pressure, ASHRAE (1997) 

As shown in Figure 3.3, both higher temperature and increased moisture content increase the vapor 

pressure of the desiccant. When the surface vapor pressure exceeds that of the process air (2-3), 

moisture leaves the desiccant, this process is called reactivation or regeneration. After the desiccant 

is reactivated by the heat, its vapor pressure remains high, so that it has very little ability to absorb 

moisture. Cooling the desiccant reduces its surface vapor pressure so that it can absorb moisture 

again (3-1).  

Desiccant systems are categorized into two groups, solid and liquid desiccant systems each of them 

can be grouped into an open or closed cycle. Open cycle desiccant systems remove the moisture in 

the air, i.e. handling the latent load only. Closed cycle desiccant systems are classified into 

adsorption chillers and absorption chillers. In these systems, for air conditioning applications, the 

desiccant does not contact the conditioned airstream directly.  

In closed cycle liquid desiccant systems the compressor employed in the vapor-compression cycle 

is replaced with an absorber and a generator. Furthermore, the energy input needed by the vapor-

compression cycle is provided as mechanical work from the compressor, the energy input in the 

absorption cycle is in the form of heat provided directly to the generator.  

3.1.1 Open-Cycle Solid Desiccant Systems 

In open-cycle solid desiccant systems the humid air is dehumidified while passing beds of granular 

desiccant (silica gel, LiCl, zeolite, etc.) or more commonly through a desiccant wheel. The main 

components of the system are two revolving wheels, a desiccant wheel and a heat exchanger wheel 

with an air heater in-between. Also, it contains two direct evaporative coolers for the two air 

streams to and from the conditioned space, Wang (2000). Figure 3.4 shows a schematic diagram of 

an open solid desiccant system for air conditioning application. 
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Figure 3.4: Solid desiccant air conditioning system, adapted from Wang, Shan K. (2000) 

In the dehumidification process, ambient air passes through a filter in order to remove possible 

contaminants and then enters the desiccant wheel wherein the moisture is adsorbed (amb.-1 process 

illustrated in Figure 3.5). As the desiccant material adsorbs moisture, it becomes saturated and at a 

certain point will be unable to absorb any additional moisture. The wheel is rotated from the 

process air stream into heated air stream. The heat causes the desiccant to release the moisture, 

which is then exhausted from the building. As moisture is adsorbed into the desiccant, it releases 

heat. In addition, the temperature of the desiccant wheel rises as it passes through the heated 

regeneration side. Both air streams enter the thermal wheel in order to reduce the process air stream 

temperature (states 1 to 2) and to increase the regeneration air stream temperature (states amb. to 

6). The process air can be mixed with a part of the return air from the conditioned space (states 2-3) 

and can additionally be extra sensibly cooled (states 3-4). The regeneration air temperature needs to 

be elevated to the extent that is sufficient to regenerate the adsorbent, states 6 to 7. In the process 7 

to 8, the regeneration air will be humidified and relatively cooled in the desiccant wheel 

regeneration sector. 
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Figure 3.5: Psychrometric chart of a desiccant wheel-based air conditioning system, adapted from Wang, Shan K. 

(2000) 

3.1.2 Open-Cycle Liquid Desiccant Systems 

Liquid desiccant air-conditioning systems handle the latent load directly from the air by absorbing 

the moisture using a strong solution of liquid desiccant such as LiCl, LiBr or CaCl2. The main 

components of an open-loop liquid desiccant air-conditioning system are the absorber 

(dehumidifier) and the desorber (regenerator). 

In the absorber, moisture absorbed out of the conditioned air stream dilutes the concentrated 

desiccant solution by loading the desiccant with water vapour. The solution diluted by absorption 

of moisture is reconcentrated within the regenerator, where it is heated up to increase its water 

vapor pressure. The heat drives out the moisture and the concentrated solution is delivered back to 

the dehumidifier. An ambient air stream contacts the heated solution in the regenerator. There, 

water evaporates from the desiccant solution into the air and the solution is reconcentrated. 

Liquid desiccant air-conditioning systems remove the latent load directly from the air by absorbing 

the moisture using a hygroscopic salt solution or organic compounds. Figure 3.6 illustrates possible 

methods by which liquid desiccant based summer air conditioning can be accomplished as well as 

conventional air conditioning system (process A-B-C-D), which is described in Figure 3.2. In an 

internally cooled liquid desiccant unit (process A-D), the air can be simultaneously dehumidified 

and cooled directly from state A to state D, this process is followed in the present study. Also, it 

could be accomplished as shown in the process A-E-F-D, by dehumidifying adiabatically from 

state A to state E. The air stream could be later indirect-sensibly cooled with the return air stream 

(state F) and further direct-evaporative cooled to the final state D. Process A-F-D shows an 

internally cooled absorber with a relatively higher cooling water temperature compared to process 
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A-D. The air stream could be further cooled later in a direct evaporative cooling mode, state F to 

state D. 

 

Figure 3.6: Three possibilities for dehumidification and cooling with liquid desiccants, Jones, B. M. (2008) 

3.2 Thermodynamic Properties of Air Water Vapor-LiCl Systems 

The thermo-physical behavior within the water vapor-LiCl process is significant in the current 

research. The diffusion of moisture to and from the lithium chloride solution influences the 

performance of the absorber and regenerator. 

3.2.1 Properties of Moist Air 

In order to analyze the liquid desiccant absorber and regenerator, presented in Chapter 7, the 

equations of moist air enthalpy with respect to temperature and humidity ratio are required. The 

moist air is assumed to be an ideal mixture of dry air and water vapor. A mixture of dry air and 

water vapor may be considered as an ideal gas mixture as long as the partial pressure of water 

vapor    is less than the saturation pressure    at the temperature of the moist air. 

The vapor pressure values must be accurate since it is used in calculating other properties. Several 

formulas covering different saturation temperature ranges are given. A formula of saturation 

pressure over liquid water for temperature range 0 to 200 °C is presented by ASHRAE, Handbook 

of Fundamentals (1997) and is given by Equation 3.1, ASHRAE, Handbook of Fundamentals 

(1997): 

       
  

 
           

     
            3.1 

Where, the constants    to    are given in Table 3.1 
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Table 3.1: The constants    to    of the saturation pressure formula, ASHRAE, Handbook of Fundamentals 

(1997) 

   -5.8002206 E+03    1.3914993 E+00    -4.8640239 E-02 

   4.1764768 E-05    -1.4452093 E-08    6.5459673 E+00 

This formula has an accuracy within the specified range of a maximum error of 0.063%, ASHRAE, 

Handbook of Fundamentals (1997). 

By using the ideal gas relationships, the mass of water vapor present in a unit mass of dry air is 

defined as the humidity ratio,  , and is given by Equation 3.2, ASHRAE, Handbook of 

Fundamentals (1997): 

          
  

    
          

       

           
       3.2 

The specific volume,    of a moist air mixture is expressed in terms of a unit mass of dry air and is 

given by Equation 3.3, ASHRAE, Handbook of Fundamentals (1997): 

  
                     

 
         3.3 

The enthalpy of moist air is equal to the sum of the enthalpies of its components, and is given by 

Equation 3.4, ASHRAE, Handbook of Fundamentals (1997): 

                                   3.4 

3.2.2 Equilibrium Sorption Isotherms of LiCl 

In this study LiCl is used as a desiccant. LiCl is a stable liquid desiccant but it is expensive 

compared to CaCl2.The driving force for the mass transfer is the partial pressure difference of water 

vapor in air and the equilibrium vapor pressure of the LiCl solution at a specific mass fraction. The 

vapor pressure within the solution goes down by increasing the solution concentration. The vapor 

pressure rises with increasing the solution temperature. As a result, cold and concentrated solution 

supplies the best absorption whereas heated and diluted solution offers the best regeneration. In 

Appendix B, Figure B.1 shows the equilibrium curve of LiCl solution for various mass fraction 

curves. 

The mass fraction of the LiCl-H2O used in the dehumidification experiments in this research was in 

the range between 0.40 to 0.43 kg/kg and around 0.36 kg/kg for the regeneration experiments. In 

order to determine the mass fraction of a sample of LiCl solution with measured values of density 

and temperature (at the absorber, regenerator inlet and outlet), an empirical correlation among the 

density and temperature is implemented, Conde (2004). 

Figure 3.7 shows the phase diagram of LiCl-H2O, it shows the solubility limit as a function of 

temperature. As shown, the practical upper concentration limit for avoiding crystallization in 

dehumidification units is set below 45%.  

In the current research, the most examined solubility limit is adjusted for water content per unit 

mass of LiCl salt (X) between 1.33 and 1.77 kg    representing a mass fraction range (0.43 to 
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0.36      ). When the LiCl solution is located in the hydrate region the appearance of salt crystals 

within the solution is attainable. The presence of salt crystals can block the flow of the liquid 

desiccant through the liquid desiccant distribution system. In the present study, perforated pipes 

with discharge bore diameter in the range between 0.4 to 0.5 mm are used to distribute the 

desiccant solution over the air-solution contactors. In addition, crystallization will cause desiccant 

maldistribution problems and requires continues maintenance of the absorber or the regenerator.  

 

Figure 3.7: LiCl-phase diagram, Conde (2004) 

When the desiccant solution absorbs the water vapor heat releases, which is equivalent to the latent 

heat of condensation. Similarly, heat is necessary to raise the desiccant to a temperature high 

enough to make its surface vapor pressure higher than that of the surrounding air when water is 

vaporized from solution. In addition, the absorption or desorption of water vapor is accompanied 

with an additional energy required or liberated during absorption or desorption in the desiccant 

solution t. This part is known as the enthalpy of dilution or binding. A correlation expressed as a 

function of temperature and concentration for the enthalpy of dilution for lithium chloride are 

presented by Conde (2004), and is given by Equation 3.5: 

      [      
 

   
   ] [   

 

    

  
   ]

  

       3.5 

Where, the parameters          are given in Table 3.2: 

Table 3.2: The constants    to    of the enthalpy of dilution formula, Conde (2004) 

 H1 H2 H3 H4 H5 H6 

LiCl-H2O 0.845 -1.965 -2.265 0.6 169.105 457.850 
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3.3  Liquid Desiccant Components Analysis 

Three types of heat and mass exchangers were designed and constructed in the current research. A 

plate type heat and mass exchanger, a twin-wall plate-type heat and mass exchanger, and a tube 

bundle type heat and mass exchangers were studied at several operating conditions. For the non-

adiabatic heat and mass exchangers, the absorber and the regenerator are alike in construction, 

design and operation since the dehumidification and regeneration processes are similar.  

The circulated fluids inlet conditions that have the major effect on the absorption and regeneration 

processes were varied. The conservation of mass and energy principles for the absorber and the 

regenerator were considered as control volumes. To evaluate the experimental results, a variety of 

governing equations are needed to describe the mass and heat transfer. In both the dehumidifier and 

regenerator, the air flows in a cross flow configuration to the desiccant solution in direct contact 

with desiccant solution. The cooling or heating water is separated from mixing with the desiccant 

solution by passing in internal channels within the plate type heat and mass exchanger and within 

cooper pipes in the tube bundle type. The heating or cooling water flows in a counter-

countercurrent configuration to the salt solution.  

3.3.1 Adiabatic and Non-adiabatic Absorber  

The dehumidifier is investigated in two modes; without internal cooling of the sorbent (adiabatic 

mode) and with internal cooling of the sorbent (non-adiabatic mode).  

In the adiabatic mode, the supply air and the desiccant solution temperature increase. The heat 

released into the supply air and the desiccant solutions streams is equal to the enthalpy of 

condensation and the enthalpy of dilution. In case of adiabatic operation for drying applications, the 

cooling water circuit is deactivated, resulting in an increase in the supply air and desiccant solution 

temperatures.  

Process airstream 

In the present research, the supply air volume flow rate ( ̇ ) is measured while passing through an 

ultrasonic air flow meter and it is also measured while passing through an integrated ultrasonic-

vortex instrument as a countercheck. The supply of moist air mass flow rate ( ̇ ) is calculated 

from the mean value of both volume flow rates values by applying Equation 3.6: 

 ̇       ̇            3.6 

Where, the density of air is calculated by applying Equation 3.7, ASHRAE, Handbook of 

Fundamentals (1997): 

   
 

                   
         3.7 

The dry air mass flow rate ( ̇  ) is calculated by applying Equation 3.8: 

 ̇   
 ̇  

   
          3.8 
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Where,  ̇   is the mass flow rate of moist air in       

Through the desiccant dehumidification process, the humidity ratio of the process air is decreased. 

The dry air mass flow rate is unaffected by the process while the water vapor component is reduced 

with the water vapor being absorbed by the concentrated LiCl solution,  ̇       , resulting in lower 

humidity ratio,   . The moisture removal rate calculated regarding the air side (AS) is calculated 

by Equation 3.9: 

 ̇              ̇                 3.9 

The moisture removal rate from the airstream is calculated from the increase in water content 

within the desiccant solution, solution side (SS), as given by Equation 3.10. 

 ̇              ̇                3.10 

Where,  ̇  is the mass flow rate of LiCl-salt. 

The absorption of water vapor by the concentrated LiCl solution causes a release of heat. It is equal 

to the sum of the enthalpy of condensation,  ̇           , and the enthalpy of mixing,  ̇             . 

The total enthalpy of sorption during the absorption process is given by Equation 3.11: 

 ̇         ̇        (        )        3.11 

The sensible heat transfer of air ( ̇       is the rate of energy consumption due to heating of the 

process airstream, given by Equation 3.12: 

 ̇       ̇                         3.12 

Desiccant solution  

The desiccant solution mass flow rate is equal to the mass flow of the solvent (water) and the mass 

flow of the LiCl salt. The total mass flow rate of the desiccant solution at the absorber inlet is given 

by Equation 3.13: 

 ̇       ̇     ̇          3. 13 

The mass flow rate of the LiCl-salt is unaffected in the absorber or regenerator,  ̇        ̇       

 ̇    . The mass flow rate of the desiccant solution at the absorber outlet is increased by the 

amount of water vapor absorbed by the concentrated solution,  ̇        , as given in Equation 3.14: 

 ̇       ̇     ̇      ̇              3. 14 

The LiCl-H2O solution mass fraction,    , is the ratio of the mass of the dissolved salt,      , to the 

mass of the solution,       which consists of the mass of the solvent (water),     and the mass of 

solute (LiCl salt) as given by Equation 3.15, Keßling et al. (1998): 

     
     

        
 

 

   
         3. 15 

Where,  , is the water content per unit mass of the LiCl-salt.  

The determination of the concentration      of an aqueous LiCl solution before and after the 

sorption process can be iteratively determined as a function of the solution density (    ) by 
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applying the equations given by Conde, 2006. The governing equations for the LiCl aqueous 

solution that are used in the current study are given in Appendix B. 

The sensible heat gained or lost from the desiccant solution depends on the operating conditions of 

the circulated fluids and is given by Equation 3.16: 

 ̇     ̇                                        3.16 

The energy storage capacity can be defined as the dehumidification enthalpy storage capacity 

relating to the volume of the diluted solution (at the absorber outlet) and is given by Equation 3.17, 

Hublitz. (2008): 

   
                        

                              
 

      

        
                            3.17 

The sensible heat between the inlet and outlet of the cooling water in the non-adiabatic operation is 

given by Equation 3.18: 

 ̇    ̇  (                          )      3.18 

3.3.2 Internally-Heated Regenerator  

In this study, both of the dehumidification and the regeneration processes took place in the same 

heat and mass exchanger. The regenerator is similar to the absorber in operation, and is analyzed 

with the same set of equations used for the absorber. Hot water is used to reject the gained moisture 

so that the sorbent is regenerated. The heating water supplies the energy needed for the desorption 

of water vapor,  ̇                  which represents the total enthalpy of regeneration,  ̇       . 

At the air side, the moisture removal rate from the diluted LiCl-H2O solution to the regeneration air 

stream is given by Equation 3.19 where      : 

 ̇         ̇                 3.19 

At the solution side, the moisture removal rate from the diluted solution to the regeneration 

airstream is calculated as given by Equation 3.20 

 ̇         ̇                3.20 

The sensible heat between the inlet and outlet of the heating water is given by Equation 3.21: 

 ̇    ̇  (                          )      3.21 

Performance of the Components 

The dimensionless quantity   is used to analyze the mass and energy balance between the 

circulated fluids in the absorber and the regenerator. Theoretically in the absorption process, the 

water vapor removed from the airstream should be equal to the water added to the desiccant 
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solution (the opposite is true in the regeneration process) as given by Equation 3.22, Keßling et al. 

(1998): 

 ̇      ̇             3.22 

The mass balance factor,   , is given by Equation 3.23, Keßling et al. (1998): 

   
 ̇     

 ̇   
            3.23 

The optimum value of   is equal to unity and any deviation from unity       represents 

deterioration in the dehumidification or regeneration processes. 

The same procedure is followed to obtain a dimensionless quantity for the energy balance between 

the circulated fluids in the absorber and the regenerator.  

For the absorber the energy balance factor is given by Equation 3.24: 

       
 ̇       

 ̇     ̇    ̇    ̇      
        3.24 

Where  ̇     for adiabatic (uncooled) operation 

For the regenerator the energy balance factor is given by Equation 3.25: 

       
 ̇  

 ̇         ̇     ̇   ̇      
        3.25 

The absorber effectiveness is given by Equation 3.26: 

     
         

        
          3.26 

Where,     is the equilibrium humidity ratio of air at equilibrium with the desiccant solution at the 

desiccant inlet temperature in case of adiabatic operation, and at the cooling water inlet temperature 

for the internally-cooled operation. 

The same procedure is followed to calculate the regenerator effectiveness as given by Equation 

3.27: 

     
         

        
          3.27 

Where, the equilibrium humidity ratio is calculated at the heating water inlet temperature. The 

equilibrium pressure of saturated water vapour above the aqueous LiCl solution is calculated by 

using the correlations given by Conde (2009). 
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3.4 Comparison between Numerical and Experimental Results 

The experimental results of the plate type absorber were compared with a numerical finite 

difference model results. The numerical model was developed by Mützel (2009) which represents a 

multi-node model with the air and the desiccant solution in cross flow configuration, as shown in 

Figure 3.8. 

The model is based on the physical properties of the circulated fluids and it is programmed in 

FORTRAN 90. The fluid temperature, composition and mass flow as well the length, height and 

the air channel width need to be given before running the program. The number of nodes can be 

varied; however, it was set in this study to 200 nodes in the air flow direction (Y-axis) and 200 

nodes in the solution flow direction (X-axis). For the interfacial layer, the number of nodes was set 

to 60 nodes; 30 nodes for air (YZ), 29 nodes for the desiccant solution (XZ), and one node for the 

phase change. 

 

Figure 3.8: Schematic of the model simulation nodes, adapted from Mützel (2009) 

The essential physical variables (temperature, mass fraction, and mass flow) are considered for 

each node. The unknown gradients of these variables are approximated by differences. The 

governing equations in differential form are thus discretized to algebraic form. The resulting set of 

linear algebraic equations is solved iteratively. For each node, a system of equations is set up that 

describes the state of this node depending on the states of the neighboring nodes. The heat and 

mass transfer between the air and desiccant solution can therefore be calculated from the 

temperatures and concentrations at the approximated nodes. 

The following assumptions were considered due to the complexity of the analysis: 

 Heat transfers only by convection in the direction of flow, and only by diffusion in the 

direction perpendicular to the flow direction (Z-direction). 

 Mass transfers only by convection in the direction of flow, and only by diffusion in the in 

the direction perpendicular to the flow direction. 

 At the phase boundary heat and mass transfer only by diffusion 

 The air and the solution-film flow were considered to be laminar flow 

 Constant film thickness of the desiccant solution was assumed which is equal to 0.4 mm 

(textile thickness). 

 Uniform air velocity over the length of each plate as well as between the plates. 



 

 

 

 

  



 

 

4 EXPERIMENTAL METHODS FOR TEXTILES 

EVALUATION 

In this chapter, several standard methods are proposed and executed to evaluate the fundamental 

properties of wicking performance of several fabrics. The aim of the textiles evaluation is to 

determine the best textile to be used as an exposed surface in the liquid desiccant heat and mass 

exchangers. 

4.1 Problem Statement 

The exchanger surfaces of the absorbers and regenerators are covered with textiles to improve the 

spreading of the desiccant solution and to facilitate the contact between the liquid desiccant and air. 

The attached textiles increase the exposure time over the plates and thereby enhance the desired 

mass transfer and heat exchange. Also, applying the proper textile over the exchanging surfaces can 

prevent the drag of the desiccant solution droplet into the airstream which is known as” carryover”. 

If the desiccant solution is absorbed by, or spread through the textile fiber then it will minimize the 

opportunity of the carryover of the desiccant solution. The carryover of desiccant solution into 

either the supply air stream in the absorber or the regeneration can cause severe damage in the air 

ductwork, and cause ecological and health problems. 

Several studies that addressed the comparison between experimental and numerical results, 

specified inadequate wetting as the key factor for unfavorable agreement between numerical and 

experimental results such as Mesquita (2007) and Qi (2013). In the case of plate-type liquid 

desiccant heat and mass exchangers, the plates were made mainly of polypropylene. Commercially 

widespread polypropylene plates possess hydrophobic surfaces, and the use of them in liquid 

desiccant systems needs additional surface modification. Studies on treated plastic surfaces, such as 

roughening by sandblasting and electrical surface discharge treatment led to insufficient results, 

Röben (1998). Kipping examined a plate-type absorber made of twin wall corrosive-resistance 

plastics. Good surface wetting of the plates with the salt solution was achieved by using polymers 

that were treated with the corona discharge method. An evaporative cooled air stream is used to 

dissipate the heat of sorption, Röben (1998). However, the uniform distribution of the desiccant 

solution was a big issue in the presented work of Kipping. Furthermore, mechanical treatment of 

the plate surface could decrease the life span of the plates applied in liquid desiccant systems. 

Applying textiles over the polymer plates as the contact surface between the air and the desiccant 

solution streams was discussed in few studies. Cotton and fleece are mainly the most attached 

textiles that were discussed in the literature. Mesquita (2007) tested experimentally a single channel 

internally cooled absorber with cotton attached to the plate. The experimental results were 

compared with a numerical model. A variation between the measured and numerical results was 

observed. Mesquita attributed this variance to the poor desiccant wetting of the cotton sheet. 

Furthermore, Keßling (1998) constructed a 55 m
2
 plate-type absorber. Fleece was attached over the 

plates and a wettability factor of 30% was only achieved. The poor wettability led to the large 

deviation between the expected values of the change in the humidity ratio and the storage capacity 
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of the desiccant solution. The designed values were in the range of 50% underestimated for some 

of the experiment runs. 

Furthermore, some of the textiles which applied over the exchanger surfaces were treated with 

additives to enhance the wetting factor. However, for long term operation, it was noticed that such 

additives could be washed out. Lävemann (1994) presented a liquid desiccant absorber in which the 

exchanging plates were covered with chemically treated fleece to improve the wetting factor. the 

authors noticed that the treated fleece showed a wetting factor of 30% after the additives were 

washed out. 

In the framework of this thesis at the Institute of Thermal Engineering at the University of Kassel, 

an absorber was made out of cotton sheets (700×700 mm and a thickness of 0.5 mm). The cotton 

sheet margins were strengthened with sewing seams. The cotton sheets were connected on the 

upper side over the entire height into a water box. The absorption of a single sheet was tested using 

colored water, Schalk (2007). Figure 4.1 shows the wetting test of one cotton sheet, it took about 

24 hours to reach the wettability of the cotton sheet as shown in Figure 4.1 (right). A 

maldistribution in the water distribution through the cotton sheet was also observed, with dry and 

wet patches through the experiment running time. 

 

Figure 4.1: Colored water absorption and distribution through a cotton sheet within 24 hours, Schalk (2007) 

According to the importance of the applied textile on the performance of the liquid desiccant 

system, a need for further investigations of textiles regarding the distribution of the desiccant 

solution and capillary forces was essential. The textile used in the construction of the heat and mass 

exchangers in this study is aimed at: 

 Uniform distribution of the desiccant solution, i.e. distribute the desiccant as a uniform film 

without forming runlets on the surface, 

 High absorption capacity of the desiccant solution by the applied textile fibers, 

 Good diffusion behavior of the desiccant solution through the air spaces between the fibers 

or the yarn spaces. 

4.2 Methodology and Experimental Procedure 

Textile evaluation depends on many parameters of the textile to be evaluated. The sink-in time and 

the diffusion of the absorbed liquid varies for the same textile according to its surface density, 

thickness, method of binding the fibers, and surface characteristics, Rouette (2000). The 

methodology followed in this study is as follows: 
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 Intensive review and selection of different textiles based on composition 

- Cellulose, polyester and combined textile samples 

- Type of binding, surface density, thickness 

 Execution of standard tests to evaluate the textiles 

 The most suitable textile was further examined along with the liquid desiccant distributors. 

4.2.1 Textile-Samples Selection 

The measurements were conducted on three different fabric categories according to the 

composition of the fabric. The three categories are cellulosic based textiles, polyester based 

textiles, and composite textiles. Each category was then divided into subcategories according to the 

type of binding, the surface density (  ) of the samples, and the thickness. 

In order to find a good textile with the needed characteristics 31 textile samples were tested by 

following certain standards. The textile samples were obtained as donations from some textile 

firms. The characteristics of each sample (surface density, thickness and composition) are given by 

the supplier. The complete characteristics of the samples that are selected are given in flow charts 

shown in Figures 4.2 to 4.4. 

The composition of the first sample category is the cellulosic-based textiles. This group consists of 

three types of textiles; viscose, cotton, and lyocell fibers all of them are chemically bonded. Lyocell 

fiber is a solvent-spinning cellulose fiber in which the dissolving and subsequently spinning of the 

fiber is performed without the formation of an intermediate derivative. Lyocell has the advantage 

of high tenacity, Rouette, H.K. (2000). Two commercial lyocell fibers were tested known as 

Tencel® and Modal®. Figure 4.2 shows the cellulosic based textiles that were evaluated. 

 

Figure 4.2: Schematic diagram of the cellulosic textiles that were evaluated in the current study 

The composition of the second sample category was the 100% polyester-based textiles. Those 

textiles are categorized into two groups according to the method of bonding; mechanical bonded 

(ParaMoll®) and spun bonded (Parafil®). Several textile types are categorized under each group 

for different surface densities and thicknesses, as shown in Figure 4.3. 
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Figure 4.3: Schematic diagram of the polyester-based textiles that were evaluated in the current study 

Figure 4.4 shows the third category of the samples that were evaluated. This group represents 

composite textiles; combination of viscose and polyester, combination of viscose and glass, and 

combination of polyester and glass. 

 

Figure 4.4: Schematic diagram of the composite textiles that were evaluated in the current study 

4.2.2 Test Procedure 

Three simple test rigs were built for the evaluation of the of the textile samples to check if they 

meet the required specifications of high absorption capacity and good diffusion behavior. The 

textile samples were evaluated by reference to the American Society for Testing and Materials 

(ASTM) and the American Association of Textile Chemists and Colorists Technical and 

Professional Organization (AATCC) standards for the absorption speed and diffusion behavior 

measurements. In addition, a visual examination was conducted in which liquid desiccant was 

distributed through a perforated pipe over the textile attached over a polycarbonate plate. The 
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results of the liquid desiccant distribution while attached to the polycarbonate plate are discussed in 

Chapter 5.  

The tests described in this chapter are: 

 Water and desiccant solution absorbency, drop-test following AATCC/ASTM test method 

TS-018. This method is introduced by the German association of textile, leather aids, 

staining and washing raw material industry (Verband der Textilhilfsmittel-, 

Lederhilfsmittel-, Gerbstoff- und Waschrohstoff-Industrie e.V.), Rouette (2000). 

 Water absorbency and diffusion vertically (upward) against the gravity. 

In the following sections, detailed discussion for the test-rigs, methodology, and the results are 

presented. 

4.3 Water and Desiccant Solution Absorbency: Drop Test 

The absorbency of the fabrics is determined by the time that the sample takes to absorb a fixed 

amount of liquid. Drops of distilled water, and LiCl solution at different concentrations were 

applied to the textile samples at the dry and wet phases. This test aimed to: 

1. Test the absorbency of textile samples using distilled water. The water drop test aimed to 

sort the textiles into two categories; hydrophobic and hydrophilic textiles: 

- Water resistant (hydrophobic) fabrics wherein water droplets falling at its surface run off 

the surface without wetting it, i.e. adsorption took place on top of the fiber surface. 

- Water attractant (hydrophilic) wherein textiles soak up water inside the fiber structure. 

2. Test the absorbency of textiles samples using LiCl solution at different concentrations. 

4.3.1 Test Setup and Procedure 

The test-rig for conducting the drop test consists of a burette with a screw type needle valve, a 

polytetrafluoroethylene (PTFE) stopcock. The volume of the burette is 25 ml with a division of 

0.05 ml, DIN EN ISO 385. Also, the test-rig consists of a clamp for the burette to hold it at a 

specified distance from the textile surface, laboratory trays and bottles made of polypropylene, stop 

watch, and dye. Figure 4.5 shows the droplet test-rig. 

All the textile samples were first tested with distilled water. Fuchsine was added to the water to 

enhance the visual inspection. Adding the color is very important in case of distilled water drop 

test. The sink-in time for distilled water was very short for some of the textile samples. However, in 

case of aqueous LiCl solution drop test, the density of the LiCl solution is remarkably increasing 

the sink in time. Thus, the desiccant solution was not colored in the drop test evaluation. Four 

laboratory bottles (250 ml) were filled with LiCl-H2O solution with different mass fractions; 0.30, 

0.35, 0.40, and 0.45 kg/kg. 



40                                                    Chapter 4: Experimental Methods for Textiles Evaluation 

 

 

Figure 4.5: Schematic of the droplet test-rig 

A burette was used to deliver variable volumes of solution precisely and accurately. The drop size 

was set to be constant and it was fixed to 0.05 ml. The distance between the burette tip and the 

textile surface was fixed to 40 mm. 

4.3.2 Performing the Droplet-Test  

The textile sample to be tested was tensioned gently horizontally on the laboratory tray in such a 

way that the textile reverse side does not come into contact with the underlay. The sink-in time 

started from the instant the water or the LiCl-H2O droplet hits the top of the textile sample to the 

instant the droplet is totally soaked up by the sample (disappearance of the liquid reflect). The sink-

in time is a reliable qualification for the absorbency of the examined textile. Subsequent to the 

determination of the sink-in time, the diameter or the shape of the color spot which has formed over 

the textile surface is measured. The eyes were level with the textile surface for an adequate 

judgment of the sink-in time. 

Each droplet test was repeated three times and the mean of the three tests was taken as the sink-in 

time. The mass fractions of the LiCl-H2O solution were set between 0.30 to 0.45 kg/kg with an 

increment of 0.05. These ranges of mass fractions represent the mass fractions range for the liquid 

desiccant system in the current study for the absorption and regeneration experiments. In the wet-

phase droplet-test the textile sample was pre-washed with the involved liquid (water or LiCl-H2O 

solution). 

4.3.3 Evaluation Criteria and Results 

4.3.3.1 Drop-test using water: Dry phase 

The water drop-test categorizes the textiles into two groups, hydrophobic and hydrophilic textiles. 

The experiment run time was set not to exceed 300 seconds. If the droplet is not soaked-in through 

the textile within 300 seconds that means the textile is failed to pass the drop-test. The samples that 

failed and passed the water drop-test at the dry-phase are shown in Figure 4.6 and 4.7, respectively.
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Figure 4.6: Textiles samples failed to pass the water 

drop-test at dry phase 

 

Figure 4.7: Textiles samples passed the water drop-test 

at dry phase 

The results show that all 100% polyester based spun-bonded textiles samples (Parafil®) and mainly 

all polyester based mechanically-bonded textiles samples (ParaMoll®) failed to pass the water 

drop-test in the dry-phase. Those samples were excluded from the drop test using the liquid 

desiccant solution. Figure 4.8 shows some of the hydrophobic textiles that failed in the dry-phase 

drop test. It is clearly shown how the water droplet remains at the textile surface. The shown photos 

were taken after 300 seconds which represents the maximum specified time for the experiment. 

Further photos of droplet test are shown in Appendix A.6. 

    

Figure 4.8: Textiles samples failed to pass the dry-phase drop-test using water 

As shown in Figure 4.8, nine textile samples out of twelve have a sink-in time in the range of 0.2 

seconds. This recorded sink-in time is almost equal to the reflex time of the examiner to halt the 

stopwatch when the water droplet disappeared. 

The cellulosic based textiles samples have the lowest sink-in time. For example, lyocell textiles 

(Tencel®) have a sink-in time of 0.2 seconds. Furthermore, the polyester based mechanical-bonded 

textile samples, Paramoll HiFlow® 130 and 180, show a sink-in time of 0.2 seconds compared to 

the other Paramoll® textiles samples that failed in the water drop test for the dry-phase tests. This 

remark shows that the absorbency properties of textiles depend on many characteristics of the 

textile. The relation between textile absorbency and its characteristics is quite complicated; it is 

related to many factors such as textile surface density, thickness, weave pattern and the surface 

morphology, Rouette (2000). 

Since the density of LiCl-H2O solution is higher than water, the sink-in time was larger for the LiCl 

solution drop test.  

In addition to the sink-in time evaluation, the droplet-remark over the textile surface was used to 

evaluate the diffusion behavior. This evaluation supports the comparison between the textile 



42                                                        Chapter 4: Experimental Methods for Textiles Evaluation 

 

samples that have a close sink-in time values. Textiles with good diffusion exhibit round or oval 

shape characteristics, Rouette (2000). Figure 4.9 shows the colored-water remarks over the textile 

samples with the lowest sink-in time: Tencel®, Modal®, Paramoll HiFlow 130® and HiFlow 

180®. Although, the Paramoll HiFlow® 130 and 180 showed a high potential for absorption, the 

distribution of water through the fabric showed almost irregular shapes. On the other hand, the 

lyocell fibers (Tencel® and Modal®) exhibited a round remark shape. 

    

Tencel® Modal® Paramoll HiFlow® 

130 

Paramoll HiFlow® 

180 

Figure 4.9: Evaluation criteria by monitoring the droplet remark over the textile surface 

4.3.3.2 Drop-test using water: Wet-phase 

After accomplishing the water drop-test for the textile samples at the dry phase, the drop-test was 

then implemented for the textiles samples at the wet phase. Twenty two textile samples were 

prewashed with water and the drop-test was performed to the textile surface in wet-phase. This test 

is reasonable since the textile phase as an exchanging surface in the humidifier and regenerator can 

be continually wet after the first run. Once the textile surface is wetted with the desiccant solution it 

will always be wet, Lowenstein (2006). The twelve textile samples that passed the dry-phase test 

were tested at the wet-phase. Figure 4.10 shows the sink-in time for the samples at the dry and wet 

phases. 

 

Figure 4.10: Drop-test at the wet phase for the textiles that passed the dry-phase test 

These samples that passed both the dry and the wet drop-test were examined later by using the 

LiCl-H2O solution. The lyocell samples have the lowest sink-in time followed by the mechanical-

bonded (Paramoll HiFlow® 130 and 180) all with a sink-in time in the range of 0.2 seconds. 

(Tencel) have a sink-in time of 0.18 seconds. Furthermore, the polyester based mechanical-bonded 

textile samples, Paramoll HiFlow® 130 and 180, show a sink-in time of 0.2 seconds compared to 

the other Paramoll® textiles samples that failed in the water drop test for the dry-phase tests. 
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4.3.3.3 Drop-test applying LiCl-H2O solution 

In this test, LiCl-H2O solution was used at four mass fractions (0.30, 0.35, 0.40, and 0.45 kg/kg). 

This range of mass fractions covers the concentrations that were used in the absorption and the 

regeneration experiments in the current research. The textile samples for the drop-test, applying the 

LiCl-H2O solution, were tested at both dry and wet phases. The desiccant solution is more viscous 

and is absorbed more slowly than water. The textiles were first tested in the dry-phase, and then the 

samples were immersed in LiCl solution for thirty minutes and applied for the wet-phase test. 

Figure 4.11 shows logarithmic sink-in time for the drop-test using LiCl-H2O solution with a mass 

fraction of 0.3 kg/kg at the dry-phase (red colored) and the wet-phase (blue colored). 

 

Figure 4.11: Drop-test at the dry and wet-phases using LiCl-H2O solution with a mass fraction ξ = 0.30 

Through the drop-test by applying the LiCl-H2O solution at several mass fractions, the sink-in time 

increased by increasing the solution mass fraction. The Paraprint® samples that show low sink-in 

time for water drop-test failed to pass the drop-test using the desiccant solution. 

Each textile sample that failed to pass the drop-test using low concentration of the desiccant 

solution is excluded from the evaluation using the higher concentration. Figures 4.12 and 4.13 

show the sink-in time for the textile samples using LiCl-H2O solution with mass fractions of 0.35, 

0.40 and 0.45 kg/kg, respectively. 



44                                                        Chapter 4: Experimental Methods for Textiles Evaluation 

 

 

Figure 4.12: Drop-test at the dry- and wet-phases using LiCl-H2O solution with a mass fraction ξ = 0.35 

  

Figure 4.13: Drop-test at the dry- and wet-phases using LiCl-H2O solution with a mass fraction ξ = 0.40 (left) and 

ξ = 0.45 (right) 

4.4 Vertical Wicking Test 

This method was used to determine the water absorption rate of the textile-samples against gravity. 

The samples that passed the water drop-test were hung vertically, immersed into a colored water 

bath for a specified time interval, the height of wicking represents the water absorption rate of 

textiles. 

4.4.1 Test Setup and Procedure 

Figure 4.14 shows the vertical wicking test-rig. The test-rig consists of a water bath. The textiles 

samples were fixed on a horizontal bar which is fixed on a supporting frame. Fuchsine was used to 

color the water in order to easily observe the wicking height. A scale was used to measure the 

wicking height with an uncertainty of 0.5 mm. 
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Figure 4.14: The absorption and diffusion test-rig, Byreck method 

The textile samples were tested to determine the water absorption rate of the fabric against gravity. 

Five samples were fixed onto the horizontal bar and tested at once. The water bath temperature was 

in the range of 20℃. Also, the experimental environment regarding the air dry bulb temperature 

and relative humidity was in the range of 26°C and 70 %, respectively. The lower ends of the 

textile-samples were immersed with 5 mm depth into the water bath. The bar needs to be 

horizontal; an inclinometer was used to ensure that the bar is horizontal. The wicking height by 

Capillary action was recorded after 5, 10, and 30 minutes of immersion.  

4.4.2 Evaluation Criteria and Results 

Figure 4.15 shows the wicking height by capillarity action recorded after 5, 10, and 30 minutes of 

immersion in the water bath. Tencel© has the highest wicking height with about 90 mm, 70 mm, 

and 45 mm after 30, 10, and 5 minutes, respectively. Also, the wicking rate decreases with time 

which could be attributed to the shape and size of capillary channels between fibers.  

 

Figure 4.15: Wicking height of the textiles that were passed the drop-test in wet-phase 

Moreover, the textile samples show different shapes of the soaked water. In Appendix A.6, Figure 

A.19 shows the shape of the soaked water in Byreck test, the Paramoll®-samples shows a saw 

shape while lyocell fibers shows quasi uniform wicking. 



 

 



 

 

5 DESICCANT SOLUTION DISTRIBUTORS 

This chapter outlines the development and the evaluation of liquid desiccant distribution systems. It 

explains the requirements for the distributor and the design approaches. 

5.1  Problem Statement 

The distribution of the desiccant solution on the heat and mass transfer exchange surface is a 

crucial factor for the performance of the liquid desiccant system. Irregular distribution of the liquid 

desiccant is undesirable because it reduces the effective area of contact between the circulated 

fluids. If the distributor device does not work properly, parts of the exchange plate have a higher 

liquid load than others. To ensure proper operation of the absorber/regenerator, it is also important 

to ensure that the ratio of liquid desiccant to air is constant over the cross-section of the plates. 

Throughout the literature review regarding the liquid desiccant systems, there is a consensus that 

poor and uneven wetting of the exchange surfaces within the absorber and the regenerator is 

responsible for the discrepancy between the experimental and numerical results, Mesquita (2007) 

and Qi (2013). 

The Bavarian Center for Applied Energy Research (ZAE Bayern) developed internally cooled low-

flow liquid desiccant cooling systems. The target of their research was, and still is to the date, to 

increase the volumetric energy storage capacity. This can possibly be achieved by decreasing the 

desiccant solution flow rate. However, the uniform distribution of the reduced desiccant flow was 

not achieved as presented by Keßling et al. (1998) and Lävemann et al. (2006). The experiments 

showed a large deviation in the mass balance of up to 30% for some experiments. Furthermore, the 

calculated storage capacity according to the experimental results was about half of the analytical 

estimated storage capacity. A maximum storage capacity of 700 MJ/m
3
 was observed.  

Also, a detailed study on different forms of desiccant solution distributors was examined by 

Hublitz, (2008) and Oelsen, (2001). The individual distribution forms were tested with a LiCl-H2O 

solution with a mass fraction range of 0.27– 0.33 kg/kg. Two approaches were experimentally 

examined; these approaches were referred to as channel concept and outlet concept. 

The channel concept distributor was presented by a tree structure. This concept provides internal 

distribution channels that specify many pathways of identical length and cross-section to supply the 

desiccant solution to the outlets. Each inlet stream is repeatedly divided into two streams until the 

number of streams matches the number of needed outlets. Figure 5.1 shows the tree structure which 

is presented by Hublitz (2008). 

 

Figure 5.1: The desiccant solution distributor with channel concept, Hublitz (2008) 
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The second desiccant distributor concept utilized outlets with a very small cross sectional area. 

This causes the pressure drop of the solution to be much higher than the pressure drop inside the 

distributor. Figure 5.2 shows the distributor with the outlet concept which is presented by Hublitz 

(2008). 

 

Figure 5.2: The desiccant solution distributor with outlet concept integrated into absorber, Hublitz (2008) 

Hublitz studied experimentally the channel and the outlet distributors to evaluate the distribution of 

the desiccant solution by determining the distribution factor. The distribution factor, defined as the 

ratio of real distribution to ideal distribution, was determined for several geometries, perforation 

diameter, and solution flow rates. Hublitz stated that the distribution factor was in the range of 50 

to 90 %.  

The distributor with the highest distribution factor of 90% was then implemented to an exchanging 

surface made of polypropylene with a fabric attached to its surface. Due to the untreated 

polypropylene fabric exchange surface, the distribution factor was reduced to 65%. Hublitz stated 

that this can be attributed to the formation of rivulet over the plate surface. The distribution was 

enhanced by attaching flock-textile to the surface, and the distribution factor increased to about 

90%. However, long-term evaluation of the distributors which were investigated by Hublitz was 

not proven. Also, the investigated designs seem to be sophisticated, especially for the tree structure 

distributor.   

Further study was carried out by Frenkel (2009) to adopt the distributors proposed by Hublitz. 

Frenkel stated that the solution flow rate has a significant influence on the uniformity of the 

distribution. The higher the flow rate the better is the distribution. The liquid desiccant distributor 

applied by Frenkel was a distribution system with a perforated double wall sheet with a bore 

diameter of 0.4 mm. The proposed distributor was then implemented in the construction of a liquid 

desiccant absorber. The implemented distributor showed high variation to the results obtained with 

one plate experiments. Air bubbles were observed within some of the internal passages resulting in 

blocked flow of the desiccant solution. 

The need for a liquid desiccant distributor that is capable of facilitating the maximum uniform 

distribution of the solution at low flow rates is one of the aims in the present study. The 

requirements for the desiccant solution distributor aimed to: 

 Ensure the maximum even distribution of the liquid desiccant over the exposed surfaces 

 Serve a wide range of liquid desiccant flow rates 

 Ease of manufacturing with commercially available materials 

 Ease of periodic cleaning and inspection for possible clogging in the system. 
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5.2 Methodology and Design Approaches 

In the framework of the present study, a novel liquid desiccant distributor was designed and 

constructed. 

The desiccant solution distributor in the present design uses a number of perforated polymethyl 

methacrylate pipes (PMMA) to distribute the desiccant solution horizontally over the textiles 

attached over the exchange surfaces. In this study, two types of heat and mass exchangers were 

designed. The first type was a plate type unit, in which the desiccant solution-pipes were equally-

spaced and perforated. The second type was a tube bundle type, in which the desiccant-solution 

pipes were staggered to meet the tube bundles at certain points. The methodology followed in this 

study is: 

 Identify relevant design parameters for the geometry 

 Optimization of the perforation diameters: 

- Uniform perforation diameter along the pipe-axis 

- Multiple perforation diameters on same pipe 

 Pipe with best results further examined while implemented into a coated plate  

5.2.1 Liquid Desiccant Distributor for a Plate-Type Heat and Mass Exchanger 

The parallel pipes were connected from one side to the desiccant manifold and were closed from 

the other end. The solution-pipes penetrate the plates horizontally and distribute the desiccant 

solution over the coated plates at a number of equally spaced perforations. 

The PMMA pipes have an outer diameter of 6 mm with a wall thickness of 1 mm and are 630 mm 

long. Standard plug-caps were used to close the free end of the pipe. Those caps give flexibility for 

the distribution system since they are removable which allows easy cleaning or flushing of the 

distributor pipes.  

Figure 5.3 shows the solution distributor used in the twin-wall plate-type absorber. The distributor 

consists of seven PMMA pipes that penetrate the parallel plates. 5 pipes were through-perforated, 

since they spread the desiccant over two surfaces. The other two outer pipes were perforated from 

inner side only, since they spread the desiccant over one surface only.  

  

Figure 5.3: The liquid desiccant distributor utilized in the plate type absorber 
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5.2.2 Liquid Desiccant Distributor for Tube-Bundles Heat and Mass Exchanger 

The second liquid desiccant distributor was designed to be used in a tube-bundle heat and mass 

exchanger, as shown in Figure 5.4. 

  

Figure 5.4: Perforated pipe of the liquid desiccant distributor in the tube-bundle heat and mass exchanger 

The distributor was made of pipes with the same diameter and wall thickness. In contrast to the 

plate type heat and mass exchanger, the perforations were made in a staggered manner as shown in 

Figure 5.4 (left). Each discharge-bore meets one of the staggered tubes of the heat and mass 

exchanger, where the desiccant solution is distributed on the textile attached over its surface.  

The tube-bundle as well as the plate-type heat and mass exchangers are discussed in Chapter 6. 

Figure 5.4 (right) shows the perforated solution pipes while penetrating the tubes of the bundle heat 

and mass exchanger.  

5.3 Experimental Setup and Test Procedure 

A test-rig was built in order to experimentally determine the distribution quality of the LiCl-H2O 

solution through the perforated PMMA-pipe system. The objective of the test is to determine the 

optimum diameter and number of discharge-bores distributed along the solution- pipes axes.  

Five PMMA-pipes with several perforations size were tested for three different solution flow rates. 

Four pipes were uniformly perforated along the whole pipe axis, each pipe with a certain 

perforation size. The perforation diameters were 0.5 mm, 0.7 mm, 0.8 mm, and 0.9 mm for the four 

different pipes. Preliminary tests were conducted with the liquid desiccant distributor-pipes with 

smaller discharge-bores diameters. PMMA pipes with 0.2 and 0.3 mm discharge-bores diameter 

were tested, with a distance of 20mm and 30mm between the adjacent discharge-bores. It was 

found that small perforation diameter (ϕ=0.2mm and 0.3 mm) resulted in instability in the desiccant 

distributor-pipes. It was found that a distance of 30 mm between the adjacent discharge-bores 

supplied more uniform distribution than the distance of 20 mm between the adjacent perforations. 

This is due to that increasing the number of discharge–bores leads to a higher pressure drop in the 

system, especially for relatively low flow rates. Figure 5.5 shows an example of one of the 

perforated pipes with an equal discharge-bore diameter of 0.5 mm along the pipe axis.
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Figure 5.5: An example of a perforated solution-pipe with a discharge-bore diameter of 0.5 mm 

The fifth PMMA-pipe was perforated with multiple perforation diameters along the pipe axis. The 

perforations diameter on the first and the last quarter of the perforated pipe were 0.1 mm less than 

the bores along the middle of the pipe. The fifth solution pipe had discharge-bores sizes with a 

combination of 0.5 mm (for the first and the last quarter) and 0.6 mm (for the middle area of the 

pipe) along the pipe axis, Figure 5.6 shows the perforated pipe with multiple perforation diameters. 

 

Figure 5.6: Perforated pipe with discharge-bores combination, 0.5mm and 0.6mm 

The test-rig, shown in Figure 5.7, consists of a desiccant solution pump, magnetic inductive flow 

meter, density transmitter, support frame for the desiccant distribution pipe, digital balance, stop 

watch, and PVC hoses. 

LiCl-H2O solution was utilized as the desiccant solution with a concentration of 35%. The solution 

was supplied to the perforated pipe at three different volumetric flow rates of 0.3 l/min., 0.7 l/min., 

and 1.2 l/min. The volumetric flow rate of the LiCl solution is continually monitored using a 

magneto-inductive flow meter. The solution passes through a filter with a pore size of 300 µm in 

order to remove any contaminants that might affect the discharge bores along the PMMA pipe. 

 

Figure 5.7: Desiccant solution distributor test-rig 
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The position of the discharge-bores ( ) was defined as the distance between the solution-pipe 

entrance and the intended perforation. The first perforation is 40 mm away from the solution pipe 

entrance, the second is 70 mm and so on with an increment of 30 mm. 

Polyvinyl chloride (PVC) transparent hoses were used to collect the throttled desiccant from each 

discharge-bore to an individual bottle. One end of the PVC hose enclosed the intended discharge-

pore in such a way that does not affect the discharged desiccant solution, shown in Appendix A.6. 

The PVC hoses have an internal diameter of 12 mm. The second end is connected to a numbered-

bottle according to the intended discharge bore, as shown in Figure 5.8. The desiccant solution 

collected in each bottle is then weighed and evaluated. 

 

Figure 5.8: PVC hoses enclosed each discharge-bore to the intended collecting bottle 

The run time for each experiment was set to 15 minutes. Table 5.1 summarized the experiment 

factors and the levels for each factor. 

Table 5.1: Summary of experimental setup for the liquid desiccant distributors 

Factors Levels 

Discharge-bore diameter, mm 0.5, 0.7, 0.8, 0.9, and combination of 0.5 and 0.6 

Position of the discharge-bore, mm 40, 100, 160, 220, 280, 340, 400, 460, 520, and 580 

Liquid desiccant volume flow rate, l/h 0.3, 0.7, and 1.2 

5.4 Analysis of the Results 

The main target of the experiments was to investigate the flow profile of the desiccant solution 

discharged through the perforations distributed along the distributor-pipe lines. The results for the 

test samples with a perforated pipe of equal perforation diameters of 0.5, 0.7, 0.8, 0.9, and the 

combination of 0.5 and 0.6 mm for the three volume flow rates are shown in Figures 5.9 to 5.14. 

Figure 5.9 shows the mass of LiCl-H2O solution collected from the individual perforations 

distributed along the pipe-axes for a solution volume flow rate of 0.3 l/min. For the perforations of 

equal bore-size of 0.8 mm and 0.9 mm, the flow rate decreased by increasing the lateral distance 

from the solution-pipe inlet ( ). The perforations of equal bore size of 0.5 mm, and 0.7 mm 

supplied more solution in the last quarter, near the closed end of the pipe, than the third quarter of 

the pipe. The multiple perforations profile of 0.5 and 0.6 mm shows an exceptional flow profile. 

Increasing the discharge bore diameter for the perforations spread across the pipe center 

compensates the pressure drop in this zone. 



5.4 Analysis of the Results                                                                                                         53 

 

 

 

 

 

Figure 5.9: Evaluation of the solution flow through the perforated pipes for a solution flow rate of 0.3l/min 

The mean absolute deviation (MAD) represents the average distance between each data value and 

the mean that was used to evaluate the distribution through each perforated pipe. The mean 

absolute deviation is given by Equation 5.1, Montgomery Douglas C. (2008): 

    
 

 
∑      ̅  

           5.1 

Figure 5.10 shows the mean deviation of the LiCl-H2O solution flow through the perforated pipes 

for the solution flow rate of 0.3 l/min. For the pipes with equal perforations diameter, the diameter 

of 0.5 mm showed the lowest mean deviation of 7.9 g. the mean deviation increased by increasing 

the perforation diameter. The highest mean deviation was observed for the perforation size of 0.9 

mm with a value of 23.0 g. The multiple perforations of 0.5 and 0.6 mm is not the best choice for 

the solution flow rate of 0.3 l/min compared to the uniform perforations of 0.5 mm. 
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Figure 5.10: Mean deviation of the solution flow through the perforated pipes for a solution flow rate of 0.3 l/min 

The evaluation of the solution flow through the perforated pipes for a solution flow rate of 0.7 

l/min is presented in Figure 5.11. The general tendency for the solution flow through the 

perforations of uniform diameters of 0.5, 0.7, 0.8 and 0.9 mm showed that the discharged solution 

decreased by moving away from the solution-manifold and increased again in the fourth quarter 

where the pipe is closed. The combined perforations of 0.5 and 0.6 showed the best distribution 

profile for a desiccant solution volume flow rate of 0.7 l/min. 

 

Figure 5.11: Evaluation of the solution flow through the perforated pipes for a solution flow rate of 0.7 l/min 

The mean deviation of the solution flow through the perforated pipes for the solution flow rate of 

0.7 l/min. is shown in Figure 5.12. The multiple bore diameters of 0.5 and 0.6 mm showed the 

minimal mean deviation with a value of 2.2 g. The highest mean deviation was recorded for the 

discharge-bore diameter of 0.9 with a value of 57.3 g. 
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Figure 5.12: Mean deviation of the solution flow through the perforated pipes for a solution flow rate of 0.7 l/min 

Figure 5.13 shows the distribution behavior through the perforated pipes for the desiccant volume 

flow rate of 1.2 l/h. the perforated pipe with a discharge-bores diameter of 0.7 mm as well as the 

multiple perforated pipe show the highest uniform distribution. 

 

Figure 5.13: Evaluation of the solution flow through the perforated pipes for a solution flow rate of 1.2 l/min 

Figure 5.14 shows the mean absolute deviation for the desiccant volume flow rate of 1.2 l/min. 
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Figure 5.14: Mean deviation of the solution flow through the perforated pipes for a solution flow rate of 1.2 l/min 

The mean deviation of the perforated pipe of 0.7 mm and the multiple perforated pipe of 0.5 and 

0.6 mm are almost equal with a value of about 19 g.  

The distributor that showed sufficient performance and the smallest maldistribution was the 

multiple perforated-pipe with discharge bores diameter of 0.5 mm and 0.6 mm. It was also shown 

that minimizing the discharge bore diameter supplied higher uniform distribution for low volume 

flow rates. The combined perforated pipe was chosen as result of the high flexibility of the 

desiccant flow rates required in the heat and mass exchangers used in this research. The distributor 

with varied discharge-bores diameter across its axis was then tested while integrated to a plate 

covered with a textile as the exchange surface. Section 5.3 presents the integrated distributor 

evaluation. 

5.5 Evaluation of the Distributor while Integrated to the Plate Surface 

The target of this test is to emulate and to evaluate the distributor of the desiccant in a plate-type 

heat and mass exchanger. In the plate-type heat and mass exchanger, the desiccant solution is 

distributed over textile sheets attached to plates made of polymers or corrosive-resistant coated 

metals. The distributor (PMMA perforated pipe with perforation diameter of the combination of 0.5 

mm and 0.6 mm) with the highest uniform distribution was installed to distribute the solution over 

the exposed textile. 

5.5.1 Experimental Setup and Test Procedure 

In order to evaluate the distribution of the desiccant solution on the exposed surface, the plate 

surface was divided into a number of imaginary vertical sectors. Each sector had a width of 31 mm 

and 600 mm length.  The solution distributed through each vertical sector is collected in a labeled 

bottle for the analysis. For the evaluation of the distribution quality of the integrated distributor, a 

test-rig consisting of the following components was constructed: 
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• Polycarbonate plate, 60 cm×60 cm with a Tencel® sheet attached to its surface 

• Supporting apparatus for the perforated-pipe and the polycarbonate plate  

• Collecting chambers mounted beneath the polycarbonate plate 

• collecting bottles made of plastic 

• Digital scale for weighing the collected liquid desiccant  

• Fittings and bypass valves to regulate the solution flow rates 

Figure 5.15 shows the collecting plate with the internal chambers. The collection plate was 

mounted beneath the polycarbonate plate. The collecting plate was cut out a double wall plate with 

an internal chamber width of 31 mm. 

 

Figure 5.15: Liquid desiccant collection plate with internal chambers 

The total width of the collection plate is 1 m with 30 chambers. The chambers were mounted with a 

tilted angle of about 15° to facilitate the flow of the desiccant solution to the collecting bottles. 

A sheet of Tencel® textile, which showed the best absorption capacity and diffusion behavior of 

the desiccant solution in Chapter 4, was cut and attached to a polycarbonate plate (60 cm x 60 cm). 

The textile was fixed over the polycarbonate plate by using an adhesive (Devcon®). The adhesive 

was applied over the plate at five vertical sectors each with a cross section of 1cm x 60 cm. Those 

dimensions represented the real dimensions of the plate-type absorber (discussed in Chapter 6). 

Figure 5.16 shows the polycarbonate twin-wall plate with the attached textile (left), the red lines 

represent the adhesive sectors. The investigated plate with the attached Tencel® is imaginary 

divided into 19 sectors, each of approximately 30 mm. the liquid desiccant trickled down each 

sector passed through one of the collecting plate’s internal passages to the intended collecting 

bottle. Figure 5.16 (right) shows the the experimental setup of the integrated distributor, further 

photos are shown in Appendix A.6. 
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Figure 5.16: Applying the textile over the polycarbonate plate (left), the dimensions are in mm and the integrated 

distributor while assembled to the collecting chambers 

The distribution test was carried out using LiCl solution with a mass fraction of 0.35 kg/kg and a 

temperature of 25 °C. In addition, a visual inspection of the solution diffusion throughout the 

textile was performed. A violet fluorescent light was used to support the visual inspection of the 

desiccant solution diffusion, as shown in Figure 5.17. 

 

Figure 5.17: Visual inspection of LiCl distribution assisted with violet fluorescent light 

5.5.2 Analysis of the Results 

The liquid desiccant trickled down each collecting chamber and was directed to one of the bottles. 

The liquid desiccant mass was then measured with a digital balance with a division of 0.1 g. Figure 

5.18 shows the mass of the liquid desiccant solution collected from each vertical sector over the 

exchange surface. Also, Figure 5.18 shows the mean absolute deviation of the collected solution.  
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Figure 5.18: The mass of LiCl-H2O solution collected from each across-imaginary sector of the textile in addition 

to absolute mean deviation for a solution flow rate of 0.7 l/min 

The figure shows an irrational distribution profile through some of the vertical sectors. The mean 

deviation of sectors 1, 6, and 11 overstepped 100 g, an explanation for the obtained distribution 

profile can be a result of the following: 

The desiccant solution distributed over the textile surface can be highly affected with the adhesive 

sectors, this could possibly shift the solution that trickled down the plate to one of the internal 

collecting chambers more than the adjacent one. 

A further problem arises due to the internal collecting chambers width of 31 mm which is 1 mm 

more than the distance between any two adjacent discharge-bores. This caused a continuous shift of 

the collecting chambers regarding the solution distributor-pipe. It was noticed that some sectors 

were fed the desiccant solution from two discharge-bores due to the shift of the collecting 

chambers. An example of the influence of a shifted position and a multi-capture could be seen for 

sector number 11. 

Moreover, it is important to notice that the evaluation of the integrated distributor was highly 

affected with the positioning of the plate as well the distributor-pipe. An inclinometer was used to 

ensure that the plate was perfectly horizontal, but this task was not so easy for the distribution pipe. 

It was noted that the distributor-pipe vibrated up and down as a result of some fluctuations in the 

desiccant flow rate. 
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5.6 Wetting Evaluation of a Staggered Tube-Bundle Heat and Mass 

Exchanger 

A tube bundle is constructed to be used as an internally heated regenerator or as an internally 

cooled absorber. The design and construction of the tube bundle heat and mass exchanger is 

discussed in Chapter 6. 

The tube bundle consists of 22 tubes. The bending of the tube bundle is done with a hand bending 

machine.  

The liquid desiccant distributor consists of 22 parallel PMMA pipes to distribute the liquid 

desiccant over the textile attached to the copper tubes. Each PMMA pipe is perforated from both 

sides. The double-sided hole allows the simultaneous wetting of two tube rows. The diameter of the 

discharge bores was 0.5 mm and the liquid desiccant is distributed horizontally at the center of each 

copper pipe. 

5.6.1 Wetting Evaluation: Visual Inspection 

The tube bundle heat and mass exchanger was evaluated using LiCl-H2O solution with a density of 

1252 kg/m
3
 and a temperature of 24 °C. The transparency of the polycarbonate casing enhanced a 

visual inspection of the wetting of the textile attached over the tube bundles. In addition, a side of 

the regenerator is left opened and was closed during the experiments with a thin polycarbonate 

sheet and with an extruded polystyrene foam sheet. This removable side allowed the inspection of 

the desiccant flow conditions inside the regenerator. Since the wetting test is affected, to some 

extent, by the desiccant solution only, the removable side was removed during the wetting test in 

order to increase the accessibility to the tubes. Figure 5.19 shows the tube-bundle with the 

removable side. 

 

Figure 5.19: The tube bundle heat and mass exchanger with the removable insulation window 

The distribution of the LiCl-H2O solution over the textile sleeves attached over the tube bundle was 

examined for each tube individually. A florescent light was used to enhance the evaluation criteria 

and for lighting the dark depth of the unit. Although it was difficult to assess some of the deep 

tubes from the opened side, the evaluation can give a representative assessment of the wetting of 

the tubes. 
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Figure 5.20 shows a top view of the tube bundle colored with green, yellow and red. The color 

coding is given as follows: 

 Green: the textile over the tube was completely wetted with the desiccant solution 

 Yellow: the textile over the tube was wetted to some extent with the desiccant solution 

 Red: the textile over the tube was not wetted with the desiccant solution 

 Red-Yellow: between not and poorly wetted surface 

 Green-Yellow: between good and poorly wetted surface 

 

Figure 5.20: Top view of the tube bundles wetting color-coding 

The results of the wetting test are given in Table 5.2 

Table 5.2: Wetting test results for the tube-bundles HMX 

Type of wetting Number of tubes Percentage  

Good wetting 65 49.2% 

Poor wetting 14 10.6% 

No wetting 17 12.9% 

More likely poor wetting 17 12.9% 

More likely no wetting 19 14.4% 

As shown in Table 5.2, almost half of the tubes showed good wetting with the LiCl-H2O solution, 

about 27% of the tubes were completely or more likely not 

wetted, and about 23% were poorly or more likely not 

wetted with the desiccant solution. Furthermore, the wetting 

of the staggered tube bundles is obviously worse than that 

for the plate type. This could be a result of the high 

tolerances incurred from installing the perforated pipes of 

the solution distributor between the staggered tubes. Taking 

into account that the tubes were bent manually, this could 

explain the high error level in the unit. Further remarks and 

photos are shown in Appendix A.4. 

The margin of the error associated with bringing the solution distribution pipes together with the 

tube-bundle is very small. The perforations distributed along the PMMA pipe axis need to meet the 

Figure 5.21: Drilling of the PMMA 

pipes used in the tube-bundle 



62                                                                          Chapter 5: Desiccant Solution Distributors 

 

longitudinal tubes which have an outer diameter of 13.3 mm. The perforations along the PMMA 

axis were executed manually using a drill press since the distance between the perforations is not 

fixed (in contrast to the discharge bores for the plate type which were performed via a CNC 

machine). The perforations for each PMMA tube were highly dependent on the position of the 

adjacent tubes that will be supplied with the solution from the intended PMMA pipe.  

The perforations along the solution pipes were done manually using a simple drill press machine 

without cooling. This technique caused some variation in the perforation-positions along the 

PMMA solution pipes.  

In the drilling of boreholes along the solution pipe it was critical to fix the pipe while drilling. The 

solution pipe has a glazed surface that caused the pipe to rotate through the drilling process. A 

simple method was used to grip the pipe in a relatively non-damaging manner and suspend it from 

rotation and fixing it throughout the perforation. This method consisted of a U-shape profile (half 

cylindrical) made out of wood forming a near circle around the solution pipe. Figure 5.21 shows 

the manual drilling of the PMMA pipes for the tube-bundle heat and mass exchanger. 

Each pipe is perforated from two opposite sides since it supplies the solution to two of the adjacent 

tubes. The perforations for the staggered tube bundle required the rotation of the pipe with an angle 

of 180° in order to perforate the opposite side. It is highly possible that the perforation pipe axis 

was offset. This inadvertent offset could explain the poor wetting over some of the exchange 

surfaces of the tubes. 

 

 



 

 

6 CONSTRUCTION OF COMPONENTS AND SYSTEM 

DESCRIPTION 

In this chapter, the components of the current study are presented. Design approaches and 

construction methodology of plate-type and tube-bundle heat and mass exchangers are presented. 

In addition, this chapter outlines a description of the instrumentation and data acquisition systems 

for the laboratory and demonstration plant measurements.  

6.1 Plate-Type Heat and Mass Exchangers 

Two plate-type heat and mass exchangers were constructed. The first was designed to operate in a 

non-adiabatic mode while the second was operated in an adiabatic mode. The Design, the applied 

materials, and the construction of both of the prototypes were similar. The results regarding the 

applied textile as the exchange surface, discussed in Chapter 4, were used in the construction. Also, 

the results regarding liquid desiccant distribution, discussed in Chapter 5, were utilized in the 

construction of the components. 

6.1.1 Construction of the Plate-Type Heat and Mass Exchanger: Non-adiabatic 

Mode 

The first heat and mass exchanger was constructed of polycarbonate (PC) plates. It is designed to 

operate as an internally cooled absorber. In this heat and mass exchanger, the separation between 

the cooling water and the liquid desiccant solution is required. This was achieved by the use of 

commercially available double panels, called twin-wall plates. The PC extruded sheets used in the 

construction have the dimensions of 600 mm × 600 mm and a thickness of 6 mm. The heat is 

transferred through a thin wall (wall-thickness= 0.5 mm) between the water and the liquid 

desiccant. Those plates have internal square channels through which the cooling water passes. Each 

plate has 105 internal passages with a square cross section of 5 mm ×5 mm. Figure 6.1 shows an 

example of one of the PC plates implemented in the construction of the plate-type absorber.  

 

Figure 6.1: One of the polycarbonate twin-wall plates used in constructing the plate-type absorber 

The prototype consists of an upper and a lower water-feed box. Each water feed-box contains four 

equal chambers separated by baffles. The baffles are used to divide the twin-wall plate length into 

four equal segments. The water is forced to flow in a serpentine path to minimize the nozzle effect 

by filling a quarter of the internal passages instead of filling all the passages at once. Water passes 

through the internal channels of the PC twin-wall plates in a three-loop serpentine path. The water 

enters the first chamber from a primary opening in the upper wall of the chamber, and it collides 
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with a perforated spreading surface that faces the internal twin-wall passages. The spreading 

surface disrupts the downward flow of water and directs it equally to the internal channels. Figure 

6.2 shows the upper and lower water-manifolds. The clearance between the baffle edge and the 

water-header inner frame is 10 mm. The baffles 

were made of polycarbonate with a flat cut. The 

baffles were applied over two internal passages 

which represent “dead-channels” through which 

there is no water flow. Two spring-diaphragm air 

vents were located vertically at the top of the 

second and fourth water-header chambers, as 

shown in Figure 6.2. They were located at the 

center of each of the mentioned chambers to allow 

the air in the internal channels to leave the unit as 

it is gradually filled up with water. The pressure 

inside the internal water passages was monitored 

with a glycerin-filled pressure gauge and the 

maximum reading was 1.15 bars. Further figures 

are shown in Appendix A.2. 

The flow patterns in the plate-type heat and mass exchanger 

are directed in three passes for water and one pass for liquid desiccant. Figure 6.3 shows the water 

and desiccant flow pattern, the dashed lines represent the liquid desiccant, the solid lines represent 

the water flow, and n represents the number of internal passages of the twin-wall plates (25 

passages for each quarter). 

 

Figure 6.3: Water-desiccant flow pattern. In the right side, the solid lines represent the water flow pattern, the 

dashed lines represent the solution flow pattern, and (n) represent the number of internal passages within the 

twin- wall plate 

The heat transfer between the water and the liquid desiccant is in a parallel flow configuration in 

the internal passages for the first and the third water champers, and in a counter flow configuration 

in the internal passages for the second and forth water chambers. In the current heat and mass 

Figure 6.2: Water feeding-manifolds in 

the plate-type absorber 
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exchanger, the desiccant solution and the air stream were brought into contact in a cross flow 

configuration. 

The internally cooled absorber consists of 6 plates. The 

plates were installed in parallel stack. The distance 

between two adjacent plates represents the width of the air 

passage, Figure 6.4 shows the twin-wall plates installed in 

the plate-type heat exchanger. The plates were covered 

with Tencel® in order to increase the exposure time of the 

desiccant on the plates and thereby enhance the desired 

heat and mass transfer. Also, the diffusion of the desiccant 

through the textile fibers prevents the desiccant from 

reuniting to larger runnels due to its high cohesion. The 

textile thickness is 0.4 mm and it was selected based on its 

absorption capacity and diffusion behavior, Jaradat et al. 

(2008). 

The liquid desiccant is distributed through PMMA perforated pipes. Seven PMMA pipes extend 

outwardly from openings in the lower edge of one of the sides of the liquid desiccant feed box and 

were closed from the free end. The outer pipes (the 1
st
 and the 7

th
) were perforated only on the 

inner side facing the textile since they are feeding one face only, Figure 6.5 shows the perforated 

pipes and how they penetrate the twin-wall plates. The perforation diameter was set as a 

combination of 0.5 mm (for the first and the last quarters) and 0.6 mm (for the second and third 

quarters) with a distance of 30 mm between any two adjacent discharge-bores. The liquid desiccant 

distributor is discussed in Chapter 5 and the results are also presented in Jaradat et al. (2009). 

 

Figure 6.5: Liquid desiccant distribution system and the penetration of the distributor pipes between the plates 

The desiccant distribution system is mounted at the top of the heat and mass exchanger and directly 

below the upper water feeder-box. The desiccant feed-box is filled with the LiCl solution at the 

center of the upper cover of the desiccant feed-box. The desiccant solution is pumped from a 

primary desiccant tank into the desiccant distribution system and is distributed over the textile 

attached over the twin-wall plates. The liquid desiccant exchanges water vapor with air and trickles 

Figure 6.4: Front view of the twin-wall 

plates absorber 
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down until it reaches the upper surface of the water feed-box which is tilted by 5 degrees so that it 

flows into a desiccant sump and then into a secondary desiccant tank. Figure 6.6 shows the lower 

part of the plate-type absorber and the liquid desiccant sump. 

 

Figure 6.6: The lower part of the plate-type absorber and the liquid desiccant sump 

The casing of the plate-type as well the tube-bundle type heat and mass exchangers was made of 10 

to 15 mm thick polycarbonate sheets. In this study, the polycarbonate plates were joined using 

chemical binding with two methods: 

Solvent binding:  Dichloromethane was applied to the bond-area, the solvent dissolves the treated 

surface and then the parts are clamped together.  Methylene chloride solvent is not applicable to 

bond thin plates such as the twin-wall plates since the wall thickness is too thin 0.5 mm and this 

solvent is so strong that it could dissolve the wall causing leakage problems. 

Adhesive binding: The adhesive used to join the polycarbonate twin-wall plates to the 

polycarbonate spacers in the current heat and mass exchanger was ITW Devweld 530 ®. Devweld 

530 is a two-part methacrylate adhesive designed for structural bonding of thermoplastic, metal and 

composite assemblies. One of the important characteristics of Devweld 530 is that it fills gaps up to 

4 mm. The importance of gap filling lies in the nature of the polycarbonate twin-wall plates; the 

plates are not 100% flat, the surface is undulated to some extent, as shown in Figure 6.1. 

The plate absorber was insulated with 25 mm thick double layer of synthetic rubber Armaflex® 

with a thermal conductivity of λ = 0.033 W/m.K. The front side of the dehumidifier was insulated 

with removable extruded polystyrene foam sheet (λ = 0.08 W/m.K). The front insulation was 

removable, allowing for the inspection of the desiccant flow conditions and the distribution 

behavior. Figure 6.7 shows the insulated twin-wall plate absorber. 
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Figure 6.7: The twin-wall plates absorber with the removable insulation frame 

6.1.2 Construction of the Plate-Type Heat and Mass Exchanger: Adiabatic 

Mode 

The construction of the adiabatic absorber is much like the non-adiabatic-

mode absorber discussed in the previous section. In the adiabatic absorber 

only liquid desiccant and air are brought in contact. The adiabatic-absorber 

represents a plate type with a cross flow configuration between the air and 

the liquid desiccant solution. Textile sheets were attached over thin 

polycarbonate plates with a thickness of 4 mm. The absorber consisted of 

60 plates with dimensions of 840 mm × 700 mm (height × width). The 

plates were adhered to spacers that provide 61 channels for the exchange 

of water vapor between the air and the desiccant solution with a width of 

5.2 mm. The total effective area of the exchange surface is about 72 m². 

The adiabatic absorber, shown in Figure 6.8, is the core of a 

demonstration plant for drying applications which is presented in section 

6.4. 

The aqueous LiCl solution is introduced from the top of the unit through a liquid desiccant 

distributor. The distribution process of the desiccant solution is the same as for the non-adiabatic 

absorber. 62 polymethyl methacrylate (PMMA) pipes (length = 840 mm; outer diameter = 6 mm) 

were perforated over the entire length with 23 perforations on both sides with a distance of 30 mm 

between two adjacent perforations. The diameter of the discharge-bores was set according to the 

experimental evaluation discussed in Chapter 5, with 5 holes on both ends of the pipes with a 

diameter of 0.5 mm and 13 holes in the middle part of the pipe with a diameter of 0.6 mm. Further 

photos and description of the construction are shown in Appendix A.5. 

6.2 Tube Bundle-Type Heat and Mass Exchangers 

In this study, two tube-bundle heat and mass exchangers were constructed. The first is utilized for 

the laboratory measurements and the second was installed in the demonstration plant as a liquid 

desiccant regenerator. Both of the tube bundles are alike regarding the design, material selection, 

and implementation, while they differ in the surface area and the number of offsets between the 

tubes. 

Figure 6.8: Plate-type 

absorber: Adiabatic mode 
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According to the operating conditions, the components that come in contact with the salt solution 

need to resist corrosion and also have a specific range of thermal conductivities and coefficients of 

thermal expansion. Polymers such as polypropylene and polycarbonate are resistant to corrosion. 

However, the thermal expansion of polymers affects the stability of the construction. When thermal 

gradients are present this can lead to stresses in the component. 

The twin-walls plate heat and mass exchanger was tested as an internally heated regenerator. The 

plates made of polycarbonate have a coefficient of linear thermal expansion of        

         . It was noted that the plates exhibited some expansion with a heating-water temperature 

of about 60 °C. 

The tube bundle heat and mass exchangers in this study were constructed of half-hard copper tubes. 

Copper has much lower thermal expansion coefficient compared to polycarbonate. Table 6.1 shows 

the linear thermal expansion coefficient of relevant materials utilized in the construction of liquid 

desiccant regenerators. Relevant materials are only those which affect the structural integrity of the 

regenerator. The change of length for        and for a temperature difference of        . 

Table 6.1: Linear thermal expansion and change in length for Cu, PC, and PP, Bargel et al. (2008) 

Material Linear thermal expansion 

    
  ) 

change in length 

        
copper           0.102 

polycarbonate        9.000 

polypropylene         4.200 

Each copper tube is 5 m long, 12 mm outer diameter and 1 mm wall thickness. The bending of the 

tube bundle was done with hand bending machine with a bending radius of 24 mm as shown in 

Figure 6.9. In order to maintain tight tolerances, the distances between the bending radiuses before 

bending was marked using a stencil. Furthermore, to ensure that the tubes are not kinked during the 

bending process the copper tubes were filled with sand prior to the bending operation. The pressed 

sand prevents kinking of the tubes during bending. 

   

Figure 6.9: Installing the copper tube within the hand bending machine at predefined points (left) and the tube 

bundles utilized in the construction of the heat and mass exchangers (right) 

After the bending process, the copper tubes were coated with a thin powder coating, thickness of 

0.24 mm, to protect them from the corrosive medium of the LiCl solution. The powder coating 

used is a composition of polyester, polyurethane, polyester-epoxy and acrylics.  
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An experiment is carried out to determine the heat transfer coefficient of five test samples. The five 

test samples are shown in Figure 6.10 and are from left to right uncoated copper, silicon-coated 

copper, Wicoatec® coating, powder-coated copper, and a tube of polyethylene of increased 

temperature resistance and aluminum as dressing material PE-RT/AL/PE-RT. 

 

Figure 6.10: The test samples used to determine the heat transfer coefficient 

The silicon-coated copper is used in the construction of the first version of the tube-bundle HMX as 

well in the construction of water-desiccant solution heat exchangers. Further description of silicon-

coated tubes is discussed in Appendix A.3. 

Wicoatec® is a surface-coating process developed by Wieland. During this process, a very thin 

(       glass-like coat is applied onto metals based on SiO2 using a patented CVD (chemical 

vapor deposition) process, Wieland-Werke AG (2014). 

The copper test samples are 287 c m long with an inner diameter of 10 mm and a wall thickness of 

1 mm. The fifth test sample (PE-RT / AL / PE-RT) is 287 cm long and has an internal diameter of 

10 mm and a wall thickness of 2 mm. Figure 6.11 shows the test-rig implemented to evaluate the 

coated samples. It consists of an insulated water bath, which is filled with heated water from a 

controlled-temperature water tank and in which the test sample is installed. The water flows from 

the hot water reservoir through the test sample. The temperature of the water bath as well the water 

temperature at sample inlet and outlet was measured.  
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Figure 6.11: Test-rig for determining the heat transfer coefficient of the tube-samples 

The inlet temperature is set at 62 °C and the bath temperature to 35 °C. Figure 6.12 shows the 

experimental results for the investigated test samples. 

 

Figure 6.12: Overall heat transfer coefficient for the examined test-samples 

The overall heat transfer coefficient of the powder coated tube was 604.2 W/m
2
K compared to 

967.4 W/m
2
K for uncoated copper and 218.3 W/m

2
K compared to silicon coated tube. The 

Wicoatec® coated copper is expensive compared to powder coated-copper. Also, the tubes need to 

be firstly bended and soldered before coating which can destroy the Wicoatec® coating layer. For 

the mentioned reasons, the powder-coated copper tubes are selected for the construction of the 

tube-bundle heat and mass exchanger. 
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The coated tubes were subsequently covered with the cellulose fibers (Tencel ®) with a thickness 

of 0.4 mm. The outer diameter of the coated copper-tube is 13.3 mm. Figure 6.13 shows the copper 

tubes after powder coating and after being coated with the textile sleeves. 

    

 

Figure 6.13: Powder coated copper tube-bundles (upper left), covered with textile sleeves (upper right), and 

installed within the exchanger-housing (lower) 

The tube bundles were fixed in the polycarbonate-casing by using pressure-clamps as shown in 

Figure 6.13 (right). Each tube bundle was fixed at three points to the upper and lower inner parts of 

the PC casing.  

The connections of the tube bundles were located outside of the polycarbonate casing. The 

terminals were connected by fittings and elbows and were then soldered. Two prototypes were built 

as follows: 

 First tube-bundle heat and mass exchanger: Every third tube was connected in series. 

This prototype consists of 39 tubes staggered with three offsets. The tubes were soldered 

together with an offset of 20 mm. Figure 6.14 shows the first constructed tube-bundle, 

which was installed in the demonstration plant for hay-bales drying. 



72                                          Chapter 6: Construction of Components and System Description 

 

 

Figure 6.14: Staggered tube-bundles heat and mass exchanger with three offsets, every third tube is connected in 

series 

 Second tube-bundle heat and mass exchanger: Every second tube was connected in 

series. This prototype consists of 22 tubes staggered with two offsets. The tubes were 

soldered together with an offset of 20 mm. Figure 6.15 shows the second constructed tube-

bundle which was installed in the laboratory. 

 

Figure 6.15: Staggered tube-bundles heat and mass exchanger with two offsets, every second tube is connected in 

series 

The total area of the first and the second tube-bundle is 8.1 m
2
 and 4.6 m

2
, respectively. The 

effective area is defined as the exposed surface area through which the desiccant solution and air 

comes in contact. This area represents the total surface area minus the surface area of the copper 

tubes that are located above the PMMA desiccant-distributor pipes. About 40 cm of each tube –

bundle are not, to some extent, wetted with the desiccant solution. Thus, the effective surface area 
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of the first and the second tube-bundle heat and mass exchangers is equal to 7.5 m
2
 and 4.2 m

2
, 

respectively. 

The application of the liquid desiccant onto the textile was carried out by the distribution system, 

discussed in Chapter 5. It consists of PMMA pipes which were drilled on both sides. The discharge 

bores diameter was set as 0.5 mm and 0.4 mm for the first and second exchangers, respectively. 

The double-sided hole allows simultaneous wetting of two rows of tubes. Variations due to the 

manufacturing tolerance of the tube bundle were encountered. Therefore, many markers required 

rectification; this can be avoided by an improved manufacturing process of the tube bundles. 

The perforated pipes were introduced between the tube-bundles. 

It is important that the distance between the discharge-bores and 

the attached textiles is very small. Optimally, the hole is directly 

in contact with the attached textile. If the distance is too large, 

liquid desiccant droplets form and can drip into the airstream. 

The droplets can be entrained by the air flow and there is a risk of 

carryover. The unwanted large gaps caused by the manufacturing 

tolerances were reduced by wrapping textile around the intended 

discharge-bores at some positions. Figure 6.16 shows the liquid 

desiccant distribution pipes penetrating the tube bundles.  

The regenerator is insulated with Armaflex ® with a thermal conductivity (λ = 0.033 W/ m K). It 

was difficult to properly insulate the copper parts that located outside the tube-bundle casing 

because of compactness and intersection with the PMMA solution-distributor pipes, as shown in 

Figure 6.13. These parts represent a surface area of 0.27 m
2
 and 0.14 m

2
 for the first and second 

tube-bundles, respectively. Those are considered as the main cause of heat losses applied in the 

calculations of energy balance factor.  

At the entrance of the air flow a Diffuser made of polypropylene was installed. This aim was to 

distribute the air over the exchanger cross section evenly. At the outlet a collector was connected 

through which the rectangular cross-section of the exchanger is reduced to the circular air duct (250 

mm). Figure 6.17 shows the first tube-bundle heat and mass exchanger in the checkup stage. 

Further remarks on the distribution of air are shown in Appendix A.7. 

Figure 6.16: Wrapped textile around 

some discharge bores 



74                                          Chapter 6: Construction of Components and System Description 

 

 

Figure 6.17: The tube-bundle heat and mass exchanger in the preliminary-test stage 

6.3 Experimental Setup and Instrumentation 

The heat and mass exchangers were studied experimentally in the laboratory as well in a 

demonstration plant. In the following sections, the experimental setups for the measurements in the 

laboratory and in the demonstration plant are presented. 

6.3.1 Laboratory Experimental Setup  

Three handling units were installed to control the required conditions of all circulated fluids for the 

absorption and the regeneration experimental setup. The handling units emulate predefined 

boundary conditions (flow rates, temperatures, and mass fractions) in order to study the dynamic 

behavior of the sorption systems. In the following, each flow circuit is presented separately.  

6.3.1.1 Air channel ductwork system  

Figure 6.18 shows a schematic diagram of the air handling unit used to bring the ambient air to the 

desired conditions. Depending on the desired conditions, air can be cooled, heated, dehumidified 

and/or humidified through the air handling unit. The air handling unit consists of an air cooler with 

a cooling capacity of 16.8 kW, two air heaters with a total heating capacity of 38 kW, air 

humidifier steam generator with a capacity of 30 kg/h, two fans, air filters, and air dampers. After 

being treated according to the required conditions, the process air is directed to an insulated DIN 

100 circular duct. The air channel system is supplied with two air flow meters connected in series 

on the suction side. 
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Figure 6.18: Schematic diagram of the air handling unit installed for the laboratory experimental setup 

The air volume flow rate is measured using ultrasonic and ultrasonic-vortex flow meters. Firstly, 

the air flow rate was measured with an ultrasonic flow meter (Prosonic Flow B 200 from Endress + 

Hauser) with an accuracy of 1.5% of the logged signal. A Prosonic Flow inline flow meter 

measures the flow rate of the passing fluid by using sensor pairs located on opposite sides of the 

meter body. The air then passes through a second flow meter connected in series with the first. The 

second sensor is made by Hoentzsch with an accuracy of 1% of the measured value. The functional 

principle of the second flow meter is a vortex meter for measuring the flow rate and an ultrasonic 

measurement of the vortex shedding. 

In addition, relative humidity and temperature are monitored by using humidity and temperature 

sensors (Testo 6610) with an accuracy of ± 1 % of relative humidity and ± 0.3 °C for temperature 

readings. Two temperature and relative humidity sensors are applied in the middle of the round-to-

rectangle ducts (at the inlet and outlet) and they are positioned in the center of the air flow streams. 

Furthermore, two absolute pressure transmitters (pressure transmitter DS2-420) from the company 

Kalinsky Senso Elektronik are applied at the exchanger inlet and outlet. The sensors used the 

principle of piezoresistive cell transmitter and they had an uncertainty of ± 0.8 % of the measured 

value. The absolute pressure is implemented for the calculations of the air properties for the 

analysis. 

6.3.1.2 Water handling unit  

The internal heat for the regenerator and the internal heat dissipation for the absorber (in the non-

adiabatic mode) are handled by a water conditioning unit. The installed water handling unit 

consists of two quasi identical hydraulic modules, shown in Figure 6.19. The hydraulic modules are 

located in a mobile frame made of aluminum extrusions. Each hydraulic module is equipped with 

one diaphragm expansion vessel. Each hydraulic module is equipped with a proportional–integral–

derivative controller-electrical heater with a heating capacity of 18 kW. The hydraulic circuit is 

connected to the house cooling network with a minimum water temperature of about 8 °C. The 

controlled parameters, flow rate and temperature, of the heating or cooling water were continuously 

monitored using a magneto-inductive flow meter and Pt100 sensors. 
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Figure 6.19: The water handling unit with two hydraulic modules 

The water conditioning unit controlled the predefined conditions of the water stream at the 

exchanger inlet and outlet. Water flow rate was in-line monitored using a magnetic inductive flow 

meter (OPTIFLUX 1050 from Krohne) with an accuracy of 0.5% of the measured value. In 

addition, the inlet and outlet temperatures were inline monitored using Pt100 sensors with an 

uncertainty of 0.5 K. Figure 6.20 shows a schematic diagram of the water flow circuit. 

 

Figure 6.20: Schematic diagram of the water circuit flow 

6.3.1.3 Desiccant solution handling unit  

The liquid desiccant circuit is shown in Figure 6.21. The desiccant circuit consists of two desiccant 

storage tanks made of polyethylene. 
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Figure 6.21: Schematic diagram of the LiCl-solution hydraulic circuit 

The desiccant solution was drawn from the primary tank with the help of a membrane pump. A 

filter with a pore size of (300 μm) was installed in the inlet suction-line in order to prevent 

plugging of the discharge-bores in the liquid desiccant distribution system from contaminates. A 30 

m long powder coated copper coil was integrated in the primary tank. The heating or cooling-water 

stream passes through the coil in order to preheat or precool the desiccant solution to the desired 

temperature. 

The in-line measurements of the solution were for the solution inlet flow rate, the solution 

temperature. Furthermore, the solution density and the accompanied temperature were measured 

through sampling of the solution at the outlet and from the desiccant storage tank. The desiccant 

mass flow rate was monitored using a coriolis flow meter (Promass 80I08 from Endress + Hauser) 

with an accuracy of 0.15% of the measured value. The density and the temperature of the LiCl 

solution discharged from the primary tank to the heat and mass exchanger was continually 

monitored. The density transmitter used in the desiccant circuit was L-Dens 323 from the company 

Anton Paar with an accuracy of 0.001 g/cm3. It uses the oscillating U-tube principle based on an 

electronic measurement of the frequency of oscillation, from which the density value is calculated. 

The oscillating U-tube for the L-Dens 323 is made out of Hastelloy which is considered as a highly 

corrosion resistance alloy. In the first version of the liquid desiccant circuit a density transmitter L-

Dens 313 was used with an oscillating U-tube made out of stainless steel, the instrument got 

corroded and it was replaced with the L-Dens 323 density meter. For the measurements of solution 

temperatures for the energy balance calculations, Pt100 sensors with an uncertainty of ± 0.5 K were 

installed at the inlet and outlet of the exchanger. 

Figure 6.22 shows the experimental setup for the plate-type heat and mass exchanger examined for 

the adiabatic and non-adiabatic absorption experiments. 
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Cross sectional sector for the twin-wall plates functioning as an absorber 

 

Cross sectional sector for the tube-bundles functioning as a regenerator 

Figure 6.22: The experimental setup of the circulated fluids, with a cross sectional sector for the twin-wall plates 

and the tube-bundle heat and mass exchangers 

All the platinum temperature sensors used in the present research were calibrated using a constant 

temperature heated/refrigerated bath with a reference thermometer, which had an estimated 

accuracy of ± 5 x 10-3 K. 

The signals from all of instruments were sent to a data acquisition module and it its associated 20 

channel multiplexer. The data was saved to an EXCEL file with a time step of 10 seconds. Figure 

6.23 shows an overall view of the heat and mass exchanger with air, water and desiccant handling 

units.
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Figure 6.23: Overall view of the heat and mass exchanger with air, water and desiccant handling units in the 

laboratory, Institute of Thermal Engineering – University of Kassel 

6.4 Field Test Demonstration Plant  

A mobile demonstration plant was designed and constructed for drying applications and namely for 

drying hay bales. The demonstration plant was installed in an agricultural domain in 

Frankenhausen- North Hesse in Germany. The goal of this demonstration plant was to dry baled 

hay from the neighborhood. The hay was baled with a moisture content of about 35 % (wet basis). 

The moisture content needs to be reduced to about 18-12% before stored so that it can be processed 

and safely stored for increased periods of time, Román and Hensel, (2014). Field test investigations 

of a low flow liquid desiccant system for air conditioning applications with ambient air conditions 

were previously studied by Abdel-Salam et al. (2016). The paper presents a comparison of the 

transient and quasi steady state performance of liquid desiccant air conditioning. 

Hot air drying increases the temperature of the air and lowers the air relative humidity (RH) and 

thus allows the air to carry moisture from the product. Forced air ensures continuous supply of air 

to replace saturated air. Although this is adequate in relatively dry and less humid weather, such 

systems are oppressed with fundamental problems; it is not possible to reduce the actual moisture 

level (humidity ratio) in the air in humid climates. To achieve the requirements for such processes, 

a liquid desiccant dehumidification system was developed. The basic concept of this system is to 

directly reduce the moisture and warm up the air only few Kelvins above the ambient air 

temperature.  

6.4.1 Construction of the Demonstration Plant 

The demonstration plant consists of the following main components:  

 A plate type absorber with an effective area of 72 m
2
 

 A tube-bundle regenerator with an effective surface area of 7.5 m
2
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 A solar thermal collector for post heating the air leaving the absorber to the desired 

temperature, and for the regeneration of the diluted solution leaving the absorber 

 A dryer unit for one round hay-bale (container for a hay bales with ducts for the supply air) 

 Various pumps, desiccant solution tanks, heat exchangers, air blowers, air filters, and 

instrumentation. 

Figure 6.24 shows a schematic diagram of the solar driven liquid desiccant system for drying hay 

bales in the demonstration plant. In the absorber (1), the concentrated solution absorbs water from 

the ambient air and the resulting diluted solution is collected in the diluted-solution storage tank 

(2). In the dehumidification process both the air and the solution temperature increase due to the 

released latent heat of vaporization and heat of dilution. The dried and heated air passes through an 

air-water post-heater (3) and the dryer unit (4) which is loaded with a hay bale. The diluted solution 

is re-concentrated in the regenerator (5), where it is heated to increase its water vapor pressure. The 

heating water for the regeneration process is supplied from solar flat-plate collectors (6) with an 

aperture area of 127 m
2
. Another ambient air stream passes along the heated solution in the 

regenerator. There, water is desorbed from the desiccant solution into the air and the solution is 

regenerated and delivered to the concentrated-solution storage tank (7). 

 

Figure 6.24: Schematic diagram of the open-cycle liquid desiccant system for drying applications in the 

demonstration plant 

The components were installed in a 20 foot container at the Hessian State Domain Frankenhausen, 

Germany. The plate-type exchanger with an effective area of 72 m
2
 is used as an absorber 

(adiabatic mode). The hot water for the air post-heater is supplied from the solar thermal flat plate 

collectors in order to rise the air temperature leaving the absorber to a supply temperature in the 

range of 37-42 °C. The absorber outlet is connected with an insulated flexible air duct to the hay 

drying unit. Figure 6.25 shows part of the components of the liquid desiccant system installed in 

the container (left), the hay drying unit placed in front of the container (middle), and the solar 

thermal flat plate collectors installed on the roof of the premises (right). 
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Figure 6.25: View of the liquid desiccant demonstration plant: (1) plate- type absorber (2) diluted LiCl-H2O 

solution tank (3) process air post-heater, (4) hay bale loaded to the dryer unit, (5) tube-bundle regenerator, (6) 

solar thermal flat plate collectors 

The core of the demonstration plant is the absorber and regenerator. The investigations presented in 

this study are focused on the absorption process. Suitable measurements of the regeneration process 

are not available yet due to technical problems. Figure 6.26 shows the absorber circuit in the 

demonstration plant. Further figures, for the regeneration circuit in the demonstration plant, are 

shown in Appendix A.8. 

 

Figure 6.26: Schematic diagram of the absorption circuit in the demonstration plant 

6.4.2  Experimental Setup of the Demonstration Plant 

Ambient air passes a filter and it is then supplied to the absorber. The flow rate of the air is 

measured with a vortex-meter. The air relative humidity and the air temperature are monitored by 

using a humidity and temperature transmitter. Two temperature and relative humidity transmitters 

are applied at the inlet and outlet of the absorbers and they are positioned in the center of the air 

flow streams. The air humidity ratio is derived from the measured air dry-bulb temperature and 

relative humidity by applying humid air equations given by ASHRAE (1997), Handbook of 

Fundamentals. 

The liquid desiccant hydraulic circuit consists of tanks for the concentrated and diluted desiccant 

solutions with a volume of 600l, each. Filters, made of polyamide, with a pore size of 300 µm are 

installed in the tanks to get rid of possible contaminates that could clog the discharge-bores of the 

liquid desiccant distributor. The desiccant solution is pumped to the absorber with a membrane 

pump. The volumetric flow rate of the desiccant solution is monitored by a magnetic inductive 

flowmeter. The temperature of the desiccant solution entering and leaving the absorber is 
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monitored with Pt100 resistance thermometer sensors applied at the absorber inlet and outlet. The 

density of the solution and the accompanied temperature are measured by taking samples of the 

solution at the absorber inlet and outlet. The desiccant concentration is derived by the measured 

desiccant density and temperature by applying the correlations given by Conde (Conde, 2004). 

Figure 6.27 shows instrumentation of the absorber air circuit. 

 

Figure 6.27: The instrumentation of the absorption circuit in the demonstration plant 

The desiccant solution delivered to the regenerator is pre-heated with a spiral heat exchanger made 

of copper pipes (soft copper, outer diameter 12 mm and wall thickness of 1 mm) coated with 

silicon pipes (wall thickness 0.8 mm). In addition, the concentrated solution primary tank is also 

equipped with a coated copper heat exchanger to cool down the solution leaving the regenerator. In 

this study, the cooling circuit is not activated and the absorber and the regenerator are studied 

asynchronously. Figure 6.28 shows the experimental setup and the instrumentation of the hydraulic 

circuits of the demonstration plant. 

 

Figure 6.28: The desiccant solution, cooling and heating water circuits in the demonstration plant 



 

 

7 EXPERIMENTAL RESULTS AND DISCUSSION 

The goal of this part of the research is to evaluate the performance of the absorbers and the 

regenerators, discussed in Chapter 6, under several operating conditions. In this chapter, the test 

matrices for the absorption and regeneration experiments are presented under laboratory as well 

ambient air conditions in the demonstration plant. Also, the effect of the inlet parameters conditions 

on the components performance is presented and analyzed. In addition, this chapter presents a 

comparison of the experimental results with results of a finite difference model for the plate-type 

heat and mass exchangers. The finite difference model is developed by Mützel (2009). 

In this study, 35 experiments were carried out for adiabatic dehumidification process under 

different operation conditions in the laboratory and in the demonstration plant. An additional 17 

experiments were conducted for an internally cooled dehumidification process for air conditioning 

applications. Furthermore, 16 experiments were conducted in the laboratory for internally heated 

regeneration process.  

7.1 Experimental Procedures 

The absorption and regeneration tests were conducted using the same procedure. The conditions at 

the tested heat and mass exchanger were set according to the required conditions. The experimental 

runtime ranges between 60 to 90 minutes depending on the inlet conditions of the circulated fluids, 

particularly for the desiccant solution inlet flow rate. The experiments were terminated as the outlet 

parameters conditions of the desiccant solution and air reach steady state values. The following test 

procedures were followed for testing the heat and mass exchangers: 

1. The primary desiccant solution tank is charged with the LiCl-H2O solution that is already 

prepared in another tank by using a mixer to bring the LiCl solution to the required mass 

fraction. Samples are taken and analyzed using the density transmitter in order to check the 

solution mass fraction.  

2. The desiccant solution filters inserted in the primary suction tanks are flushed before 

starting each experimental run. It was noticed that if the filter is not previously cleaned a 

severe reduction in the solution flow rate is observed. Figure A.27 in Appendix A.8 shows 

a blocked desiccant filter in one of the performed experiments. 

3. The desiccant solution temperature is set to the required value by allowing the heating or 

cooling water to pass through the heat exchanger coil which is immersed in the solution 

tank, Figure A.26 in Appendix A.8 shows the liquid desiccant heat exchangers. 

4. The desiccant solution pump at the inlet is turned on and the required desiccant flow rate is 

adjusted by regulating the bypass and the gradual flow control valves. In the performed 

experiments, it was not an easy task to adjust the desiccant flow rate since the adjustment 

of the flow valves is done manually. It was also noticed that the solution flow rate that is 

set before starting each experiment decreases during the experiment runtime. Readjustment 

of the desiccant solution flow rate was necessary during the experiment runtime. The 

removable insulation front frame is removed to check the distribution of the desiccant 

solution over the textile and then it is reinstalled back. 
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5. The air handling unit is set with the required air inlet conditions; volumetric flow rate, 

temperature and humidity. The controlled variables are monitored until the air temperature 

and humidity values at the heat and mass exchanger inlet and outlet are quasi equal. Since 

once the attached textiles on the exchanger surface get wetted with the desiccant solution it 

will keep so (Lowenstein et al. 2008), this process took about two hours until the required 

set-values are achieved. 

6. In case of internally cooled absorber or internally heated regenerator, the water handling 

unit is set to the required control variables of flow rate and temperature.  

7. After ascertaining the adjustment of air and water controlled variables, the desiccant pump 

that is already adjusted for the required flow rate is turned on.  

7.2 Measurement Modes  

The plate type and the tube-bundle heat and mass exchangers are tested as an absorber and 

regenerator and they are tested in the following modes:  

1. Adiabatic absorber: with two fluids; concentrated LiCl-H2O solution and air. The air is 

heated up as a result of the released heat of water vapor absorbed by the desiccant solution. 

The aim of the performed experiments is to examine the absorber at different air conditions 

that emulate several weather conditions of the demonstration plant. Another goal of the 

experiment is to split the latent air conditioning load from the sensible one. The latent load 

is handled by using the liquid desiccant absorber, where, the sensible load can be handled 

using the approach of integrating desiccant systems with conventional vapor compression 

systems. It can also be directly or indirectly evaporative cooled, but those concepts are 

beyond the scope of the current research. 

2. Internally-cooled absorber: with three fluids; concentrated LiCl-H2O solution, cooling 

water, and air. In this system, the supply air is simultaneously dehumidified and cooled 

directly from the initial to the final states. Several experimental sets were conducted with 

quasi isothermal conditions through the dehumidifier according to the test conditions set by 

the American Refrigerant Institute (ARI) Standard 940, Keßling (1998). Furthermore, 

experiments were conducted to compare the experimental results by some published 

experimental data performed by Keßling et al. (1998) and Lowenstein (2006). 

3. Internally-heated regenerator with three fluids; diluted LiCl-H2O solution, heating water, 

and air. The liquid desiccant regeneration experiments were conducted at several heating 

water temperatures starting with 55 °C up to 90 °C. This is the range of temperatures that 

can be achieved from the solar flat plate collectors in the demonstration plant.  

4. For the case of the field measurements, the system used liquid desiccant to dehumidify air 

and slightly heated to dry hay bales. As a consequence of inherently varied inlet air 

parameters, the controlled parameters of the circulated fluids were mainly for the desiccant 

solution parameters. The system operated with ambient air in the absorber with a constant 

air flow rate in the range of 1000 m
3
/h. Various tests were carried out to determine the 

optimum operating range for the air dehumidification by varying the air to desiccant 

solution mass ratio i.e. varying the solution flow rate. In addition, some experiments were 

performed by varying the desiccant solution inlet mass fraction. 

As a result of undefined supply air flow for the regeneration process, the regeneration experiments 

in the demonstration plant were excluded in this study. It was noticed that there was a mixing in the 
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heat recovery process between the supply and exhaust air streams. Further explanation is shown in 

Appendix A.8. 

Data was stored from all sensors and downloaded from the data acquisition system to a PC. To 

determine the concentration of the desiccant, samples were taken and analyzed using L-DENS 

Anton Paar density meter. The samples of desiccant were taken using a narrow mouth wash bottle 

from the absorber and regenerator inlet and outlet. Desiccant solution was injected into the L-Den 

323 and the solution density and temperature were recorded manually. The procedure for the 

analysis of the collected data is listed in Appendix D1. 

7.3 Laboratory Measurements: Test Matrices and Results 

The plate and tube-bundle heat and mass exchangers were tested in the laboratory at different 

operating conditions as an absorber and regenerator. The following subsections summarize the inlet 

conditions of the circulated fluids. 

7.3.1 Adiabatic Absorption Mode: Twin-Wall Plate Heat and Mass Exchanger  

The 6-plate heat and mass exchanger with an overall exchange surface of 4.2 m
2
 was tested in an 

adiabatic dehumidification mode. In an adiabatic mode, cooling water is not used to get rid of the 

heat of sorption, instead of that the process air is heated up. In total, 12 experiments were carried 

out with the inlet parameter ranges as shown in Table 7.1. 

Table 7.1: Test sequences carried out in the twin-wall plate HMX in an adiabatic mode 

  ̇  

     

 ̇    

     

   
°C 

   

     

     
°C 

     
      

TS1 356 14.1..56.3 24.6  14.4 27.5 0.435 

TS2 353 14.2  24.5..30.1 14.7  27.5 0.435 

TS3 357  44.0  25.3 13.6..20.2 27.5 0.435 

Three test sequences were carried out by varying one of the inlet parameters, denoted by the gray 

shaded cells in Table 7.1. In the test sequences (TS) 1 to 3 the solution inlet mass flow rate ( ̇      ), 

the air inlet temperature (    ), and the air inlet humidity ratio (    ) were varied, respectively, 

while the remaining inlet parameters were maintained fixed. 

Three inlet parameters of the air and the desiccant solution were chosen as controlled variables that 

influence the dehumidifier performance. Those include desiccant flow rate, air inlet temperature, 

and humidity ratio. The effect of each parameter is analyzed separately for clarity as follows. 

7.3.1.1 Desiccant Solution Flow Rate 

In the first experimental set, the effect of the desiccant flow rate is investigated regarding the 

moisture removal rate, change in solution mass fraction, dehumidifier effectiveness, and the energy 

storage capacity. In this set, the air mass flow rate and inlet temperature were held constant at about 

360 kg/h and 24.6 °C, respectively. The desiccant solution flow rate was varied to four values; 
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14.1, 29.5, 42.1, and 56.3 kg/h. Table 7.2 shows the inlet parameters for the desiccant solution as a 

controlled variable. 

Table 7.2: Inlet parameters for the desiccant solution as a controlled variable: Twin-wall plates 

  ̇  

     

 ̇    

     

   
°C 

   

     

     
°C 

     
      

   
G/L 

I 359.4 14.1 24.5 14.1 28.0 0.439 26 

II 358.5 29.5 24.7 14.0 27.8 0.440 12 

III 357.1 42.1 24.6 13.9 27.8 0.438 9 

IV 359.3 56.3 24.5 14.3 27.0 0.439 6 

In the performed experiments, the air to solution mass flow ratio,    
 ̇ 

 ̇   
, is varied between    = 

25.5 and 6.4. The results of the desiccant solution as a controlled variable are listed in Table 7.3. 

Table 7.3: Experimental results of the twin-wall Plate’s absorber in an adiabatic mode: desiccant solution mass 

flow rate as a controlled variable 

Run      
K 

   
g/kg 

      
K 

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

 ̇      

kg/h 

    
% 

    
% 

        
MJ/m

3
 

I 7.0 2.0 12.0 0.030 0.72 1.05 1.19 39.5 11.4 0.19 217.4 

II 7.0 2.7 10.3 0.019 0.93 1.30 1.33 29.8 2.4 0.25 133.2 

III 6.1 2.8 8.5 0.012 0.98 1.19 1.40 30.5 3.7 0.26 87.4 

IV 8.0 3.5 7.5 0.014 1.25 1.82 1.58 21.2 15.0 0.31 99.2 

The optimization potential (mean absolute percentage errors) M, Equation 7.1, between the 

measured and the numerical results is listed in Table 7.3.  

  |
 ̇       ̇     

 ̇     
|               7.1 

As shown in Table 7.3, the air temperature increases through the absorption process in the range of 

6 to 8 K as the heat of sorption is released when water vapor is absorbed by the desiccant solution. 

The increase in the air temperature is accompanied with a reduction in the air humidity ratio in the 

range of 2 to 3.5 g/kg.  

In the Figures 7.1 to 7.4, moisture removal rate, concentration spread, energy storage capacity, 

dehumidification load, and the absorber effectiveness are plotted as a function of the desiccant 

solution flow rate. 
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Figure 7.1: :Rate of moisture removal rate as a function 

of solution mass flow rate 

 

Figure 7.2: Change in solution mass fraction and 

storage capacity as a function of solution mass flow rate 

 

Figure 7.3:Dehumidification load and effectiveness as a 

function of solution mass flow 

 

Figure 7.4:Change in solution temperature as a 

function of solution mass flow 

The effect of desiccant solution flow rate on the moisture removal rate, considered from the air and 

desiccant solution sides as well from the numerical model, is shown in Figure 7.1. 

The moisture removal rate increases considerably by increasing the desiccant flow rate, as shown 

in Figure 7.1. This trend is expected, because by increasing the solution flow rate, both of the 

solution concentration and temperature are less likely to go up and thus keeping the desiccant 

solution at low vapor pressure, as shown in Figures 7.2 and 7.4, respectively. Furthermore, 

increasing the desiccant flow rate will increase the surface area of desiccant exposed to the air by 

enhancing the wetting of the attached textiles. The air to solution mass-ratios are chosen to be at an 

operational range that suits the liquid desiccant distributor that is discussed in Chapter 5. 

The concentration of the desiccant solution at the absorber outlet is increased by only about 1.3% 

for high flow rates of the desiccant solution. In comparison, the concentration is increased by about 

3% for low flow rates of the solution, as shown in Figure 7.2. The performance of the absorber 

regarding the energy storage capacity (  ) is proportional to the concentration spread. Liquid 

desiccant systems are very effective for storing energy for air dehumidification demands. It was 

verified by previous research that high air to solution mass ratios lead to sufficient energy storage 

in the liquid desiccant, Keßling et al. (1998). A crucial evaluation regarding the energy storage in 

liquid desiccant systems is the volumetric energy storage capacity. The volumetric energy storage 

capacity is characterized by the stored energy per volume of the stored liquid desiccant. The higher 



88                                                                  Chapter 7: Experimental Results and Discussion 

 

the volumetric energy storage capacity the smaller the storage tank is. High flow liquid desiccant 

dilutes the concentrated LiCl-H2O solution less than that for low flow resulting in lower storage 

capacity as shown in Figure 7.2. The storage capacity is decreased from 217 to 88 MJ/m
3
 by 

increasing the desiccant solution flow rate by factor of four. 

Moreover, the absorber effectiveness increases by increasing desiccant flow rate as a result of 

decreased outlet air humidity ratio. This led to an increase in the difference in the actual 

dehumidification, while the maximum possible difference remains unchanged. 

One important remark is that low flow liquid desiccant systems are highly affected by the enthalpy 

of condensation as well the enthalpy of dilution. Those enthalpies increase the desiccant solution 

outlet temperature and they are inversely proportional to flow rate as shown in Figure 7.4. The 

increment in the solution temperature causes the desiccant solution to reach the equilibrium point 

with the water vapor within the air stream, minimizing the decrease in the solution mass fraction. 

As a result, the storage capacity will be decreased even for low flow rate if the dehumidification 

process is not simultaneously cooled. To examine the effect of applying internal cooling through 

the dehumidification process, two experiments are analyzed in adiabatic and non-adiabatic modes 

for the same inlet operating conditions. Applying internal cooling, with relatively high inlet cooling 

water temperature, doubles the moisture removal rate compared to the adiabatic dehumidification 

process. However, applying internal cooling in the low flow dehumidification process could be 

more efficient for drying applications, taking into account the most influential factor in the drying 

process, the air humidity ratio or temperature.  

In Table 7.3, it is clear that     is significantly lower than    . The average mean absolute 

percentage error by referring to the moisture removal rate calculated from the air side     

       compared to           for the moisture removal rate calculated by referring to the 

solution side. For those experiments high fluctuation in the air volume flow rate is observed. This 

could clarify the small difference between the numerical results and the results obtained by 

referring to the solution (SS). 

The mass balance factor of the transferred water vapor between the air and the desiccant solution 

streams, 
 ̇    

 ̇    
, is in the range of 0.7 and the energy balance factor is in the range of 0.5. In the 

performed experiments, high fluctuation in the air flow rate is observed. Also, a doubt of an air 

leakage can explain the masse and energy balance results. In the performed experiments, for the 

twin-wall plate absorber, the air ductwork is connected to the building central air ductwork and it 

was observed that it is highly affected by the laboratories that sharing the same ductwork. 

7.3.1.2 Air inlet temperature  

In the second test sequence, the effect of air inlet temperature is studied regarding the moisture 

removal rate, change in solution mass fraction, dehumidifier effectiveness, and the energy storage 

capacity. In this set, the air inlet temperature is varied to four points; 24.5, 26.4, 28.2, and 30.1 °C 

whereas the air to solution mass ratio and the air inlet humidity ratio are held constant at about 25 

kg/kg and 14.8 g/kg, respectively. Table 7.4 shows the inlet parameters with the air inlet 

temperature as a controlled variable. 
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Table 7.4: Inlet parameters with the air inlet temperature as a controlled variable: Twin-wall plates 

  ̇  

     

 ̇    

     

   
°C 

   

     

     
°C 

     
      

   
G/L 

I 352.0 14.1 24.5 14.9 28.0 0.439 25 

II 349.8 13.8 26.4 14.9 27.4 0.440 25 

III 345.5 14.3 28.2 14.8 27.7 0.439 24 

IV 345.6 14.5 30.1 14.7 28.1 0.438 24 

The results of the air inlet temperature as a controlled variable are listed in Table 7.5. 

Table 7.5: Experimental results of the 6-plates absorber in an adiabatic mode: air inlet temperature as a 

controlled variable 

Run      
K 

   
g/kg 

      
K 

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

 ̇      

kg/h 

    
% 

    
% 

        
MJ/m

3
 

I 7.0 2.9 12.1 0.030 1.01 1.03 1.24 18.5 16.7 0.25 214.2 

II 5.9 2.6 12.8 0.033 0.91 1.11 1.18 22.7 5.5 0.23 232.9 

III 4.9 2.5 12.9 0.029 0.87 1.03 1.10 21.3 6.3 0.22 210.5 

IV 3.7 2.5 12.3 0.028 0.85 0.98 1.03 17.0 4.8 0.22 197.6 

As shown in Table 7.5, the air temperature increased through the absorption process in the range of 

3.7 to 7 K. The decrease in the air humidity ratio is in the range of 2.5 to 2.9 g/kg with a higher 

reduction for the lower air inlet temperature. However, the variation between the maximum and the 

minimum change in the air humidity ratio is only about 14%. The effect of air inlet temperature on 

the absorber performance is shown in Figure 7.5 and Figure 7.6. 

 

Figure 7.5: Rate of moisture removal rate as a function 

of air inlet temperature 

 

Figure 7.6: Change in solution mass fraction and storage 

capacity as a function of air inlet temperature 

The rate of moisture removal, the concentration spread and the energy storage capacity are 

illustrated in Figure 7.5 and Figure 7.6. As shown, they are influenced slightly, in the direction of 

reduction, by raising the air inlet temperature, for the giving operating conditions. Increasing the air 

inlet temperature will elevate the desiccant solution temperature by means of sensible heat transfer 

from the air stream to the solution, whereby it could alter the moisture removal rate and the 

concentration spread. However, this is significantly affected by the solution flow rate. The water 

mass balance between the air and the desiccant solution streams, shown in Figure 7.5, is in the 

range of 0.82 to 0.98 and within the uncertainty error bars. Furthermore, the volumetric storage 
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capacity in the desiccant solution is almost unchanged with an average value of 214 MJ/m
3
. The 

energy balance factor is in the range of 0.62, for the performed experiments, the air diffuser is not 

perfectly insulated. 

7.3.1.3 Air inlet humidity ratio  

Table 7.6 shows the inlet parameters with the air inlet humidity ratio as a controlled variable. 

Table 7.6: Inlet parameters with the air inlet humidity ratio as a controlled variable: Twin-wall plates 

  ̇  

     

 ̇    

     

   
°C 

   

     

     
°C 

     
      

   
G/L 

I 352.5 43.4 25.5 13.9 28.1 0.435 8 

II 350.5 44.2 25 16.6 28.3 0.433 8 

III 351.4 44.7 25.2 18.6 27.0 0.433 8 

IV 351.4 42.5 25.4 20.2 27.6 0.439 8 

The effect of air humidity ratio on the moisture removal rate and the dehumidifier effectiveness is 

listed in Table 7.7. The air inlet humidity ratio is the controlled variable at four values; 13.9, 16.6, 

18.6, and 20.2 g/kg. For the test sequence, the air to solution mass ratio and the air inlet 

temperature are kept constant at about 8 kg/kg and 25°C, respectively. 

Table 7.7: Experimental results of the 6-plates absorber in an adiabatic mode: air inlet humidity ratio as a 

controlled variable 

Run      
K 

   
g/kg 

      
K 

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

 ̇      

kg/h 

    
% 

    
% 

        
MJ/m

3
 

I 5.5 1.5 11.1 0.008 0.54 0.82 1.37 60.4 40.5 0.29 59.4 

II 6.1 3.9 11.8 0.012 1.36 1.26 1.63 16.9 31.3 0.30 90.2 

III 6.1 4.7 11.7 0.015 1.67 1.60 1.83 9.1 20.8 0.31 112.5 

IV 6.6 4.7 11.8 0.015 1.65 1.50 1.97 16.2 30.5 0.28 111.6 

The change in the air as well the solution temperature is almost equal for all of the experiments. 

The influence of air inlet humidity ratio on the dehumidifier performance is shown in Figure 7.7 

and Figure 7.8.  

 

Figure 7.7: Rate of moisture removal rate as a function 

of air inlet humidity ratio 

 

Figure 7.8: Change in solution mass fraction and storage 

capacity as a function of air inlet humidity ratio 

The moisture removal rate, concentration spread of the desiccant, and the energy storage capacity 

are increased by increasing the air inlet humidity ratio, whereas the dehumidifier effectiveness is 
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almost unchanged. The effect on the moisture removal rate is caused by the increased water vapor 

pressure difference between the air and the desiccant with increasing air inlet humidity ratio. The 

effect on the dehumidifier effectiveness is almost unchanged because both the actual humidity ratio 

difference and the difference under ideal conditions is increase by approximately the same degree 

by increasing the air inlet humidity ratio. The absorbed water vapor calculated by referring to the 

solution side is higher than those calculated by referring to the air side except for the first 

experiment. The experimental results of the absorbed-water according to the change in the 

humidity ratio and the desiccant concentration fall within the uncertainty error bars; except for the 

first run. 

7.3.2 Internally-Cooled Absorber 

7.3.2.1 Twin-wall plate HMX 

The 6-plate twin wall absorber was tested in an internally-cooled mode by passing the cooling 

water through the internal channels of the twin wall plates. Two test sequences with 7 experiments 

were performed. The parameters that are considered in this work include the desiccant flow rate 

and the cooling water flow rate. The inlet parameters for the circulated fluids are listed in Table 

7.8. 

Table 7.8: Inlet parameters for the experiments performed in the twin-wall plate HMX in the internally-cooled 

mode 

  ̇  

     

 ̇    

     

 ̇   

     

   
°C 

   

     

     
°C 

     
      

    
°C 

I 348.0 15.5 175.8 28 14.9 27.4 0.440 18.2 

II 351.8 15.5 242.3 27 15.5 28.7 0.441 18.2 

III 349.1 13.8 357.0 28.1 14.5 27.6 0.440 18.2 

IV 340.6 15.3 791.8 27.9 14.7 27.3 0.433 18.1 

V 343.9 31.0 76.0 26.3 13.7 25.7 0.431 19.3 

VI 354.5 17.9 72.9 24.5 13.3 27.7 0.437 20.5 

VII 358.6 8.8 151.4 25.1 12.0 24.6 0.432 18.1 

In all experiments, the air mass flow rate is kept constant at about  ̇           with some 

deviation between the experimental runs in each test sequence. The solution mass flow rate is kept 

constant in the first test sequence at  ̇            and is varied between  ̇     
  

 
    

  

 
 in 

the second test sequence. The air inlet conditions are chosen to fulfill one of the test conditions set 

by American Refrigerant Institute (ARI) Standard 940, Keßling (1998). Those conditions are a dry 

bulb air temperature of 26.7 °C and a humidity ratio of 11 g/kg for indoor conditions. In the 

conducted experiments, the air inlet temperature is kept quasi constant for each experimental set 

with values ranging between 25 °C to 28 °C. In addition, the air inlet humidity ratio is kept 

constant for each experimental set, 14.9 g/kg for the first test sequence, and 13 g/kg for the second 

test sequence. The cooling water temperature is kept also constant at 18.1 °C and 19.3°C for the 

first and the second test sequences, respectively.  
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The effect of air to cooling-water and air to solution mass ratio is studied in two test sequences. In 

the first test sequence, the air to cooling-water mass ratio is varied in the range of 2.0 to 0.5 kg/kg 

with a decrement of 0.5. In the second test sequence, the air to solution mass ratio is varied in the 

range of 10 to 40 kg/kg. Table 7.9 shows the experimental results for the internally-cooled 

experiments that took place in the twin-wall plate absorber.  

Table 7.9: The experimental results of the experiments through the internally cooled twin-wall plate HMX 

Run     
°C 

   
g/kg 

   
kg/kg 

 ̇     

kg/h 

 ̇      
kg/h 

 ̇     

kg/h 

           
MJ/m

3
 

  ̇  
kW 

   
G/L 

   
G/CW 

I 26.4 11.2 0.038 1.29 1.46 2.22 0.88 0.28 269.8 0.91 22 2.0 

II 25.8 10.9 0.045 1.64 1.78 2.39 0.92 0.33 321.7 1.16 23 1.5 

III 24.1 9.5 0.051 1.75 1.82 2.22 0.96 0.39 361.8 1.25 25 1.0 

IV 23.3 9.3 0.051 1.85 2.02 2.28 0.91 0.42 362.2 1.32 22 0.4 

V 26.1 9.8 0.021 1.34 1.56 1.86 0.86 0.33 150.3 0.95 11 4.6 

VI 25.3 9.8 0.030 1.24 1.34 1.73 0.93 0.31 218.4 0.88 20 4.9 

VII 23.8 8.8 0.054 1.14 1.24 1.62 0.92 0.31 383.8 0.81 41 2.4 

The supply air outlet conditions, temperature and humidity ratio, fall inside the comfort zone. 

Increasing the cooling water flow rate has a positive impact on water transfer rates between the 

desiccant and the air streams. The Figures 7.9 to 7.12 show the effect of the controlled variables on 

the absorber performance. 

 

Figure 7.9: Rate of moisture removal rate as a function 

of cooling water flow rate 

 

Figure 7.10: Change in solution mass fraction and 

storage capacity as a function of cooling water flow rate 
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Figure 7.11: Rate of moisture removal rate as a function 

of desiccant flow rate 

 

Figure 7.12: Change in solution mass fraction and storage 

capacity as a function of desiccant flow rate 

The moisture removal rate and the absorber effectiveness increase by increasing the cooling water 

flow rate, the increase is not proportional to the cooling water flow rate. As shown in Figure 7.10, 

the water flow rate in the fourth experiment is more than the double of the third experiment; 

however, the increment in the moisture removal rate is only 5.4 %. The deviation in water transfer 

between the air and the solution streams    is in the range between 0.88 and 0.96 and within the 

uncertainty error bars of ±20 and in a good agreement. 

For the first test sequence, the concentration spread, ∆ξ, varies between 0.038 and 0.051 and is 

proportional to the cooling water flow rate. And it varies between 0.021 and 0.054 and is inversely 

proportional to the desiccant mass flow rate in the second test sequence. 

The optimization potential regarding the moisture removal rate, calculated from the solution side, 

was in the range of 22 %-points compared to the finite difference model results.  

7.3.2.2 Tube-bundle HMX 

For the tube-bundle as an absorber, two test sequences were carried out to compare the 

experimental results with published experimental results. The lack of experimental results for low 

flow internally-cooled liquid desiccant systems was the reason for the selection of the relevant 

experiments. The experiments took place in a quasi-isothermal process. The first test sequence was 

performed by referring to Keßling et al. (1998). The second test sequence is performed by referring 

to Lowenstein et al. (2006). Keßling et al. studied a plate absorber with an effective surface area of 

42 m
2
 in which the air the LiCl-H2O solution were in counter flow configuration, further 

description of their experimental results are presented in Chapter 2. Lowenstein studied a plate 

absorber with an area of 27 m
2
 in which the air and the LiCl-H2O solution were in cross flow 

configuration. 

In the carried out experiments in this study, the air mass flow rate is set to 400 kg/h which is the 

optimum flow rate for the tube bundle HMX. Cooling-water to air mass ratio,     , is set to 

nearly 1kg/kg which is one third the ratio used by Keßling. This is a result of the more efficient 

heat exchanging of the coated copper tube bundle, used here, compared to polypropylene plates 

used by Keßling. 
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Table 7.10 shows the inlet conditions for the experimental setup of the performed experiments. The 

experiments I to V were carried out by referring to Keßling with the solution mass flow rate as a 

controlled variable. The experiments VI to IX were carried out by referring to Lowenstein with the 

air inlet humidity ratio as a controlled variable. 

Table 7.10: Inlet parameters for the experiments performed in the internally-cooled tube bundle absorber 

  ̇  

     

 ̇    

     

 ̇   

     

   
°C 

   

     

     
°C 

     
      

    
°C 

I 398.9 14.4 503.2 24.7 13.7 23.6 0.400 24.0 

II 398.0 20.9 502.3 24.1 13.9 23.7 0.400 24.1 

III 400.4 27.2 503.3 25.6 14.1 23.0 0.393 24.3 

IV 402.3 41.3 502.6 24.1 14.2 23.4 0.396 24.1 

V 400.5 78.6 503.6 25.5 14.0 23.5 0.400 24.1 

VI 397.3 27.0 505.1 29.7 13.8 25.7 0.400 26.2 

VII 400.0 24.6 505.4 30.5 15.2 25.6 0.400 26.2 

VIII 400.4 27.0 505.5 26.8 17.5 26.0 0.400 26.2 

IX 395.0 26.3 504.3 27.7 20.5 25.7 0.400 26.0 

In the first test sequence, by referring to Keßling, the solution mass flow rate,  ̇   , was varied 

between 14 to 79 kg/h. The cooling-water mass flow rate was set to about 500 kg/h. the air inlet 

temperature and humidity ratio were set to 24.5 °C and 14 g/kg, respectively. The solution mass 

fraction was set to 0.4 kg/kg. In the second test sequence, by referring to Lowenstein, the solution 

mass flow rate,  ̇   , was set to about 26 kg/h. The cooling-water mass flow rate was set to about 

500 kg/h. the air inlet temperature was set to about 30 °C. The air inlet humidity ratio was varied 

between 14 and 20.5 g/kg. The solution mass fraction was set to 0.4 kg/kg. Table 7.11 represents 

the experimental results of the internally cooled tube-bundle HMX. 

Table 7.11: Experimental results of the conducted experiments through the internally cooled tube-bundle 

absorber by referring to Keßling et al. (1998) and to Lowenstein et al. (2006) 

Run     
°C 

   
g/kg 

      
K 

     
K 

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

           
MJ/m

3
 

  ̇  
kW 

   
G/L 

I 24.7 11.3 4.3 0.8 0.022 0.95 0.83 1.15 0.24 168.9 0.67 28 

II 24.6 11.1 4.3 0.9 0.017 1.11 0.93 1.20 0.28 131.8 0.79 19 

III 25.3 10.9 4.7 1.4 0.016 1.29 1.16 1.12 0.31 125.6 0.91 15 

IV 24.6 10.9 3.4 1.0 0.012 1.34 1.25 1.08 0.32 90.9 0.95 10 

V 25.1 9.9 2.9 1.1 0.006 1.65 1.29 1.28 0.40 50.2 1.17 5 

VI 27.9 11.2 3.9 1.0 0.013 1.10 0.90 1.14 0.27 103.8 0.71 15 

VII 28.3 12.2 4.6 1.3 0.017 1.20 1.10 1.11 0.27 131.1 0.81 16 

VIII 27.2 13.9 4.8 1.2 0.019 1.40 1.30 1.10 0.27 143.3 0.98 15 

IX 28.3 16.6 4.8 2.3 0.020 1.50 1.40 1.12 0.23 151.8 1.03 15 

The results of the internally cooled dehumidification show a consistent reduction in the humidity 

ratio. In the experimental runs the change in the relative humidity ranges between 12 to 18 % 

points. The change in the humidity ratio ranges between 2.4 to 4.1 g/kg. An illustration of the air 

properties is illustrated on the psychrometric chart for the experiments 1-5 as shown in Figure 7.13. 
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Figure 7.13: Representation of the experimental runs on the psychrometric chart 

The outdoor air,  , enters the internally-cooled dehumidifier at 24.8°C and 14.0 g/kg, which 

represent the average inlet temperature and humidity ratio for the experiments 1to5, respectively. 

Figure 7.13 shows the corresponding supply air conditions in the psychrometric chart for the 

experiments 1 to 5. The supply air conditions for all experiments lie within the thermal comfort 

zone, specified by ANSI/ASHRAE Standard 55-199. The points 1 to 5 represent the performed 

experiments in the order of increased solution flow rate. Furthermore, Figure 7.13 shows the 

internally cooled dehumidification process (   ) for the 5th experiment compared to a 

conventional vapor compression process with an apparatus dew point temperature (ADP) of 12 °C 

(      ). For the considered outlet air conditions, a cooling coil surface temperature of 12 °C, 

a bypass factor (BPF) of 0.2, and without recirculation air, the total required load obtained is 3.6 

kW. Applying the internally-cooled liquid desiccant absorber the required cooling load obtained is 

about 1.3 kW. The cooling load is calculated by applying the Equations 7.2 to 7.6, Wang, Shan K. 

(2000): 

                    7.2 

    
       

      
           7.3 

The cooling coil load is calculated as 

     ̇                    7.4 

The heating coil load is calculated as  

     ̇                   7.5 

For the dehumidification and cooling using the liquid desiccant absorber, the required load is 

calculated as 

      ̇                  7.6 
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However, an additional load is required for the regeneration of the diluted liquid desiccant solution 

that can be regenerated by solar heat or by the condenser-heat in a hybrid desiccant-air 

conditioning system. 

The effect of desiccant solution flow rate on the tube-bundle performance  

In Figure 7.14 and Figure 7.15, the effect of desiccant flow rate is investigated regarding the 

moisture removal rate, dehumidifier effectiveness, and the rate of latent enthalpy.  

 

Figure 7.14: Rate of moisture removal rate as a 

function of desiccant flow rate 

 

Figure 7.15: Change in solution mass fraction and 

storage capacity as a function of desiccant flow rate 

The effect of the flow rate of the desiccant solution on the moisture removal rate is represented 

under five different flow rates. The flow rate of the desiccant solution has very important influence 

to the absorber efficiency and the outlet concentration of the solution. The moisture removal rate, 

the rate of latent enthalpy removal as well as the absorber effectiveness increase considerably by 

increasing the desiccant flow rate. Where, the concentration spread and thus the storage capacity 

are small for high desiccant flow rate. The explanation of these results would be the same as 

presented in the previous section. The variation in the moisture removal rate calculated by referring 

to the air and solution side is within the uncertainty error bars, except for the fifth experiment.  

The effect of air inlet humidity ratio on the tube-bundle performance  

Four experiments are performed by varying the air inlet humidity ratio in reference to Lowenstein 

et al (2006). The experiments took place in a quasi-isothermal process.  

The internally cooled absorber with a relatively high-cooling water inlet temperature            

is not sufficient to bring the supply air into the thermal summer comfort zone. The air outlet 

humidity ratio is higher than 13.4 g/kg for the third and the forth experiments. The water to air 

mass ratio is in the range of 1.2 kg/kg and it is insufficient to get rid of the heat of sorption. Figures 

7.16 and 7.17 illustrate the moisture removal rate, the change in the solution mass fraction, and the 

absorber effectiveness as a function of the air inlet humidity ratio. 
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Figure 7.16: Rate of moisture removal rate as a function 

of air inlet humidity ratio 

 

Figure 7.17: Change in solution mass fraction and 

effectiveness as a function of air inlet humidity ratio 

The rate of moisture removal, the change in the solution concentration, and the storage capacity are 

increased by increasing the air inlet humidity ratio. Where, the absorber effectiveness is almost 

unchanged in the range of 0.27. The explanation of this tendency is already discussed in Section 

7.3.1. 

Adiabatic and non-adiabatic under the same inlet operating conditions 

In addition, a case study for air conditioning applications was carried out in adiabatic and non-

adiabatic modes for the same inlet operating conditions, the circulated fluids inlet conditions are 

listed in Table 7.12. 

Table 7.12: Experimental setup for the tube-bundle absorber in adiabatic and internally cooled modes 

  ̇  

     

 ̇    

     

 ̇   

     

   
°C 

     
°C 

    
°C 

     
      

   

     

Adiabatic 394 52.1 0 24.1 23.4 --- 0.400 13.9 

Int. cooled 394 50.1 501 23.6 23.3 20 0.397 13.9 

The supply air is simultaneously dehumidified and cooled directly from the initial to the final 

states. To examine the effect of applying internal cooling through the dehumidification process, a 

case study for air conditioning application was experimentally analyzed in an adiabatic and a non-

adiabatic mode for the same inlet operating conditions. In the adiabatic dehumidification process, 

the air temperature rises as a result of the heat released during the sorption process. The air inlet 

temperature and relative humidity were set to 24 °C and 14 g/kg, respectively, with a mass flow 

rate of 394 kg/h. The solution temperature was set in the range of 23.4 °C with a mass fraction of 

0.4 kg/kg. The solution mass flow rate was set to about 50 kg/h with an air to solution mass ratio of 

8 kg/kg. 

The results of the adiabatic and the internally cooled dehumidification processes, under quasi same 

inlet operating conditions, are listed in Table 7.13. 
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Table 7.13: Summary of adiabatic and internally cooled dehumidification processes under the same inlet 

conditions 

 Adiabatic dehumidification Internally cooled dehumidifier 

inlet outlet inlet outlet 

   ,°C 24.1 26.2 23.4 22.0 

  , % 72.3 54.0 75.8 60.7 

         13.9 11.7 13.9 10.2 

  ̇ , kW 0.60 1.05 

 ̇   , kW 0 1.13 

     ,°C 23.5 29.4 23.3 28.1 

            0.400 0.393 0.397 0.387 

   , °C ---- ---- 20.0 21.6 

 ̇           0.85 1.48 

  , MJ/m
3
 43.0 81.7 

The tube-bundle absorber is operated firstly in an adiabatic mode and then the cooling water circuit 

is activated for the internally-cooled mode. As shown in Table 7.13, it is clear that the moisture 

removal rate is increased through the internally cooled dehumidification process by a factor of 1.7. 

The decrease in the solution mass fraction is also increased for the internally cooled process 

accompanied with an increase in the storage capacity, 81.7 MJ/m
3
 compared to 43 MJ/m

3
 for the 

adiabatic dehumidification process. 

7.3.3 Internally Heated Regenerator 

In this study, the twin-wall plate HMX was tested as a regenerator with heating-water of a 

temperature of 55 °C. It was noticed that the PC plates did not have sufficient clearance for thermal 

expansion, which caused minor deformation. For this reason, the regeneration of the diluted LiCl-

H2O solution in the current study is performed via the copper tube-bundle HMX. The regenerator is 

tested under internally-heated conditions. Four test sequences were performed by varying one of 

the inlet parameters while keeping the other parameters constant. The inlet parameters of the 

experimental setup are listed in Table 7.14.  

Table 7.14: Experimental setup for the internally-heated tube-bundle regenerator 

  ̇  

     

 ̇    

     

 ̇   

     

   
°C 

     
°C 

    
°C 

     
      

   

     

   
G/L 

TS1 379 11..82 408.0 40.5 38.2 70.3 0.359 9.7 5..34 

TS2 383 40.1 410.6 28..50 38.2 70.4 0.361 9.9 10 

TS3 379 40.5 410.0 40.4 25..50 70.2 0.360 9.7 10 

TS4 380 40.4 411.2 40.6 38.1 50..90 0.361 9.9 10 

In the test sequences 1 to 4, one of the following parameters; the desiccant solution flow rate, the 

air inlet temperature, the desiccant solution inlet temperature, and the heating-water inlet 

temperature were varied, respectively. The following inlet parameter were maintained constant for 

all experiments; the air mass flow rate at about 380 kg/h, the mass fraction of the LiCl-H2O 

solution at about 0.36 kg/kg, the inlet air humidity ratio at about 10 g/kg, and the heating water 

mass flow rate at about 410 kg/h.  
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16 experiments were performed in four experimental sequences. In the following, the results of the 

parametric analysis regarding the controlled variables are presented. The aim of the experiments is 

to study the effect of the mentioned controllable parameters on the moisture removal rate from the 

diluted desiccant solution into the scavenging air stream. The inlet operating conditions of the 

circulated fluids were chosen to emulate the conditions in the demonstration plant. 

The objective of the desiccant regeneration is to remove the water from the diluted desiccant 

solution by the scavenging air. Thus, the amount of removed water from the solution is calculated 

from the air side by applying the change in the humidity ratio as given in Equation 3.19: 

 ̇         ̇                 3.19 

Or, by applying the change in the water content within the desiccant solution, Equation 3.20: 

 ̇         ̇                3.20 

7.3.3.1 Desiccant Solution Flow Rate 

In the first test sequence, five experiments were conducted in which the solution flow rate is varied 

in the range between 11 kg/h and 83 kg/h. The range of flow rates represents an air to solution mass 

ratio range between 34 and 5 kg/kg. Table 7.15 shows the inlet parameters for the experiments 

carried out in the internally heated tube bundle regenerator with the solution mass flow rate as a 

controlled variable. 

Table 7.15: Inlet parameters for the experiments performed in the internally-heated tube bundle regenerator: 

Desiccant solution flow rate as a controlled variable 

  ̇  

     

 ̇    

     

 ̇   

     

   
°C 

   

     

     
°C 

     
      

    
°C 

I 374.7 11.1 408.0 40.8 9.4 38.6 0.357 69.7 

II 378.1 21.9 415.6 40.2 10.4 38.5 0.361 70.4 

III 378.8 39.8 405.7 40.6 9.2 38.8 0.361 70.5 

IV 377.3 59.5 405.9 40.5 8.5 38.0 0.357 70.4 

V 370.1 82.6 404.7 40.4 11.2 37.0 0.361 70.4 

In the performed experiments, the air, diluted solution, and heating-water inlet temperatures were 

held fixed at about 40 °C, 38.5 °C, and 70 °C, respectively. 

Table 7.16 presents the experimental results of the internally heated tube-bundle regenerator with 

the desiccant flow rate as a controlled variable.  

Table 7.16: The experimental results of the tube-bundle regenerator: Desiccant solution flow rate as a controlled 

variable 

Run      
K 

   
g/kg 

      
K 

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

              
G/L 

I 17.3 5.9 12.9 0.060 2.2 1.6 1.41 0.74 0.10 34 

II 15.5 7.3 7.2 0.035 2.8 1.9 1.42 0.80 0.11 17 

III 15.5 9.4 12.0 0.024 3.6 2.4 1.46 0.84 0.15 10 

IV 15.1 10.8 14.8 0.019 4.1 2.9 1.40 0.96 0.18 6 

V 16.3 13.0 17.2 0.017 4.8 3.7 1.31 0.86 0.22 5 
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The air to solution mass ratio is varied as shown for a scavenging air flow of about 375 kg/h. the air 

to water mass ratio is also fixed at about 1 kg/kg. Figure 7.18 and Figure 7.19 show the effect of 

varying the desiccant flow rate on the regenerator performance. 

 

Figure 7.18: The effect of desiccant mass flow rate on 

the moisture removal rate 

 

Figure 7.19: Change in solution mass fraction and 

storage capacity as a function of desiccant mass flow 

rate 

Figure 7.18 shows the effect of increasing the desiccant solution mass flow rate on the water 

removed from the diluted desiccant solution. The moisture removal rate increases remarkably with 

increasing desiccant flow rate, as long as the air flow rate provided is sufficient and the outlet air is 

not saturated. The vapor pressure within the solution increases for lower mass fractions as well, it 

raises with an increase in the solution temperature. As a result, heated and diluted solutions offer 

the best regeneration. Also, increasing the solution flow rate is accompanied with a reduction in the 

concentration spread (   , as shown in Figure 7.19, and thus increases the mass transfer potential 

from the solution film to the air stream. Furthermore, the wetting of the textile-sleeves attached to 

the tube-bundles is increased by increasing the solution flow, and enhances the heat and mass 

transfer. The wetting of the tube bundle is a critical issue, especially when compared to the plate-

type. The variation in the moisture removal rate from the air side and the solution side is in the 

range of 1.3 to 1.4 and it is clearly higher than that of the absorption measurements. The variation 

is decreased, to some extent, by increasing the solution flow rate. A possible clarification is the 

associated fluctuation in the solution flow rate that is increased by increasing the head loss within 

the solution tank (proportional to the flow rate). Another explanation is related to air humidity 

measurements. The humidity sensors are less accurate with high air humidity ratios, while the 

density transmitter of the desiccant solution is not affected by the changes in the density. Also, the 

uncertainty in the relative humidity sensors given by the manufacturer, 1% of the measured relative 

humidity, is increased by increasing the air temperature. The divergence between the relative 

humidity lines, on the psychrometric chart, is not linear and it is increased significantly by 

increasing the air dry bulb temperature, and thus it is more influenced by the regeneration 

measurements. 

The concentration spread is reduced, as expected, by increasing the desiccant flow rate. An 

increase in the solution concentration of 6% is achieved for a solution flow rate of 3 g/s compared 

to an increase of 1.7% for a solution flow rate of 23 g/s. Moreover, the variation in the change of 

the solution mass fraction is decreased by increasing the flow rate, the variation in the solution 

concentration is 9.7 % between the fourth and the fifth experiments. 
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Moreover, the regenerator effectiveness increased by increasing the solution flow rate, as expected. 

As shown in Figure 7.19, the effectiveness is increased by a factor of 2.2 by increasing the solution 

mass flow rate from 11 to 83 kg/h. However, the regenerator effectiveness does not exceed 22% as 

it is calculated at the heating-water inlet temperature. 

7.3.3.2 Air Inlet Temperature 

Table 7.17 presents the inlet parameters of the internally heated tube-bundle regenerator with the 

air inlet temperature as a controlled variable. The second test sequence consists of three 

experiments in which the air inlet temperature is varied by extra heating of the air entering the 

regenerator in the range between 28 °C and 50 °C. 

Table 7.17: Inlet parameters for the experiments performed in the internally-heated tube bundle regenerator: Air 

inlet temperature as a controlled variable 

  ̇  

     

 ̇    

     

 ̇   

     

   
°C 

   

     

     
°C 

     
      

    
°C 

I 390.6 44.2 412.6 28.0 9.7 37.4 0.362 70.2 

II 378.8 41.8 405.7 40.6 9.2 38.8 0.361 70.5 

III 369.3 40.1 413.5 49.8 10.8 38.4 0.361 70.3 

The experimental results of the internally heated tube-bundle regenerator with the air inlet 

temperature as a controlled variable are listed in Table 7.18. 

Table 7.18: The experimental results of the tube-bundle regenerator: Air inlet temperature as a controlled 

variable 

Run      
K 

   
g/kg 

      
K 

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

              
°C 

I 23.1 10.0 10.6 0.026 3.9 3.0 1.3 0.7 0.16 28.0 

II 15.5 9.4 7.2 0.026 3.6 2.9 1.5 0.8 0.15 40.6 

III 10.0 10.1 12.6 0.029 3.7 3.0 1.2 0.8 0.16 49.8 

The effect of air inlet temperature on the performance of the regenerator is shown in Figure 7.20 

and Figure 7.21. 
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Figure 7.20: Moisture removal rate as a function of air 

inlet temperature 

 

Figure 7.21: Change in solution mass fraction and 

storage capacity as a function of air inlet temperature 

As shown, the moisture removal rate as well as the change in solution mass fraction is affected 

slightly by varying the air inlet temperature. This effect is fairly weak since the preheated desiccant 

solution has higher thermal capacity compared to the air stream. Also, the desiccant film is 

continuously heated by heating-water with a temperature of 70 °C. 

7.3.3.3 Desiccant Solution Inlet Temperature  

Table 7.19 presents the inlet parameters of the conducted experiments through the internally heated 

tube-bundle regenerator with the desiccant solution inlet temperature as a controlled variable. In 

total, 4 experiments are carried out by varying the solution inlet temperature at four values range 

between 26 °C to 48 °C. 

Table 7.19: Inlet parameters for the experiments performed in the internally-heated tube bundle regenerator: 

Desiccant solution inlet temperature as a controlled variable 

  ̇  

     

 ̇    

     

 ̇   

     

   
°C 

   

     

     
°C 

     
      

    
°C 

I 377.3 39.9 413.1 40.1 9.7 25.6 0.359 70.3 

II 368.7 41.6 414.4 40.9 9.8 31.2 0.358 69.5 

III 377.8 39.8 406.7 40.6 9.2 38.8 0.361 70.5 

IV 377.1 40.6 408.4 40.0 9.9 47.6 0.363 70.3 

The experimental results of the internally heated tube-bundle regenerator with the desiccant 

solution inlet temperature as a controlled variable are listed in Table 7.20. 

Table 7.20: The experimental results of the tube-bundle regenerator: Desiccant solution inlet temperature as a 

controlled variable 

Run      
K 

   
g/kg 

      
K 

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

                
°C 

I 15.8 8.2 25.7 0.019 3.1 2.0 1.6 1.1 0.13 25.6 

II 16.3 8.7 20.9 0.018 3.2 2.0 1.6 1.0 0.15 31.2 

III 15.5 9.4 12.0 0.024 3.6 2.5 1.4 0.8 0.15 38.8 

IV 16.3 10.8 6.9 0.020 4.1 2.2 1.9 0.7 0.18 47.6 
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The rate of moisture removal, the solution outlet concentration, and the regenerator effectiveness 

are increased by increasing the inlet solution temperature, for the given conditions, as shown in 

Figure 7.22 and Figure 7.23.  

 

Figure 7.22: Moisture removal rate as a function of 

desiccant solution inlet temperature 

 

Figure 7.23: Change in solution mass fraction and 

storage capacity as a function of desiccant temperature 

The moisture removal rate is increased by increasing the solution inlet temperature. The moisture 

removal rate was in the range of 3.1 and 4.1 kg/h. The increase in the moisture removal rate, by 

increasing the solution temperature from 25.6 to 47.6 °C, is relatively small. This is due to that the 

regenerator is internally heated with heated water of 70 °C. 

7.3.3.4 Heating Water Inlet Temperature 

Table 7.21 presents the inlet parameters of the internally heated tube-bundle regenerator with the 

heating-water inlet temperature as a controlled variable. The heating water inlet temperature is 

increased at four different temperatures in the range of 50 to 90 °C. 

Table 7.21: Inlet parameters for the experiments performed in the internally-heated tube bundle regenerator: 

Heating water inlet temperature as a controlled variable 

  ̇  

     

 ̇    

     

 ̇   

     

   
°C 

   

     

     
°C 

     
      

    
°C 

I 377.6 40.4 415.9 40.5 10.2 36.5 0.361 50.4 

II 377.5 39.8 406.7 40.6 9.2 38.8 0.361 70.5 

III 376.6 40.2 413.7 40.6 11.3 38.8 0.361 79.8 

IV 373.5 41.3 408.4 40.7 8.9 38.3 0.361 89.2 

The experimental results of the internally heated tube-bundle regenerator with the heating-water 

inlet temperature as a controlled variable are listed in Table 7.22. 

Table 7.22: The experimental results of the tube-bundle regenerator: Heating-water inlet temperature as a 

controlled variable 

Run      
K 

   
g/kg 

      
K 

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

               
°C 

I 4.9 3.5 3.5 0.008 1.33 0.8 1.61 0.80 0.26 50.4 

II 15.5 9.4 12.0 0.024 3.57 2.5 1.45 0.84 0.15 70.5 

III 20.7 12.9 13.0 0.030 4.85 3.1 1.57 0.79 0.11 79.8 

IV 28.1 13.6 22.4 0.033 5.08 3.5 1.46 0.85 0.08 89.2 
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The increase in the heating-water inlet temperature is accompanied with a significant increase in 

the air inlet temperature and humidity ratio up to 28.1 K and 13.6 g/kg, respectively. The effect of 

increasing the heating-water inlet temperature on the moisture removal rate from the diluted 

solution, the increment of the solution mass fraction and the regenerator effectiveness are shown in 

Figure 7.24 and Figure 7.25. 

 

Figure 7.24: Moisture removal rate as a function of the 

heating-water inlet temperature 

 

Figure 7.25: Change in solution mass fraction and 

storage capacity as a function of heating-water inlet 

temperature 

As shown, the moisture removal rate as well as the outlet desiccant mass fraction increases by 

increasing the heating water inlet temperature. While, the regenerator effectiveness decreases 

remarkably by increasing the heating-water inlet temperature. The water transfer rate increases as a 

result that the vapor pressure within the solution rises by increasing the solution temperature which 

in turn is proportional to the heating water temperature. As shown in Figure 7.25, the regenerator 

effectiveness does not exceed 7.5 % for a water temperature of 89 °C. The equilibrium humidity 

ratio, for the given effectiveness, is calculated from the heating-water inlet temperature. A moisture 

removal rate of about 0.3 g/s is observed for a heating water inlet temperature of 50 °C 

accompanied with a concentration spread of about 1%. This increase in the desiccant solution mass 

fraction is considered as a good achievement for a heating water temperature of 50 °C, compared to 

flooding systems such as in packing towers. Moreover, a heating water temperature of 75 °C could 

be considered as an optimal temperature for an increase in the solution concentration of about 3% 

points.  

As shown in Figure 7.24, the deviation in the water balance is, to some extent, larger than that with 

the desiccant solution flow rate as a controlled variable. The moisture removal rate given by the 

diluted solution is lower than that received by the air stream, and this variation is slightly increased 

by increasing the water inlet temperature. As shown in Figure 7.24, the deviation in the water 

transfer rate is larger than the experimental uncertainty for all of the runs. A possible explanation 

for this could be that by increasing the heating water inlet temperature, the air temperature 

increased as well. Referring to the psychrometric chart, the air humidity ratio alters exponentially 

by increasing the air temperature and this is not the case for the solution concentration. Also, the 

water vapor content in the regeneration airstream increases by increasing the air temperature, and 

thus the humidity sensor at the regenerator outlet is negatively affected. 
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7.4 Demonstration-Plant Measurements: Test-Matrices and Results 

Adiabatic Dehumidification Mode (60-Plates Absorber): Demonstration Plant  

Several experiments were performed in different seasons of the year with different ambient air 

temperatures and humidity ratios. The experiments took place in fall 2013, in winter 2015, and in 

summer 2015. In the performed experiments, the air to solution mass flow ratio (G/L) is varied 

between    = 9.2 and 87.5 for a constant air mass flow rate of about 1100 kg/h. The mass fraction 

of the LiCl-H2O solution delivered to the absorber is in the range of  =0.4 kg/kg. 

With the first experiments performed in the fall 2013, the transient behavior of the absorption 

process is analyzed and a concept of intermittent pumping operation is tested. 

As shown in Table 7.23, the values for the ambient air temperature      and the humidity ratio      

are much lower for winter (    = 5 °C to 12°C;     = 3.7 g/kg to 5.2 g/kg) than for summer 

operation (    = 19 °C to 26°C;     = 11.6 g/kg to 12.6 g/kg). 

Table 7.23: Summary of the operating conditions of the performed experiments in the demonstration plant 

period Range of 

ambient air inlet conditions 

Range of 

LiCl-H2O inlet conditions 

Mass ratio 

      

 ̇  

     

   
°C 

   

     

 ̇    

     

     
°C 

     

      

   

Fall 2013 1100 8..17 6..9 12..120 11..16 0.39..0.42 9..87 

Winter 2015 1100 5..12 4..5 22..118 9..12 0.41 10..50 

Summer 2015 1100 19..26 11..13 13..116 22..24 0.40 9..82 

The results for the regeneration experiments in the demonstration plant shows high deviation 

regarding the mass and energy balance, the mass balance factor values are in the range of 0.3. The 

regeneration air circuit is examined and a leakage between the two air streams in the heat recovery 

unit is observed. As a result the regeneration results for the demonstration plant are excluded in this 

study. 

In this section, the results of the test matrices, which are presented in the previous section, are 

presented and discussed. The results include the transient behavior of the circulated fluids over the 

experimental runtime, the effect of the inlet parameters on the performance of the components, the 

energy and mass balance factors of the performed experiments. 

Figure 7.26 shows the measured inlet and outlet values of the temperatures and relative humidity, 

as well as the inlet mass flow rate of air for a measurement in fall 2013. The air to solution mass 

flow ratio and the desiccant mass fraction are        and                     , respectively. 

a)  



106                                                                  Chapter 7: Experimental Results and Discussion 

 

b)  

Figure 7.26: A representation of air conditions through the absorption process in the demonstration plant 

The values show a reduction in the air relative humidity of about 40 % points and an increase in the 

air inlet temperature of about 5 K. The air leaving the absorber is further heated to 36 °C by an air-

water heat exchanger. There, the air relative humidity further decreases. In the given example, the 

air humidity ratio is reduced by about    = 3.3 g/kg, corresponding to a moisture removal rate 

from the process air of  ̇      3.6 kg/h. 

For the demonstration plant experiments, a fluctuation in the air inlet temperature and relative 

humidity is clearly observed in Figure 7.26.b. This variation is a consequence of the inherent 

variability in the ambient air conditions. However, the outlet conditions are quite smooth and 

revealed significantly less fluctuation, this leads to the conclusion that liquid desiccant 

dehumidifiers are capable of consistently achieving low relative humidity values regardless, to 

some extent, of ambient weather conditions. 

7.4.1 Winter Conditions 

Three test sequences are carried out in the demonstration plant at three different days during winter 

2015. In total, 14 experiments are carried out under field conditions with the inlet operating 

conditions as listed in Table 7.24. 
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Table 7.24: Inlet operating conditions of the performed experiments in the demonstration plant: Winter 2015 

Date 

2015 

run  ̇  

     

 ̇    

     

   
°C 

   

     

     
°C 

     
      

   
G/L 

2
5

.0
2
 

I 1126.2 118.2 8.3 4.2 16.1 0.410 10 

II 1124.8 58.9 8.0 3.9 15.3 0.410 19 

III 1123.4 36.0 7.6 4.1 14.9 0.410 31 

IV 1131.5 27.9 6.6 3.8 14.2 0.411 41 

V 1135.7 22.4 5.4 3.7 13.6 0.410 51 

1
9

.0
3
 

VI 1135.4 117.3 10.3 5.3 8.4 0.413 10 

VII 1121.0 58.6 11.6 5.3 8.8 0.412 19 

VIII 1120.2 38.5 12.2 5.2 9.6 0.412 29 

IX 1121.4 28.1 11.2 5.2 10.3 0.409 40 

3
0

.0
3
 

X 1135.1 114.5 8.9 4.4 8.9 0.409 10 

XI 1128.9 57.2 8.9 4.8 9.2 0.409 20 

XII 1125.7 37.5 8.7 4.9 9.2 0.409 30 

XIII 1119.8 31.1 9.3 4.8 9.2 0.409 36 

XIV 1114.6 23.7 8.4 4.8 9.2 0.409 47 

The results of the demonstration plant experiments for the time period between February and 

March 2015 are shown in Table 7.25.  

Table 7.25: Experimental results for the plate absorber in the demonstration plant for the time period on 

February and March 2015 

Date 

2015 

run     

  

   

     

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

 ̇      

kg/h 

  
% 

        
MJ/m

3
 

   

2
5
.0

2
 

I 5.6 1.3 0.006 1.41 1.66 2.80 45.1 0.85 0.54 43.5 10 

II 5.1 1.4 0.010 1.57 1.52 2.51 38.4 1.03 0.65 79.1 19 

III 5.7 1.5 0.017 1.72 1.59 2.70 38.9 1.08 0.64 132.3 31 

IV 5.2 1.4 0.018 1.57 1.27 2.53 43.7 1.23 0.64 136.7 41 

V 5.5 1.4 0.025 1.61 1.47 2.63 41.3 1.09 0.66 192.2 51 

1
9
.0

3
 VI 3.0 2.4 0.007 2.77 1.99 3.79 37.2 1.39 0.57 52.6 10 

VII 3.4 2.1 0.015 2.38 2.17 3.39 32.8 1.10 0.51 111.8 19 

VIII 3.7 1.9 0.021 2.15 2.05 3.17 33.7 1.05 0.47 157.8 29 

IX 4.6 1.9 0.031 2.14 2.32 3.15 29.3 0.92 0.48 235.5 40 

3
0
.0

3
 

X 3.0 1.7 0.006 1.90 1.82 3.03 38.6 1.04 0.52 49.3 10 

XI 3.8 1.9 0.014 2.13 2.09 3.28 25.7 1.02 0.51 110.0 20 

XII 4.4 1.9 0.023 2.13 2.28 3.32 35.6 0.93 0.50 178.1 30 

XIII 4.0 1.7 0.033 1.92 2.71 3.11 33.6 0.71 0.47 248.2 36 

XIV 3.4 1.7 0.034 1.87 2.16 3.10 35.1 0.86 0.46 258.9 47 

The air temperature in the absorber increases by about 3 to 5.6 K, while the humidity ratio is 

reduced by about    = 1.3 to 2.4 g/kg. The minimum concentration spread of the desiccant of 

            is reached for the air to desiccant mass ratio of   = 10. The highest 

concentration spread of about   =3.4% points is recorded for the air to solution mass flow ratio of 

  = 47.  

The volumetric energy storage capacity Cs is a decisive measure to evaluate in order to reach small 

storage sizes. This is important especially for long term storage. The smaller the mass flow rate of 

the desiccant solution  ̇   , the larger is the concentration spread of the desiccant   , the larger is 

the absorber effectiveness     , and the higher is the volumetric energy storage capacity Cs. As 

shown, Cs decreased from 259 to 49.3 MJ/m
3
 by increasing the desiccant solution flow rate by 
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factor of 4.7. The values are lower than expected as a result of low air inlet humidity ratios and due 

to inadequate wetting of the plates.  

The latter result has also been reported in literature. For example, Keßling et al. (1998) studied an 

internally cooled absorber for isothermal conditions, experimentally. The storage capacity 

according to the experimental results is about half of the analytical estimated value, with a 

maximum value of Cs=700 MJ/m
3
. Keßling explained the deviation with incomplete wetting of the 

absorber plates with a wetting factor of about 30 %. 

Figure 7.27 shows the moisture removal rates  ̇     and  ̇    , as well as the results calculated 

with the Finite-Difference model  ̇      for the experiments carried out on three days in winter 

2015. The liquid desiccant mass flow rate is varied at each of the days between  ̇   =10 and 120 

kg/h. Due to strongly varying inlet conditions of the air, the results are not plotted over one of the 

parameters. Instead, Figure 7.27 shows solely the values of  ̇  over the experimental run. 

 

Figure 7.27: Rate of moisture removal rate versus the experimental run for the experiments carried out on three 

days in winter 2015 

The average measured moisture removal rate is between  ̇ = 0.39 and 0.63 g/s. The higher 

desiccant solution flow rate  ̇   , the higher is  ̇  for constant air mass flow rates  ̇ .  

The values of M are in the range between 29 and 45%. They are beyond the experimental 

uncertainty, due to model idealizations concerning flow distributions and wetting of the textiles 

attached to the plates. Large values of M are observed especially for low desiccant flow rates due to 

non-uniform wetting. Nevertheless, the trend curves of the evaluated parameters for different inlet 

conditions are similar in general for the experimental and the numerical results. These results agree 

with findings reported in the literature, for example Lucio Mesquita, (2007). 

Previous tests are conducted to evaluate the distribution of the desiccant solution through the 

attached-textile over one plate in 19 equal sectors, (Jaradat et al. 2009). In these experiments, the 

flow distribution is enhanced and a mean absolute percentage error of M=9.6 % is observed for a 

LiCl-H2O mass flow rate of 50.9 kg/h. However, the distribution of the desiccant solution is highly 
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dependent on the solution flow rate as well as the solution concentration which are different in the 

demonstration plant. Furthermore, the discharge bores of the liquid desiccant distributor could be 

affected by the operating conditions. 

The mass balance factor   , between the desiccant solution and the air for the winter experiments 

is in the range between 0.85 and 1.23. This is shown in Figure 7.28, which shows the moisture 

removal rate evaluated on the solution side,  ̇    , over the value evaluated on the air side,  ̇    . 

The discrepancies are within the experimental uncertainty (within ±20%) and in good symmetry. 

 

Figure 7.28: Mass balance for the experiments implemented in the demonstration plant for the experiments 

performed in winter 2015 

7.4.2 Summer Conditions 

Two test sequences are carried out in the demonstration plant at two different days during summer 

2015. In total, 8 experiments are carried out under field conditions with the inlet operating 

conditions as listed in Table 7.26. 

Table 7.26: Inlet operating conditions of the performed experiments in the demonstration plant: Summer 2015 

Date 

2015 

  ̇  

     

 ̇    

     

   
°C 

   

     

     
°C 

     
      

   
G/L 

1
1

.0
8
 I 1093.2 116.3 24.1 12.3 22.8 0.398 9 

II 1086.4 56.8 24.6 12.3 22.5 0.398 19 

III 1081.5 28.7 25.0 12.4 22.3 0.398 38 

IV 1079.9 22.5 25.9 12.6 22.1 0.398 48 

2
7

.0
8
 V 1106.0 77.4 19.1 11.6 24.2 0.398 14 

VI 1105.6 39.0 19.5 11.4 24.2 0.398 28 

VII 1099.5 21.9 21.2 10.9 23.9 0.398 50 

VIII 1100.3 13.4 21.3 10.8 23.5 0.398 82 

The results of the demonstration plant experiments for the time period of August 2015 are given in 

Table 7.27. 
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Table 7.27: Experimental results for the plate absorber in the demonstration plant: The experiments I to IV are 

conducted on Aug.11, 2015 and the experiments V to VIII are performed on Aug, 27, 2015 

Date 

2015 

run     

  

   

     

   
kg/kg 

 ̇     

kg/h 

 ̇     

kg/h 

 ̇      

kg/h 

  
% 

        
MJ/m

3
 

   

1
1

.0
8
 

I 6.8 4.3 0.010 4.72 2.93 5.56 31.2 1.61 0.48 76.3 9 

II 7.1 3.8 0.026 4.09 3.92 4.96 19.3 1.04 0.41 198.6 19 

III 6.7 3.3 0.041 3.57 3.33 4.50 23.3 1.07 0.36 316.4 38 

IV 5.5 2.9 0.048 3.13 3.05 4.22 26.8 1.03 0.31 361.9 48 

2
7

.0
8
 V 8.5 4.1 0.017 4.58 3.43 5.89 32.0 1.34 0.52 131.4 14 

VI 8.0 3.4 0.030 3.81 3.19 5.44 35.7 1.19 0.44 232.4 28 

VII 6.2 2.9 0.049 3.16 3.06 4.49 30.7 1.03 0.39 372.6 50 

VIII 5.9 2.7 0.057 2.94 2.22 4.02 35.9 1.33 0.36 430.0 82 

The air temperature in the absorber increases by about 5.5 to 8.5 K, while the humidity ratio is 

reduced by about    = 2.9 g/kg to 4.1 g/kg. The increase in the air temperatures is clearly higher 

than those for the winter experiments as a result of higher air inlet humidity ratios and thus 

increased enthalpy of condensation and enthalpy of dilution. 

Figure 7.29 and Figure 7.30 show the moisture removal rate  ̇  over the solution mass flow rate 

 ̇    for two different days in August 2015. Air inlet temperatures,     , and inlet humidity ratios, 

    , vary only slightly in the course of these days. For this reason trend curves can be shown for 

these experiments.   ̇  increases in general for higher desiccant flow rates (i.e. for smaller air to 

solution mass flow ratios   ). The low value of  ̇     for the largest value of the desiccant flow 

rates in both diagrams are explained mainly by experimental uncertainties in the mass flow rate of 

the desiccant solution. 

 

Figure 7.29: Moisture removal rate calculated by 

applying Eq. 3.9 (air side) and by applying Eq. 3.10 

(solution side) for the experiments implemented in the 

demonstration plant on Aug.11, 2015 

 

Figure 7.30: Moisture removal rate calculated by 

applying Eq. 3.9 (air side) and by applying Eq. 3.10 

(solution side) for the experiments implemented in the 

demonstration plant on Aug, 27, 2015 

This trend of the values in the diagrams is expected because the water content of the desiccant 

solution at the outlet of the absorber    decreases for a high desiccant flow rate. This in turn 

decreases the equilibrium water vapour pressure at the face boundary, and the water vapor transfer 

increases. Also, increasing the desiccant flow rate leads to a smaller temperature rise of the 

desiccant and thus enhances the vapor pressure difference between the desiccant and the air at the 

phase boundary. 



7.4 Demonstration-Plant Measurements: Test-Matrices and Results                                   111 

 

 

 

 

Furthermore, the wetting of the textile is improved for large flow rates which enhance the mass 

transfer, as well. 

The absorber effectiveness increases by increasing the desiccant solution mass flow rate as shown 

in Figure 7.31 and Figure 7.32. Increasing the solution mass flow rate leads to lower values of the 

humidity ratio at the absorber outlet   , and thus increase the change in the humidity ratio   . 

 

Figure 7.31: Absorber effectiveness for the experiments 

implemented in the demonstration plant on Aug.11, 

2015 

 

Figure 7.32: Absorber effectiveness for the experiments 

implemented in the demonstration plant on Aug.27, 

2015 

The optimization potential (mean absolute percentage error) in the range of M = 19% to 35% for 

summer operation is significantly lower than the one for winter operation (M = 29% to 45%). The 

main reason for the increased deviations is the lower air inlet humidity ratio during winter time, 

connected with higher measurement uncertainties. The mass balance factor   , is in the range 

between 1.03 and 1.34. This result does not apply to the first experimental run (I in Table 7.27) in 

which the flow of the desiccant solution is disrupted accidently during the measurement. Figure 

7.33 shows the moisture removal rate evaluated on the solution side,  ̇    , over the value 

evaluated on the air side,  ̇    , for the summer experiments. Several values exceed the ± 20% 

margins. Moreover, all of the values are below the 0%-line which indicates a systematic error. This 

could be as a result of short experimental run-time for the experiments performed in the summer 

compared to those performed in winter. The density of the desiccant solution at the absorber outlet 

is measured only twice. The measured densities for the experiments that are performed in the 

summer-experiments are more likely in the transient state. 
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Figure 7.33: Mass balance for the experiments implemented in the demonstration plant in summer 2015 

The storage capacity Cs for the summer measurements as a function of the desiccant mass flow rate 

is in the range between 76 and 430 MJ/m³. The concentration spread   , varies between 1 and 5.7 

%-points and is inversely proportional to the desiccant mass flow rate. 

Intermittent pumping of the desiccant solution  

In the experiments presented in the following, the desiccant is pumped in intervals of 10 minutes 

and it is interrupted afterwards for 20 minutes (stand-by) intervals. These time intervals are 

evaluated from experimental data and they are based on capacity effects in the absorber. The 

velocity of the desiccant flow over the textile is in the order of          m/s. This means that the 

time of a flow from the top to the bottom of the absorber is about         . This time for 

standby operation is chosen based on previous observations in which a delay of about 20 up to 40 

minutes is observed between switching on the desiccant pump and the effect it had on the process 

air. This delay is inversely proportional to the desiccant solution flow rate and it represents the time 

until the textile attached over the plates is completely wetted with the desiccant solution. 

The aim is to increase the energy storage capacity of the liquid desiccant system and to ensure 

sufficient wetting of the textile surfaces. At the same time, the air temperature and humidity ratio, 

provided to the product being dried, is not affected. In the shown example, the desiccant mass flow 

rate ( ̇    114 kg/h) is about 6 times higher than one of the experiments (extreme low flow 

operation,  ̇    18 kg/h) performed by Keßling et al. (1998). However, a better wetting factor is 

reached in the measurements presented above compared to the values by Keßling et al. Figure 7.34 

shows the intermittent operation of the absorber for an experimental run with three time periods 

(on/off-intervals).
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Figure 7.34: Intermittent pump-operation of the absorber in the demonstration plant, fall 2013. The operating 

conditions of the given example are:  ̇           ,            ,            ,  ̇            ,    

            

After the initial start, the air outlet temperature fluctuates by only about 1 K. The outlet humidity 

ratio is only slightly affected by the stand-by period. During operation the desiccant mass flow rate 

is about         . This leads to a mean flow rate within the entire time period of about        . 

Therefore, the parasitic electrical power for pumping is reduced. In this measurement, the 

concentration spread is about   = 13%-points, the desiccant mass fraction at the absorber outlet is 

about   =0.286 kg/kg, and the energy storage capacity is about Cs=900 MJ/m
3
. 

7.5 Summary of Experimental Investigations of the Heat and Mass 

Exchangers 

Several experiments of liquid desiccant absorption and regeneration are successfully conducted in 

the laboratory and in the demonstration plant. The results indicate that water transfer rates increase 

with desiccant flow rate, but the experimental results are underestimated for the investigated range 

of desiccant flow rates. Increasing the cooling water flow rate also has a positive impact on water 

transfer rates between the desiccant and the air streams. A summary of the effect of the controlled 

variables on the moisture removal rate is given in the box-and-whisker plots, as shown in Figure 

7.35 and Figure 7.36. 
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Figure 7.35: Box- and-whisker plot of the effect of the 

controlled variables on the moisture removal rate for 

adiabatic dehumidification 

 

Figure 7.36: Box- and-whisker plot of the effect of the 

controlled variables on the moisture removal rate for 

the regeneration 

A box plot displays the three quartiles, the minimum, and the maximum of the data on a 

rectangular box. 

For the adiabatic dehumidification parametric analysis, Figure 7.35, the boxplots indicate that the 

median of the air inlet humidity ratio is the highest among the three controlled variables regarding 

the moisture removal rate. The air inlet humidity ratio has the highest impact on the moisture 

removal rate, followed by the air to solution mass ratio. Also, the boxplot shows that increasing the 

air inlet temperature has the lowest effect on the moisture removal rate. Also, the Figure shows that 

the air inlet humidity ratio has considerably large sample dispersion for 50 % of the data points that 

fall between the minimum and the median (Q2). For the regenerator parametric analysis, Figure 

7.36, the boxplots indicate that the median of the heating-water inlet temperature is the highest 

among the four controlled variables regarding the moisture removal rate. The heating-water inlet 

temperature has the highest impact on the moisture removal rate, followed by the air to solution 

mass ratio. Also, the boxplot shows that changing the air inlet temperature has the lowest effect on 

the moisture removal rate. 

The trends of the effects of the studied inlet parameters on the absorber and the regenerator 

performance are summarized in Tables 7.28 and 7.29, respectively. Compared to the experimental 

results reported in the literature, mainly for counter flow configuration; Fumo and Goswami (2002) 

and Oberg and Goswami (1998), the inlet parameters have the same trends in affecting the 

performances of the present cross flow absorber and regenerator. 

Table 7.28: Trends of the effects of the inlet parameters on the performance of the absorber in the present study 

(both adiabatic and internally cooled) for the given operating conditions 

  ̇     ̇             

Moisture removal rate,  ̇        -     

Effectiveness,        -     

Storage capacity,         -     
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Table 7.29: Trends of the effects of the inlet parameters on the performance of the internally heated regenerator 

in the present study for the given operating conditions  

  ̇                

Moisture removal rate,  ̇      +    + 

Effectiveness,          + 

Concentration spread,       +    + 

Where, 

 : Performance parameter increases with increasing controlled variable 

 : Performance parameter decrease with increasing controlled variable 

 : Performance parameter changes slightly (+ increased, - decreased) with increasing controlled 

variable. 

In the absorption process, the moisture removal rate increases considerably by increasing the 

desiccant flow rate, the cooling water flow rate, and the air inlet humidity ratio. This trend is 

expected, because by increasing the solution flow rate, the reduction in the solution concentration is 

reduced in the absorption process. Also, by increasing the solution flow rate in the absorption 

process the rise in the solution temperature is reduced and thus keeping the desiccant solution at 

low vapor pressure. Furthermore, the wetting of the textile is improved by increasing the solution 

flow rate which leads to larger surface area. Furthermore, the moisture removal rate increases by 

increasing the cooling water flow rate because of reduced vapor pressure. 

In the regeneration process, the moisture removal rate increases considerably by increasing the 

desiccant flow rate, and the heating water inlet temperature. This trend is expected, because by 

increasing the solution flow rate, the increase in the solution concentration is reduced in the 

regeneration process. Also, by increasing the solution flow rate in the regeneration process the drop 

in the solution temperature is reduced and thus keeping the desiccant solution at high vapor 

pressure. 

For the given operating conditions, the absorber as well the regenerator performance is affected 

slightly by increasing the air inlet temperature. Increasing the air inlet temperature cause an 

increase in the desiccant temperature via the sensible heat transfer from the air to the desiccant, by 

which it can affect the moisture removal rate and effectiveness ,slightly, negatively and positively 

for the absorption and regeneration processes, respectively. This effect can be higher for adiabatic 

regeneration process. 

The absorber effectiveness increases by increasing the desiccant solution mass flow rate because 

increasing the solution mass flow rate leads to lower values of the humidity ratio at the absorber 

outlet   , and thus increase the change in the humidity ratio   . 

The estimated uncertainty of the water transfer rate calculations are high and it is higher for the 

regeneration experiments compared to the absorption experiments. The uncertainty in the range 

moisture removal rate for the regeneration experiments is about ±30% where it is about ±20%, for 

the absorption experiments. Figures 7.37 and 7.38 summarize the deviation in the moisture removal 

rate calculated from the air and the solution sides. 
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Figure 7.37: Mass balance between air and desiccant 

for absorption experiments 

 

Figure 7.38: Mass balance between air and desiccant 

for the regeneration experiments 

For the plate type absorbers, the comparison between the experimental and the finite difference 

numerical model disagree for the majority of the experiments and are outside the experimental 

uncertainty. The numerical model results are overestimate as a result of ideal conditions and 

assumptions of uniform distribution of the circulated fluids. In the absorption experiments, the 

model estimated moisture transfer rates from 11% to 35% greater than those experienced out of the 

dehumidification experiments accomplished in the laboratory. Also, the variation is larger for the 

demonstration plant measurements compared to the laboratory measurements. However, the 

moisture transfer rate trends are similar. 

Non-uniform wetting of the textiles attached over the plates is partially the reason for the 

inconsistencies between the experimental and the numerical results. This consequence is 

considered to be the main cause of the large disagreement, up to 40%, between the experimental 

and the modeled results, Qi Roughui 2013 and Lucio Mesquita, 2007.  

The deviation between the experimental and the numerical results is mainly for the following 

reasons: 

 The model assumes ideal equal wetting of the textiles attached over the polycarbonate 

plates. The model assumes that the film thickness is constant over the whole length and this 

is equal to the textile thickness of 0.4 mm. However, ideal distribution and wetting of the 

exposed surfaces is impossible in reality. In the present study, a mean absolute percentage 

error of 9.6 % of the distribution through 19 equal sectors over the textile attached to the 

plate is observed for a LiCl-H2O mass flow rate of 50.9 kg/h. Furthermore, the distribution 

of the desiccant solution for the whole prototype, the 6 and the 60 plates, is certainly 

different. The amount of the desiccant solution delivered to each perforated pipe is not 

equal. Moreover, the liquid desiccant distribution systems can be affected negatively with 

time. This can be the mean reason for such deviations between the experimental and the 

numerical results.  

 The model assumes constant air face velocity along the whole plate length for all of plates 

of the examined absorbers. However, the impact of non-uniform air-flow through the 

absorbers is not taken into the account in the numerical model in the present study. The air 

and the desiccant-solution are in cross flow configuration in the present study and this adds 

more challenges of uniform air distribution compared to the counter flow configuration. In 
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the present study, the air is delivered through a 25cm circular duct to the entire length of 

the absorber (60 cm for the 6-plates absorber and 86 cm for the 60-plates absorber). This 

change (                     ) within a short distance (the diffusor length with about 

30 cm) causes a non-uniform distribution of the air between the plates and further for the 

whole length of each plate. in order to improve this a perforated plate is installed at the 

absorber’s entrance. The air velocity is measured at 12 sectors of the perforated plate by 

using a vane anemometer. The results show a maximum deviation of 88 % in the air 

velocity, as shown in Appendix A.7. A circular air diffusor is extra integrated before the 

perforated plate diffusor to improve the air distribution. However, it is unknown to which 

extent has this diffusor improves the air distribution. 

 The model assumes a pure LiCl-H2O solution, the solution properties (vapor pressure, 

density, viscosity, thermal capacity, differential enthalpy of dilution etc.) are implemented 

from a report published by Conde which in turn is based on results published by others. 

The investigations of LiCl for the laboratory scale uses higher purity grade compared to the 

present study. In the present study, the LiCl salt implemented has an industrial purity grade 

of 98.5. The purification analysis report is shown in Appendix B as supplied by the vendor, 

S. Goldmann GmbH & Co. KG. Furthermore, it is not clear if the age of the LiCl-H2O 

solution in use especially under field operation conditions (in the demonstration plant) has 

an effect of its characteristics. In the present study, some of the desiccant solution is 

already in service since 2008. 

 In the performed comparison, the model assumes a standard atmospheric pressure. 

However, the air pressure for the performed experiments was in the range between 97 kPa 

to 99 kPa (depending on temperature, altitude, etc.). This in turn causes a deviation of up to 

4 % in the estimated humidity ratio. 

For the comparison with the air inlet humidity ratio as controlled variable, it is noticed that the 

deviation between the numerical and the experimental results increased by increasing the air 

humidity ratio. This is due to high uncertainty of the humidity sensors for high humidity levels, 

especially near saturation. The Deutscher Wetterdienst (German Weather Service) compared six 

different humidity sensors (two types of them are used in the current study) with a chilled mirror 

dew point sensor for a field test, Griesel et al. (2012). Griesel presented that the results provided by 

the field tests confirmed increasing deviation to as much as ±20 % relative humidity points along 

with decreasing temperature, higher humidity and life span. Furthermore, they outlined that some 

humidity sensors became inaccurate when approaching condensation, close to 100 %rH.  

Furthermore, Mesquita (2007) stated that the relative humidity uncertainty is accountable for 

around 70% of the uncertainty in the assessment of the humidity ratio, and also the humidity ratio 

is accountable for about 70% of the uncertainty in the calculations of the moisture removal rate.



 

 



 

 

8 CONCLUSIONS AND FUTURE WORK 

8.1 Summary and Conclusions  

This thesis contributes to research and analysis of flat plate and tube-bundle liquid desiccant 

absorbers and regenerators. The aims of this thesis are the following: 

- to determine the textile that needs to be applied over the absorbers and the regenerators, 

air-to-solution exchange surfaces 

-  to design a liquid desiccant distributor that guaranteed the maximum possible uniform 

distribution over the attached textile 

- to design and construct different types of heat and mass exchangers to be used as liquid 

desiccant absorber and regenerator 

- to carry out a parametric analysis to study the influence of some of inlet parameters on the 

performance of the absorber and the regenerator 

- to apply the investigated components in a demonstration plant for drying hay bales  

- to compare the experimental results of the absorption experiments with finite difference 

model results.  

The textiles evaluation is conducted for three different fabric categories according to the 

composition of the fabric. The three categories are cellulosic based textiles, polyester based 

textiles, and composite textiles. Each category is divided into subcategories according to the type of 

binding, the surface density, and the thickness. The evaluation is performed by applying the drop-

test, at dry and wet phases, and vertical wicking against gravity with different desiccant solution 

mass fractions. The conclusions drawn are: 

 The cellulosic-based textiles (Tencel® and Modal®) and the polyester-based mechanical-

bonded textiles (Paramoll HiFlow 130® and Paramoll HiFlow 180®) have the lowest sink 

in time for water and LiCl-H2O solution samples. 

 Tencel® shows the best diffusion behavior and it exhibits round remark shape (represents 

best diffusion, Rouette, 2000) within the drop-test.  

 Tencel® shows the highest vertical wicking against gravity with a wicking height of 45, 

70, and 90 mm after 5, 15, and 30 minutes, respectively. 

 It was noticed that even though some textiles have the same composition, they showed 

different wicking characteristics. The relation between textile absorbency and its 

characteristics is quite complicated; it is related to many factors such as textile surface 

density, thickness, weave pattern and the surface morphology. 

A test-rig is built in order to determine the distribution quality of the LiCl-H2O solution through 

perforated PMMA-pipes. The objective of the test is to determine suitable diameter and the number 

of discharge-bores distributed along the solution pipes axes. Furthermore, an aim is to evaluate the 

distributor of the desiccant solution while integrated within the plate-type and the tube-bundle heat 

and mass exchangers. The conclusions drawn are: 
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 The PMMA distributor with multiple discharge-bores diameter of 0.5 mm and 0.6 mm 

along the pipe-axis has the smallest mean absolute deviation of the investigated pipes. 

 A mean absolute percentage error of 9.6 % of the distribution through 19 equal sectors over 

the textile attached to the plate is observed for a LiCl-H2O mass flow rate of 50.9 kg/h. 

 The desiccant distribution through the tube-bundle regenerator revealed a surface wetting 

with a wetting factor of around 62% (for a visual inspection of the tube bundle). 

The desiccant distribution through the tube-bundle regenerator showed relatively poor distribution. 

The visual inspection of the distribution over the regenerator tube bundles shows that about 27% of 

the tubes are not wetted with the desiccant solution.  

Two types of heat and mass exchangers are successfully designed and constructed. Two plate-type 

heat and mass exchangers made of polycarbonate plates are designed and constructed. The first is 

designed to operate in a non-adiabatic mode while the second for an adiabatic mode applications. 

Also, two tube bundles in this study are designed constructed of copper tubes. The following 

conclusions are drawn: 

 In all heat and mass exchangers constructed in this study, the air and the desiccant solution 

are in cross flow configuration. This is mainly due to constructional and technical reasons. 

 The construction of the twin-wall plate heat and mass exchanger is not an easy task. The 

wall needs to be thin. However, thin walls result in construction difficulties. In this study, 

the twin-wall plates are made of polycarbonate and the solvent used in the construction 

causes leakage problems. This is also true for the twin-wall plates made of polypropylene 

in which welding needs to be used (severe leakage is encountered in one of the prototypes 

prior to the one presented here). 

 The twin-wall plate heat and mass exchanger is tested as an internally heated regenerator. It 

is observed that the polycarbonate plate does not have sufficient clearance for thermal 

expansion, which caused them to deform. For this reason, the regeneration of the diluted 

LiCl-H2O solution in the current study was performed via copper tube-bundle heat and 

mass exchangers. 

 Two internally heated tube-bundle heat and mass exchangers are designed, built of coated 

copper. The main design-focus of the presented regenerator is to achieve improved heat 

and mass transfer, as well as higher chemical and thermal stability of the construction. The 

presented regenerator proved high thermal stability by high water temperatures up to 89.2 

°C  

 The tube bundle heat and mass exchanger is completely bended and assembled in the 

laboratory which results in high margin of error by applying the desiccant distributor 

through the staggered tubes. This in turn is reflected in a relatively poor wetting of the tube 

bundle. 

A solar assisted liquid desiccant system is constructed and installed in 20 foot container at the 

Hessian State Domain Frankenhausen for drying hay bales. The target of the demonstration plant is 

to dry baled hay. The hay is baled with a moisture content of about 26 %. The moisture content 

needs to be reduced to about 10-12% before being stored so that it can be processed and safely 

stored. 
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Several experiments of liquid desiccant absorption and regeneration are carried out successfully in 

the laboratory and in the demonstration plant. 

For the dehumidification experiments in the adiabatic mode, the following conclusions are 

drawn: 

Demonstration plant: 

The absorber was evaluated in the demonstration plant on different days and in different seasons 

(fall 2013, winter 2015, and summer 2015). 

The experimental results showed an increase in the process air temperature of up to 8.5 K and a 

moisture removal rate of up to 4 kg/h, depending on the inlet conditions. 

The volumetric energy storage capacity is proportional to the change in the solution mass fraction. 

A storage capacity of 430 MJ/m
3
 is observed for a concentration spread of 5.7 %. However, the 

obtained energy storage capacity values are very low compared to the theoretical values. 

Comparisons between experimental and the numerical results showed fairly high, but consistent 

deviations for the sets of measurements evaluated. The mean absolute percentage error is in the 

range of M=37% and 29% for winter and summer conditions, respectively. 

Inadequate wetting of the absorber plates is considered as the key factor for unfavorable agreement. 

In an additional test sequence, the desiccant solution is pumped in the absorber in an intermittent 

mode, in order to reach higher storage capacities and to improve wetting of the contact surface. In 

this measurement, a concentration spread of about 17 % points and an energy storage capacity of 

about 900 MJ/m
3
 (about 8 times more than for continuous flow) is observed. 

A reduction in the drying time to 4 hours is achieved by using dehumidified air through the 

absorber (The air is heated up to 35 °C with the post-heater). A similar hay-bale took about 20 

hours by using only heated air with similar conditions.  

Parametric analysis in the laboratory: adiabatic dehumidification mode 

The results indicate that water transfer rates increase with desiccant flow rate.  

In contrast to the field measurements, the agreement between the finite difference model results 

and the experimental results performed in the laboratory is much better than those performed in the 

demonstration plant.  

Parametric analysis of twin-wall plate and the tube bundle in the internally-cooled 

dehumidification mode 
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The results of the internally cooled dehumidification showed a consistent reduction in the humidity 

ratio. In the experimental runs the change in the relative humidity ranges between 12 and 18 % 

accompanied with a change in the humidity ratio ranges between 2.4 and 4.1 g/kg. 

For the experiments performed by referring to Keßling et al. (1998), the conditions of the air 

leaving the internally cooled absorber lie within the thermal comfort zone. Furthermore, a 

comparison between the internally cooled absorber with a cooling water temperature of 20°C and a 

conventional vapor compression system with an apparatus dew point temperature of 12 °C is 

performed. The results showed that the dehumidification through the internally cooled absorber 

leads to savings in the dehumidification load of about 40% compared to cooling the air below its 

dew point temperature in conventional air conditioning systems. 

Also, it was noticed that increasing the cooling water flow rates also has a positive impact on water 

transfer rates between the desiccant and the air streams. 

Parametric analysis of the tube bundle as a regenerator 

The results indicate that the moisture removal rate increases with increasing desiccant flow rate, 

desiccant inlet temperature, and heating-water inlet temperature, as expected.  

The heating-water inlet temperature has the highest impact on the moisture removal rate which is 

varied in the range between 50 °C and 90 °C, through which the diluted solution is regenerated 

with a concentration spread between of 0.01 kg/kg and 0.06 kg/kg. 

Moreover, the air to solution mass ratio has a major impact on the performance of the regenerator. 

The results showed that increasing the air inlet temperature has a minor effect on the moisture 

removal rate. 

Significant disagreements are found by comparing the numerical model results to the majority of 

the experimental results for the plate type absorbers. The numerical model is overestimated and 

beyond the experimental uncertainty as a result of ideal conditions and assumptions of uniform 

distribution of the circulated fluids. In the absorption experiments, the model estimated moisture 

transfer rates from 11% to 35% greater than those experienced in the dehumidification experiments 

accomplished in the laboratory. Also, the variation is larger for the demonstration plant 

measurements compared to the laboratory measurements. However, the moisture transfer rate 

trends are similar. 

8.2 Recommendations and Future Work 

Regarding the construction of the liquid desiccant heat and mass exchangers the following 

recommendations are made:  

The regeneration of the liquid desiccant is the most critical issue as a result of heating water 

temperature. The presented tube-bundle regenerators are manufactured manually. It is highly 

recommended to utilize precision automated manufacturing techniques.  

In this study, the powder coating that is implemented is a composition of polyester, polyurethane, 

polyester-epoxy and acrylics. However, long term operational durability of the applied coating is 

still questionable. 
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The textile is fixed over the polycarbonate plate by using an adhesive. The adhesive is applied over 

the plate at five vertical sectors each with a width of 10 mm. those adhesive sectors are affecting, to 

some extent, the distribution of the desiccant solution. The adhesive also reduces the effective 

surface area of the exchanges surfaces. Thus there is clearly a need for additional research 

regarding attachment of the textiles over the plates. Furthermore, despite that some of the heat and 

mass exchangers have several years of service, the durability of the textile under corrosive 

desiccant solution and the continuous exposure to varying temperature of heating and cooling need 

to be considered. 

The distribution of the liquid desiccant is executed through perforated pipes. The liquid desiccant 

distributor is examined experimentally for particular conditions such as certain length of the 

perforated pipe, certain desiccant solution, and certain density and temperature of the desiccant 

solution. The deviation between the experimental and the numerical results is mainly due to 

distribution issues, this is greatly noticed in the tube-bundle HMX. It is highly recommended to 

implement a model to predict the distribution through perforated pipes taking into account the 

geometry of the heat and mass exchanger and the physical properties of the desiccant solution. 

Also, despite that filters are used in the suction line of the desiccant solution, further investigations 

need to be considered regarding the liquid desiccant distributor discharge bores. It is uncertain if 

contaminants in the supply air stream or fibers from the attached textile over the exposed surfaces 

could block the fine discharge bores. 

Regarding the instrumentation, the experimental setup and the experimental results, the uncertainty 

analysis is in the range of 20%. It was noticed that the relative humidity uncertainty is the main 

cause for the uncertainty in the evaluation of the humidity ratio. Further investigation should be 

conducted for the humidity sensors especially for warm saturated air conditions in the regenerator. 

Through the performed experiments, a condensation on the sensing element and relative humidity 

readings above 100% are observed  

A fluctuation in the desiccant solution flow rate is observed especially for relatively high flow 

rates. The desiccant solution suction pipe is installed in the bottom of the solution tank and thus 

affected by the head loss during the course of the experiment. Also, the pumps that are used in the 

experiments do not fit the required flow rates. Further improvements could only be obtained with 

the use of pumps that continuously delivers a regulated flow rate. However, the cost of such pumps 

with wide range of flow rates is significantly higher than the diaphragm pumps that are used in the 

current study. 

Diffusers are used in two stages to spread the air uniformly from the ductwork to the heat and mass 

exchangers. However, significant efforts should be devoted to determine the air distribution profile 

between the plates or through the staggered tube-bundles. The fully developed air velocity is 

assumed not to exceed 2 m/s, according to literature, to avoid the risk of carryover. However, this 

value may not have been satisfied and can contribute to carryover. 

Related to the demonstration plant for drying applications, further improvements should be focused 

on the following themes: 
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The absorber and the regenerator should be operated simultaneously so that the desiccant solution 

leaving the absorber, at a relatively high temperature, is directed to the regenerator. The 

regeneration circuit needs to be repaired by fixing the air-air heat recovery.  

Additional experiments should be done with respect to hay drying. In this study, even though many 

absorption experiments are carried out, only two hay bales are investigated. Further investigations 

required consultation of professionals in this field regarding the most influential factor in the drying 

process. Applying internal cooling in the low flow dehumidification process could be more 

efficient for drying applications by reducing the air humidity ratio compared to adiabatic 

dehumidification process. 

Related to carryover within the investigated heat and mass exchangers, some techniques are 

implemented, at a small scale, to check if the air leaving the heat and mass exchangers is free of 

salt solution mist. Two methods of active and passive monitoring are implemented. For active 

monitoring of air composition, an active monitoring instrument (OnGuard 3000) from the company 

Purafil is used to monitor the air leaving the plate-type absorber. For a surface air velocity of 3 m/s, 

the air leaving the absorber is clear. For long term monitoring of a possible carryover, a corrosion 

coupon is integrated in the demonstration plant in the air ductwork after the plate-absorber. The 

corrosion coupon is integrated for about 30 days and about 80 operating hours with an air mass 

flow rate of 1100 kg/h (surface air velocity of 1.2 m/s). The metals (copper and silver stripes) 

which are integrated on the corrosion classification coupon did not show any remarks of LiCl 

droplets. 

Furthermore, a simple test is performed to check the occurrence of carryover by integrating a 

plastic bin bag directly at the outlet of one-plate absorber (shown in Figure A 28.) for about 4 

hours. The air surface velocity for this test is set to 2.0 m/s. subsequently; the plastic-bag is 

examined and tracked for the presence of LiCl-H2O solution and nothing is observed. 

It is uncertain whether the implemented test methods are sufficient to verify the occurrence of 

carryover. Further investigations needs to take place to determine quantitatively the occurrence of 

carryover.
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NOMENCLATURE 

  area    

   specific heat             

   energy storage capacity        

  diameter   

  diffusivity        

  specific enthalpy          

   convection heat transfer coefficient           

   surface mass transfer coefficient        

    latent heat of vaporization        

  thermal conductivity coefficient           

  length    

   Lewis number  

  mean absolute temperature difference  

 ̇ mass flow rate       

   Nusselt number  

  pressure     

   water vapour pressure    

   air to desiccant mass flow ratio  

 ̇ heat flow rate    

   gas constant for dry air            

   Reynolds number  

   gas constant for water vapour            

  time    

  absolute temperature    

 ̇ volume flow rate         

  water content in salt               
   

Greek Symbols  

  linear thermal expansion      

  thermal diffusivity        

  effectiveness  

  thickness    

  effectiveness   

  efficiency   

  difference between specified streams  

  temperature °C 

   mass balance factor   

   energy balance factor   

  dynamic viscosity            

  kinematic viscosity        

  mass fraction LiCl in solution                  
   

   Concentration spread                  
   

  density         

  relative humidity   

  humidity ratio                  
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Subscripts 

abs absorber  

atm atmospheric  

AS air side  

cw cooling water  

da dry air  

db dry bulb  

dil diluted  

e equilibrium  

hw heating water  

i inlet conditions  

lat latent  

LiCl lithium chloride as salt  

max maximum  

min minimum  

o outlet conditions  

reg regenerator  

s saturated  

sens sensible  

sim simulation  

sol solution  

SS solution side  

th thermal  

v water vapour  

wb wet bulb  

Abbreviations Abbreviations 

ASHRAE American Society of Heating, Refrigerating, and Air 

Conditioning Engineers 

ADP Apparatus Dew Point 

ASTM American Society for Testing and Materials 

BPF By pass factor 

CaCl2 Calcium chloride 

COP Coefficient of Performance 

CELD Cost effective liquid desiccant 

DOE Design of Experiments 

G/L Air to solution mass ratio 

HMX Heat and mass exchanger 

IAQ Indoor Air Quality 

LHR Latent Heat Ratio 

LiBr Lithium bromide 

LiCl Lithium chloride 

NTU Number of Transfer Units 

PMMA polymethyl methacrylate 

PVC Polyvinyl chloride 

SC Storage capacity 

SHR Sensible Heat Ratio 

w.b. Wet basis 
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APPENDIX A. TECHNICAL DRAWINGS, FIGURES 

AND REMARKS 

In Chapters 4, 5 and 6 the main characteristics of the evaluation test-rigs for the textiles and the 

liquid desiccant distributor in addition to the construction of the heat and mass exchangers testing 

prototype were presented. In the present appendix, the detailed technical drawings are introduced.  

A.1 Tube-Bundle Heat and Mass Exchanger 

Technical drawings and figures of the heat and mass exchangers that were constructed in the 

present study: 

 

Figure A. 1: Skeleton view of the tube-bundle heat and mass exchanger, 39 tube-

bundle staggered with three offsets 

 

Figure A. 2: Top view of the tube-bundle heat and mass exchanger 
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A.2 Twin-Wall Plate Absorber 

 

Figure A. 3: Front view of the 6-plates HMX 

 

Figure A. 4: Skeleton view of the 6-plates HMX 

A.3 Coating of the Copper Tube-Bundle 

In the present study, two versions of the tube-bundle were constructed. The first version was 

constructed of silicon-coated copper. The second version was made of powder-coated copper. 

 

Figure A. 5: Silicon-coated tube-bundle, first version 

 

Figure A. 6: Powder-coated tube-bundle, second 

version 

The thermal conductivity of the materials which are implemented in the construction of the 

absorber and the regenerator is very important in terms of energy flows. Usually, heat exchangers 

are made of metals (copper, aluminum, steel, etc.) for higher heat transfer coefficients. Because of 

the corrosiveness of the LiCl-H2O solution, the contact surface of such metals should not come in 

direct contact with the desiccant solution. One possibility is to coat the external surface of the heat 

exchanger with corrosive resistant materials. The first version of the liquid desiccant regenerator 

was made of copper pipes protected with silicon hoses with a thickness of 0.8 mm, as shown in 

Figure A.5. However, silicone has a very low thermal conductivity. Another problem encountered 

in the construction was the difficulty to apply the silicon hoses over the copper outer surface. 

Furthermore, while applying the silicon hoses over the copper tube-bundle, some of the silicon 

hoses were maltreated. The second and the third versions of the liquid desiccant regenerator were 

coated with a thin powder layer. Prior to the selection of the thermal powder coating method, 

different types of coating were applied and tested regarding mechanical, chemical and thermal 

stability. Table A.1 summarizes the coating methods. 
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Table A. 1: Summary of the coating methods and the performed tests 

method/trade name Base Temp. resist. Thickness, 

mm 

wet lacquering/ Metalyt Zinc in inorganic-organic matrix up to 300 °C 0.24 

wet lacquering/ Multiflex coating spray Mixture of gums, resins and fillers -40..80 °C 0.30 

powder coating made of three components: binder 

(polyurethane, epoxy, polyester 

resins), hardener, and color 

pigments 

Up to 180 °C 0.28 

The selected materials are tested for thermal, chemical, and physical stability. Table A. 2 presents 

the, simple, performed tests for the copper samples that were coated with the previous mentioned 

types. 

Table A. 2: Summary of the visual, thermal, and chemical test of the coated-copper samples 

Test  Test method Test results 

Wet lacquering 

(Metalyt) 

Test results 

Wet lacquering 

(Multiflex) 

Test results 

powder coating 

Visual inspection Visual inspection of 

samples to detect the 

smoothness, uniformity, 

or defects on the surface 

Drops and nasal 

formation is 

observed, Fig. A. 7 

(left). 

Rough surface Fig. 

A. 7 (middle). 

Smooth surface Fig. 

A. 7 (right). 

thermal •The samples are 

immersed in a hot water 

of 100 °C 

•The end of the samples 

are heated using a gas 

burner to heat them to 

soldering temperature, 

Fig. A. 8 

•passed 

 

 

• passed 

 

•failed 

Air bubbles are 

observed on the 

surface; some 

irregularities and 

cracks on the outer 

surface, Fig. A. 8 

(right) 

•failed; flaking of 

lacquering-layer 

near the heated end 

•passed 

 

 

• passed 

 

chemical The samples are 

immersed in LiCl 

solution bath with a 

mass fraction of 0.43 

kg/kg at a temperature 

of 23 °C, Fig. A. 9. 

passed 

The lacquering-layer 

is not soluble in the 

LiCl solution. 

Passed 

The lacquering-layer 

is not soluble in the 

LiCl solution. 

Passed 

The lacquering-layer 

is not soluble in the 

LiCl solution. 

mechanical The samples are treated 

mechanically by sawing, 

grinding 

The subsequent 

processing is quite 

possible without 

flaking the lacquer. 

Sanding with 

sandpaper was not 

appropriate 

The subsequent 

processing is quite 

possible without 

flaking of lacquer. 

According to the results of the simple tests shown in Table A.2, the powder coating method shows 

the best results in comparison to the wet-lacquering method. For this reason, the copper pipes, used 

for the heat and mass exchanger construction, were protected by the powder coating. 
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Figure A. 7: Visual inspection of the coated copper-samples: formation of drops and uneven coating for Metalyt 

(left), rough and sticky surface for Multiflex coating (middle), smooth and even surface for the powder-coating 

(right) 

 

 

 

Figure A. 8: Thermal inspection of the coated-samples to evaluate the effect of the flame and heated joint (for 

soldering) on the coating 

 

 

Figure A. 9: The coated samples immersed in a LiCl solution bath with a mass fraction of 0.43 kg/kg at room 

temperature of about 23 °C
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A.4 Remarks on the Construction of the Tube-Bundle Heat and Mass Exchangers 

 

Figure A. 10: Bending of the cooper tubes is done manually in the laboratory; this can explain the, relatively, poor 

wetting observed in the tube-bundle heat and mass exchangers 

 

Figure A. 11: Tube-bundle heat and mass exchanger before and after bringing the textile-sleeves over the tubes. 

The offset between the staggered tubes is not fixed according to tolerances in the bending process 

   

Figure A. 12: Applying the tubes within the polycarbonate case. Pressures clamps were applied on the upper and 

the lower parts of the prototype-casing. The distance between two adjacent tubes is set to 6mm 
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Figure A. 13: Testing the liquid desiccant distributor in the tube-bundle heat and mass exchanger. The liquid 

desiccant is distributed through two desiccant manifolds, some irregularities of the distribution of the desiccant 

solution to each manifold were observed 

A.5 Remarks on the Construction of the Plate-Type Absorbers 

   

Figure A. 14: Applying the textile sheet over one of the polycarbonate twin-wall plates (left), the longitudinal 

remark lines represent the adhesive lines. The adhesive lines are clearly shown while testing the prototype with 

desiccant solution over the textile and colored-water in the internal passages (right) 

   

Figure A. 15: Construction of the 60-plates absorber: applying the textile to the plates (left), and an overall view of 

the 1st version of the prototype (right). In the 1st version the plates were fixed to the spacers from both sides, this 

caused a buckling in the plates
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Figure A. 16: The 60-plates absorber (2nd version, up down) in which the plates are connected to the spacers from 

one side only where the other side is free. The prototype is hanged to a crane using steel bars (coated with silicon) 

installed between the plates (left) 

A.6 Liquid Desiccant Distributor 

   

Figure A. 17: Evaluation of the liquid desiccant distributor. The figure shows one of the very initial tests of one of 

the perforated PMMA pipes with colored water (left), the figure (right) shows how the PMMA pipe is connected to 

the collecting PVC hoses without disturbing the flow of the desiccant solution through the discharge bores 

 

Figure A. 18: Performing the drop-test for the evaluation of the textiles 
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Figure A. 19: Performing the wicking test against gravity (Byreck test): the wicking remark after 5 minutes (left) 

and after 30 minutes (right) 

   

Figure A. 20: Liquid desiccant distribution through the textile attached to the plate (left), the evaluation of the 

distribution of the desiccant solution through 19 sectors over the plate, the collecting plate is shown beneath the 

hanged textile (right) 

A.7 Remarks on the Air Distribution 

At the entrance of prototype, a diffuser made of polypropylene is installed. This will distribute the 

air flow at the transition from the air duct on the exchanger cross section evenly. At the outlet a 

collector is connected through which the rectangular cross-section of the exchanger is reduced to 

the circular air duct (250 mm). 

   

Figure A. 21: The velocity of the process air at 12 sectors of the perforated PP plate facing the tube-bundle heat 

and mass exchanger-entrance
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Figure A. 22: A circular air diffusor (right) is integrated before to the perforated plate (left) as a trail to enhance 

the air distribution 

A.8 Remarks on the Field Demonstration Plant 

Liquid desiccant regenerator: 

Several experiments were performed in the demonstration plant for the regeneration of the 

diluted solution. The mass fraction of the diluted solution was in the range between 0.37 and 

0.39 kg/kg. The average value of the concentration spread was 0.046 kg/kg for an average 

heating water temperature of 74.5 °C. Also, Crystallization within the LiCl-H2O solution was 

observed in two of the demonstration experiments for low desiccant flow rate. 

However, for technical issues related to the undefined supply air flow for the regeneration 

process, the regeneration experiments in the field demonstration plant were excluded in this 

study. It was noticed that there was mixing in the heat recovery unit between the supply and 

exhaust air streams which caused undefined mass balance factors. The analysis of the 

experimental results shows a severe deviation of the mass balance factor from unity 

(                                . 

   

Figure A. 23: Liquid desiccant regenerator in the demonstration plant (left), and a schematic diagram of the 

regeneration circuit in the demonstration plant 
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Figure A. 24: The 1st version of the tube-bundle regenerator (silicon-coated) in the demonstration plant. Some 

tubes were burst in the first version of the liquid desiccant regenerator (left), freeze damage to the tube-bundle 

caused the copper pipe to simply slip apart at the solder joints 

    

 

Figure A. 25: Cooling water- desiccant solution heat exchanger immersed in the desiccant solution tank in the 

demonstration plant (left). 50 m long copper coil with an outer diameter of 12 mm, coated with a silicon hose with 

a thickness of 0.8 mm (lateral surface area is 2.1 m2). At some positions, the silicon hoses were maltreated which 

caused corrosion of the copper tubes (middle and right) 

   

Figure A. 26: The 2nd version of water-desiccant heat exchanger. Coil-wound heat exchanger, 30 m long powder-

coated copper with a lateral surface area of 1.3 m2. The heat exchangers are used to regulate the solution 

temperature which is delivered to the tube-bundle HMX
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Figure A. 27: Blocked filter observed in one of the performed experiments in the present study (for the filter 

immersed in the solution tank). Blocked or contaminated filter causes severe reduction in the solution flow rate 

   

Figure A. 28: Moisture content in the hay bale being dried by the liquid desiccant system in the demonstration 

plant. The moisture content varies with the depth of the hay bale. The moisture level in the tested hay bale was in 

the range between 9.4 % (w.b.) and 15.6 % (w.b.) 

A.9 Initial Investigations on Carryover of the Desiccant Solution  

It is uncertain whether the implemented test methods are sufficient to verify the occurrence of 

carryover. Further investigations needs to take place to determine quantitatively the occurrence of 

carryover. 

     

Figure A. 29: Carryover test: corrosion classification coupons (left and middle), and applying a plastic bag at the 

absorber exit (right). The air surface velocity for this test was set to 2.0 m/s. subsequently; the plastic-bag was 

examined and tracked for the presence of LiCl-H2O solution and nothing was observed 

  



 

 

  



 

 

APPENDIX B. LITHIUM CHLORIDE PROPERTIES  

The purity-grade of the LiCl salt used in the present study: 

The LiCl purification analysis-report for the desiccant used in the present study is shown in Table 

B.1 as supplied by the vendor S. Goldmann GmbH & Co. KG. 

Table B. 1: The characteristics of LiCl salt that used in the current study 

Parameter. Specified value Analytical value 

LiCl ≥99.0 % 99.2 % 

H2O ≤ 0.4 % 0.1 % 

Na ≤ 0.15 % 0.13 % 

Ca ≤ 0.002 % ˂ 0.002 % 

   
  

  ≤ 0.02% 0.0045 % 

Acid insoluble  ≤ 0.01 % 0.0021 % 

Properties and governing equations 

The vapor pressure rises with the rising solution temperature. As a result, cold and concentrated 

solution supplies the best absorption whereas heated and diluted solution offers the best 

regeneration. The air status will invariably move in the direction of remaining in equilibrium with 

the desiccant solution. Figure B.1 shows the equilibrium curve of LiCl solution for various mass 

fraction curves. 

 

Figure B. 1: LiCl equilibrium curves, ASHRAE 1998 

The determination of the concentration      of an aqueous LiCl solution before and after the 

sorption process can be iteratively determined as a function of the solution density (    ) by 

applying Equation B.1, Conde (2004): 

        ∑    
    

      
   

           B.1 

The parameters    to    used to calculate the density of aqueous LiCl solution is given in the Table 

B.2.
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Table B. 2: The parameters    to    used to calculate the density of the aqueous LiCl solution 

             

LiCl-Solution 1.0 0.540966 -0.303792 0.100791 

The density of water     is determined using Equation B.2: 
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With the parameters   to    as given in Table B.3 

Table B. 3: The parameters    to    used to calculate the density of the aqueous LiCl solution 

                  

1.99377184 1.09852116 -0.50944929 -1.76191242 -44.90054802 -723692.261886 

The determination of the specific heat capacity of aqueous LiCl solution is determined by Equation 

B.3: 
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The parameters A to E to calculate the maximum heat capacity of aqueous LiCl solution are given 

in Table B.4: 

Table B. 4: The parameters A to E used to calculate the maximum heat capacity of aqueous LiCl solution 

 A B C D E 

LiCl-Solution 0.12825 0.62934 58.5225 -105.6343 47.7948 

Where,     is the specific heat capacity of water and is determined using Equation B.4: 
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Where, the constants A to F are given in Table B.5: 

Table B. 5: The parameters A to F used to calculate the heat capacity of water 

 A B C D E F 

For      88.7891 -120.1958 -16.9264 52.4654 0.10826 0.46988 

 

 

 



 

 

APPENDIX C. 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 of minimum 

and maximum error. 

Throughout the experiments, a number of measurements were taken, and from those 

measurements, a set of variables was calculated. This section briefly reviews the methods used to 

estimate the uncertainty of the experimental data. It also provides a sample of calculations 

performed. 

In the first section, the uncertainty associated with the independent measurements is presented. In 

the second section, the uncertainty associated with the derived quantities due to uncertainty 

propagation is presented for some tests chosen as examples for the uncertainty analysis. At the end 

of this section, a brief comment is made about the impact of uncertainty on the results derived in 

this thesis. 

Throughout this analysis, a quantity with uncertainty is noted as follows: 

 ̃         

Where,  ̃  is a numerical quantity that can be represented by its main part or sensor reading    and 

its associated uncertainty    . 

The signals from the instruments are sent to a data acquisition module. The data are internally 

averaged over a 10 seconds period. 

The uncertainty analysis in this paper is performed regarding the highest error source either of the 

sensors-precision, given by the manufacturer, or the standard deviation within the logged data. The 

precision of the temperature and flow rate sensors was additionally calibrated in the laboratory 

before the installation of the demonstration plant. In the following, the uncertainty associated with 

the independent measurements and the uncertainty associated with the derived parameters are given 

C.1 Uncertainty Associated with Independent Measurements 

Desiccant solution temperature 

The desiccant solution temperature at the absorber/regenerator inlet and outlet is measured using 

Pt100 sensors. The uncertainty of the Pt100 sensors is given as: 

           

An attempt was to measure the solution temperature as close as possible to the exchanger inlet as 

well as outlet. However, the following remarks were encountered through the measurements: 

 The desiccant solution temperature at the inlet increased slightly during the experiment 

runtime despite that the solution transport hoses were insulated. This issue is more 

noticeable for low flow rates as a result to that the majority of the solution is sent back to 

the main tank (The pumps used here are not commensurate with the desired flow rate). 
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 The desiccant solution at the outlet does not represent the actual solution temperature is it 

left the air to solution contact surface. This issue was also more noticeable for low solution 

flow rates. As a result, some fluctuations in the measured solution temperature were 

noticed in the performed experiments especially for the solution outlet temperature. The 

fluctuations were a factor of the solution flow rate and the experimental run time. 

Air dry-bulb temperature 

The air temperature and relative humidity at the absorber/regenerator inlet and outlet are measured 

with two temperature and relative humidity transmitters. The uncertainties regarding the air dry-

bulb temperature of the intended sensors are: 

           (For the demonstration plant measurements using HygroFlex 420) 

           (For the laboratory measurements using testo 6610) 

The following points were encountered through the measurements of the air temperature: 

 The fluctuation in the measured air temperature increases by increasing the relative 

humidity. 

 The fluctuation in the air temperature is remarkably more in the field demonstration plant 

measurements. 

In this study, the uncertainty analysis regarding the air temperature is performed regarding the 

standard deviation within the logged data. 

Air relative humidity 

Air relative humidity is measured by using a factory calibrated humidity and temperature 

transmitters (HygroFlex 420) for the demonstration plant and (testo 6610) for the laboratory 

measurements. 

Two sensors were inserted at the absorber/regenerator inlet and outlet at the center of the air duct. 

The uncertainty in the relative humidity measurement is considered to be ±1% of the measured 

value, for both sensor-types. In this study, the standard deviation in the logged data regarding the 

relative humidity is taken as the highest error source.  

Moreover, the uncertainty given by the manufacturer regarding the air relative humidity was 

checked with a higher precision sensor. Further tests were carried out within a few months before 

the measurements on site. In these tests the maximum error limit given by the manufacturers were 

confirmed. Nevertheless, since some of the hygrometers were installed several years ago, it is 

possible that certain drifts due to the conditions of use or due to sensor ageing were not detected. 

Since no additional errors were detected in the tests, possible errors e.g. induced by aging were not 

taken into account in the error analysis. 

 

 



Uncertainty Analysis                                                                                                             161 

 

 

 

 

Desiccant solution density 

The density of the desiccant solution is measured my taking samples of the desiccant at the 

exchanger inlet and outlet. The desiccant, samples were analyzed using L-DENS 323 density meter 

with an uncertainty of: 

                  

The desiccant solution mass fraction charged and discharged from the absorber or regenerator is 

measured by taking samples of the desiccant solution every 5 minutes. 

It was noticed that the concentration of the desiccant solution is not 100% homogenous in the 

suction tanks (concentrated or diluted solution tanks). This observation was more noticed in the 

concentrated solution tank.  

Water temperature 

The cooling/heating water temperature at the absorber/regenerator inlet and outlet is measured 

using Pt100 sensors. The uncertainty of the Pt100 sensors is given as: 

               

An attempt was to measure the solution temperature as close as possible to the exchanger inlet as 

well as outlet. In this study, the logged water temperatures were without any fluctuations that worth 

to be mentioned. The precision given by the manufacturer is taken as the uncertainty in the water 

temperature measurements. 

Desiccant flow rate 

In the demonstration plant, the volumetric flow rate of the desiccant solution is monitored by a 

magnetic inductive flowmeter (Optiflux 1050) with an accuracy of: 

  ̇                                 

In the laboratory measurements, the desiccant mass flow rate is monitored using a coriolis flow-

meter (Promass 80I08) with an accuracy of: 

  ̇                                  

Fluctuations in the desiccant flow rate were observed in the majority of the performed experiments. 

Those fluctuations are a result of the following: 

 Head loss in the solution tank for high desiccant flow rates considering that the solution 

suction hose is integrated in the bottom of the tank. It was noticed that the solution flow 

rate decreased with the experimental runtime.  

 It was observed that the desiccant solution filter which is integrated to the suction line in 

the solution tank is blocked with contaminants and dirt. This cause a high fluctuation in the 

solution flow rate. 
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In the performed experiments, the standard deviation in the logged data regarding the solution 

flow rate is taken as the highest error source. 

Air volume flow rate 

In the demonstration plant, the flow rate of the air is measured with a vortex-meter (Optiswirl 4070 

DN 1000). The vortex flow meter has an uncertainty of: 

  ̇                                                                 

The air flow meter in the demonstration plant was checked by connecting it in series with the 

ultrasonic flow meter (Prosonic Flow B 200). 

The air flow rate is measured using ultrasonic and ultrasonic-vortex flow-meters connected in 

series. The air flow rate is measured with an ultrasonic flow meter (Prosonic Flow B 200) with an 

accuracy of 1.5% of the logged signal. The second sensor uses the principle of vortex integrated 

with ultrasonic, for the measurement of the vortex shedding with an accuracy of 1% of the 

measured value. The uncertainty in the air flow rate for the laboratory experiments is the average 

value of the two sensors. 

For the performed experiments, the sensors-precision given by the manufacturer is taken as the 

uncertainty in the air flow rate measurements. 

Water volume flow rate 

Cooling/heating water flow rate is in-line monitored using a magnetic inductive flow meter 

(Optiflux 1050) the manufacturer accuracy is given as: 

  ̇                                   

For the performed experiments, the flow meter precision given by the manufacturer is taken as the 

uncertainty in the water flow rate measurements. 

C.2 Uncertainty Associated with Derived Quantities 

The uncertainties of the derived quantities are propagated from the uncertainty of each of the 

independent measurements. The uncertainty associated with the derived quantities for the related 

equations given in Chapter 3 is solved using the software package Microsoft EXCEL 

(Microsoft Corporation, 2010). As discussed in the previous section, the uncertainty of the 

independent variables is considered according to the highest error source (precision of the 

sensors or the standard deviation within the logged values). 

For the derived quantities,                 presented in Chapter 3, the partial derivative of the 

derived quantity, y, with respect to the independent measurements,           ,  is defined as the 

following: 

   ∑[
  

   
                   ]

 

   



 

 

APPENDIX D. EXPERIMENTAL AND NUMERICAL 

RESULTS 

D1: Procedure for the Analysis of the Experimental Data  

The data is collected and analyzed using EXCEL according to the following procedure: 

1. The data from the data acquisition system is imported into EXCEL with each cell representing 

10 the data which is internally averaged over a 10 seconds period.  

2. Manual desiccant concentration data is averaged and loaded in the EXCEL file. 

3. Air state properties are calculated using ASHRAE correlations for temperature and relative 

humidity: 

• Humidity ratio,            in units of g/kg, Equation 3.2. 

• Air enthalpy          in units of kJ/kg, Equation 3.4. 

4. LiCl-H2O solution properties; enthalpy, enthalpy of dilution, concentration, and saturated vapor 

pressure are calculated using the relations given by Conde 2009. 

5. All flow rates are converted from volumetric to mass rates in units of kg/h using average of 

inlet/outlet temperatures and density data from thermodynamic property tables. 

6. Water vapor absorbed by the desiccant from process air stream is calculated using two methods: 

- Humidity ratio spread (    in the process air stream 

- Concentration spread (  ) in the desiccant solution 

7. Water desorbed from desiccant into the scavenging air stream is calculated using the same two 

methods. 

8. The absorber and the regenerator effectiveness are calculated by applying Equations 3.26 and 

3.27, respectively. The solution-temperature at which the equilibrium humidity ratio is calculated is 

as follows: 

- The solution inlet temperature (      for adiabatic dehumidification process. 

- The cooling-water inlet temperature (     for internally cooled dehumidification process 

- The heating-water inlet temperature (     for internally heated regeneration process. 

D2: Numerical Results 

The plate-type absorber experimental results, for the adiabatic and internally cooled modes, are 

compared with a numerical model that is developed by Martin Mützel, Mützel (2009). The 

numerical model is overestimated and beyond the experimental uncertainty for the majority of the 

related performed experiments. In the absorption experiments, the model estimated moisture 

transfer rates of 11% to 35% greater than those observed in the dehumidification experiments 

performed in the laboratory. Also, the variation was larger for the demonstration plant 
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measurements compared to the laboratory measurements. However, the moisture transfer rate 

trends were similar.  

Tables D.1 to D.4 show the finite difference numerical results for a sample of the 

performed experiments.  

1. Twin-wall plate in adiabatic mode: Numerical results 

Table D.1 shows the numerical results regarding air for the 1
st
 test sequence (TS1 in Table 7.1): 

Solution flow rate as a controlled variable. Those experiments are carried out in the laboratory via 

the 6-plates absorber. 

Table D. 1: Numerical results, regarding air, of the twin wall plates absorber: Desiccant solution flow rate as a 

controlled variable (TS1 in Table 7.1) 

Run  I II III IV 

  , (        
  ) 25.5 12.2 8.5 6.4 

   , (  ) 32.1 32.0 31.5 31.0 

  , (     ) 10.8×10 
-3

 10.3×10 
-3

 9.9×10 
-3

 9.9×10 
-3

 

   1539.6 1535.5 1528.6 1538.2 

   1.03 1.01 0.99 0.97 

   635.4 620.9 612.7 602.6 

 ,       ) 2.49×10 
-5

 2.49×10 
-5

 2.49×10 
-5

 2.49×10 
-5

 

  , (         31.5 30.8 30.3 29.8 

  ,              3×10 
-2

 3×10 
-2

 3×10 
-2

 3×10 
-2

 

Table D.2 shows the numerical results regarding the desiccant solution for the 1
st
 test sequence 

(TS1 in Table 7.1): Solution flow rate as a controlled variable. Those experiments are carried out in 

the laboratory via the 6-plates absorber. 

Table D. 2: Numerical results, regarding the desiccant solution, of the twin wall plates absorber: Desiccant 

solution flow rate as a controlled variable (TS1 in Table 7.2) 

Run  I II III IV 

  , (        
  ) 25.5 12.2 8.5 6.4 

   , (  ) 37.4 38.9 38.9 39.4 

  , (     ) 0.404 0.421 0.423 0.427 

               1.18×10 
-2

 1.21×10 
-2

 1.17×10 
-2

 1.21×10 
-2

 

        
        2614.8 2610.0 2616.1 2609.7 

   6.88×10 
-5

 1.25×10 
-4

 1.74×10 
-4

 2.2×10 
-4

 

   4.69×10 
5
 4.21×10 

5
 3.80×10 

5
 3.54×10 

5
 

   3.99×10 
3
 3.96×10 

3
 3.96×10 

3
 3.97×10 

3
 

 ,       ) 3.77×10 
-10

 3.72×10 
-10

 3.76×10 
-10

 3.67×10 
-10

 

  , (         4.10×10 
3
 4.06×10 

3
 4.05×10 

3
 4.05×10 

3
 

  ,              3.52×10 
-6

 4.15×10 
-6

 4.71×10 
-6

 5.16×10 
-6

 

 

2. 60-plate in adiabatic mode: Numerical results 

Table D.3 shows the numerical results for the experiments carried out in 11.08.2015 in the 

demonstration plant. The numerical results are regarding the air with the solution mass flow 

rate as a controlled variable. 
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Table D. 3: Numerical results, regarding air, of the 60 plates absorber in the demonstration plant: Desiccant 

solution flow rate as a controlled variable (11.08.2015 in Table 7.26) 

Run  I II III IV 

  , (        
  ) 9 19 38 48 

   , (  ) 31.7 31.7 31.6 30.6 

  , (     ) 6.26×10 
-3

 6.53×10 
-3

 6.86×10 
-3

 7.11×10 
-3

 

   291.0 290.9 289.5 289.6 

   1.02 1.03 1.04 1.04 

   702.2 713.8 726.0 736.0 

 ,       ) 2.42×10 
-5

 2.43×10 
-5

 2.45×10 
-5

 2.45×10 
-5

 

  , (         28.4 28.8 29.3 29.6 

  ,              2.74×10 
-2

 2.75×10 
-2

 2.78×10 
-2

 2.79×10 
-2

 

Table D.4 shows the numerical results for the experiments carried out in 11.08.2015 in the 

demonstration plant with the solution mass flow rate as a controlled variable. The numerical 

results are regarding the desiccant solution. 

Table D. 4: Numerical results, regarding the desiccant solution, of the 60 plates absorber in the demonstration 

plant: Desiccant solution flow rate as a controlled variable (11.08.2015 in Table 7.26) 

Run  I II III IV 

  , (        
  ) 9 19 38 48 

   , (  ) 30.7 29.2 28.2 26.4 

  , (     ) 0.370 0.349 0.330 0.306 

               8.42×10 
-3

 8.43×10 -3 8.49×10 -3 8.61×10 -3 

        
        2694.7 2694.4 2693.3 2691.2 

   3.87×10 
-5

 2.23×10 
-5

 1.43×10 
-5

 1.04×10 
-5

 

   4.59×10 
5
 4.66×10 

5
 4.71×10 

5
 4.73×10 

5
 

   4.93×10 
3
 5.01×10 

3
 5.06×10 

3
 5.10×10 

3
 

 ,       ) 4.13×10 
-10

 4.12×10 
-10

 4.09×10 
-10

 4.04×10 
-10

 

  , (         4.08×10 
3
 4.15×10 

3
 4.19×10 

3
 4.22×10 

3
 

  ,              3.35×10 
-6

 3.26×10 
-6

 3.20×10 
-6

 3.16×10 
-6
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