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ABSTRACT 

 In this thesis, several possible liquid desiccants (aqueous solutions of LiCl, LiBr, 

MgCl2 and CaCl2) are investigated to find the most appropriate working fluid to be used 

in a run-around membrane energy exchanger (RAMEE).  The liquid desiccant is one of 

the main components of the RAMEE and indirectly conditions the outdoor ventilation 

air by using the energy of the exhaust air, significantly reducing the building energy 

consumption. 

 Numerical simulations, in this thesis, show that the total effectiveness of the 

RAMEE changes less than 0.5% when different salt solutions are used.  However, the 

capital and operational costs of the RAMEE are significantly different for different 

desiccants.  MgCl2 is the most inexpensive among the selected salt solutions and is 

followed by CaCl2, LiBr and LiCl.  The price of a LiCl solution in the RAMEE is almost 

20 times more than the price of MgCl2 solution.  Different thermo-physical properties of 

the salt solutions result in different pumping energy consumptions for each specific salt 

solution.  For example, the pumping energy consumption for a MgCl2 solution is 3.5 

times more than for a LiBr solution in the RAMEE.  The change in the volume of the 

liquid desiccant throughout a year is another characteristic which depends on the 

thermo-physical properties of the salt solution.  Solutions with larger volume expansion 

require larger storage tanks and will experience longer transient delays.  The difference 

between the volume expansions of different salt solutions is less than 5% of the total 

solution volume.  MgCl2 solution expands more than 17% throughout a yearly operation 

of the system in Saskatoon.  
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 Crystallization of the salt solution is another important parameter in the selection 

of the liquid desiccant.  Simulations show that, for a specific indoor and outdoor 

operating condition the risk of crystallization is greatest for MgCl2, followed by CaCl2, 

LiCl and LiBr.  The risk increases as the supply or exhaust airstreams become dryer.  

For a cross flow RAMEE with a total effectiveness of 55% (NTU=10 and Cr*=3) 

operating in a building with indoor RH of 50%, the critical outdoor humidity below 

which crystallization will begin to occur is 28% RH for MgCl2, 20% for CaCl2 and 

0%RH for LiCl and LiBr.  According to the simulations, all four investigated salt 

solutions can be used in North America (except the states of Nevada, Arizona, New 

Mexico and parts of Texas) with no risk of crystallization when the indoor humidity is 

50% RH.  However, with indoor humidity of 30% MgCl2 and CaCl2 solutions will have 

risk of crystallization for a large number of hours in a year in most of the central western 

United States.  A mixture of 50% LiCl and 50% MgCl2 solution is suggested to be used 

when the cost-effective MgCl2 solution cannot be used due to crystallization issues.  The 

price of this newly suggested mixture is 30% less than that of a pure LiCl solution and 

can be used in all North American climates with very small risk of crystallization. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview of Ventilation in Buildings 

Fresh ventilation air is essential to maintain acceptable Indoor Air Quality (IAQ) 

in buildings.  Recent research has shown that higher ventilation rates can significantly 

improve the health and productivity of occupants (Fanger 2006; Seppanen et al. 2006).  

Reducing the ventilation outdoor air in dwellings has been found to increase the risk of 

high occupant absenteeism or sick building syndrome (SBS) (Engvall et al. 2005; 

Wargocki et al. 2000) and the risk of strong allergic symptoms among children 

(Bornehag et al. 2004).  

Building ventilation rates are selected to follow international standards.  These 

standards have had their minimum recommended ventilation rates for buildings revised 

from time to time.  For example, when the ASHRAE ventilation standard was revised in 

1989, the minimum recommended ventilation rate was increased from 2.5 L/s per person 

(ASHRAE 1981) to 10 L/s per person (ASHRAE 1989).  This four times increase in the 

minimum ventilation rate was intended to dramatically reduce the growing fraction of 

buildings with significant IAQ problems caused by the 1981 standard which had 

reduced the value to respond a rapid rise in the cost of energy supplied to buildings.  The 

most recent ASHRAE Standard 62.1 (2004) recommends a minimum ventilation rate of 

about 8.5 L/s per person for a typical office building (ASHRAE 2004).  This minimum 
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ventilation rate is based partly on the building materials and partly on the occupancy per 

unit floor area. 

1.2 Air-to-Air Heat/Energy Exchangers 

Although higher ventilation rates improve IAQ, replacing a part of the air from 

the building with unconditioned outdoor air increases the energy consumption and costs 

of the building.  Eto and Meyer (1988) investigated the HVAC capital costs and energy 

consumption imposed by increased ventilation rates.  They reported a 0 to 20% increase 

in the chiller capacity and 0 to 10% increase in the boiler capacity (depending on the 

severity of the climate) by increasing ventilation rates from 2.5 L/s per person to 10 L/s 

per person. They also showed that annual heating and cooling energy consumption 

increased by a maximum of 8% and 14% respectively. 

The increasing price of energy has drawn attention to energy recovery 

technologies to reduce the additional costs imposed by ventilation.  Air-to-air energy 

recovery systems use waste energy from the airstream leaving the building (i.e., exhaust 

air) to pre-condition the outdoor ventilation air and can significantly reduce the HVAC 

life-cycle costs of buildings (Fauchoux et al. 2007 and 2009; Asiedu et al. 2005).  

Energy recovery may reduce, on average, one third of the total annual energy costs of a 

building (Zhang et al., 2000; and Dieckmann, 2008).  Besant and Simonson (2003) also 

showed that the annual cooling and heating energy consumption can be reduced by 31% 

and 64%, respectively, by using energy recovery systems in an example building in 

Chicago.  

Air-to-air recovery systems can be categorized into two major groups based on 

their ability to transfer sensible or latent heat: (1) devices only capable of transferring 
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sensible heat or heat recovery ventilators (HRVs), and (2) devices which can transfer 

both moisture and heat (i.e., enthalpy), also known as energy recovery ventilators 

(ERVs).  Flat plate heat exchangers, heat pipes, heat wheels, run-around coil-to-coil 

loops, and thermosiphons are common commercially available HRVs and energy 

(enthalpy) wheels, hygroscopic fixed-plate exchangers and twin tower enthalpy recovery 

loops are the major ERVs available in the market. 

Larson (2006) classified heat and energy recovery systems based on the type of 

heat or energy exchanged and the location of the supply and exhaust ducts.  Heat and 

energy devices that require adjacent supply and exhaust ducts (e.g. fixed plate 

exchangers and energy wheels), are well suited to most new buildings, while other 

exchangers that allow the ducts to be located remotely (e.g. twin tower enthalpy loops 

and run-around heat exchangers) may be better suited to retro-fit existing buildings and 

for new buildings where contaminant control is very important (e.g. hospitals and 

laboratories). 

1.2.1 Ideal Air-to-Air Energy Exchangers 

An ideal air-to-air energy exchanger is the one that allows temperature driven 

heat transfer between the supply and exhaust airstreams as well as partial pressure 

driven moisture transfer between the two airstreams and also minimizes the cross 

leakage (cross-contamination) from the exhaust to supply stream (ASHRAE, 2008).  

Cross-contamination needs to be avoided specially in applications, such as hospitals, 

laboratories and clean rooms where it may cause severe health problems to the 

occupants or damage to the materials being processed in the clean rooms.  In addition, 

an ideal energy recovery device should allow the supply and exhaust air ducts to be 
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located remotely.  Devices with remote supply and exhaust exchangers may be utilized 

in retro-fit applications with minimal re-ducting expenses.  Retro-fit applications could 

be a large growth area for the energy exchanger market since the replacement rate of 

buildings is typically less than 3% for the entire building stock in North America. 

Heat/energy exchangers available in the market, each have specific advantages 

and disadvantages and have to be selected carefully according to the application 

requirements.  Currently available energy exchangers as well as their advantages and 

disadvantages are presented in the following sections. 

1.2.2 Fixed-Plate Exchangers 

Fixed-plate exchangers consist of a series of flat plates that are arranged to form 

air channels as shown in Figure 1.1.  Supply and exhaust airstreams flow in a cross-flow 

pattern through adjacent channels separated by thin plates.  Plates that separate the 

airstreams are either smooth or made from corrugated materials (Kakac and Liu 2002).  

Plate spacing varies from 2.5 mm to 12.5 mm depending on the size of the exchanger, 

flow requirements and applications of the system (ASHRAE 1996).  Aluminum and 

polymer plastics are the most commonly used materials for the plates in these heat 

exchanger.  The separating plates may be chosen from micro-porous permeable polymer 

materials so moisture as well as heat can be transferred between the airstreams.  Such 

hygroscopic membranes are hydrophilic so they can diffuse both liquid water and vapor 

across the membrane.  They are chosen to maximize moisture transfer and minimize the 

air transfer due to air pressure differences across the membrane. This type of membrane 

will have somewhat different air transfer properties when the membrane is dry due to 

dry air inlet conditions than when it is wet due to high inlet air humidities.  Suitable 
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membranes include cellulose, polymer and other synthetic materials such as hydrophilic 

electrolytes (ASHRAE 2008).   

 
Figure 1.1: Fixed-plate heat exchanger ("Copyright©2010, ASHRAE (www.ashrae.org)” used with 

permission) 

In a fixed-plate heat exchanger, heat transfers only through a primary membrane 

surface area so the total heat transfer resistance between the two airstreams is due to the 

membrane and the boundary layers in the supply and exhaust airstreams.  Therefore, the 

sensible energy exchange effectiveness of such exchangers can be high (e.g. up to 75% 

for a cross-flow exchanger).  

While fixed-plate exchangers with impermeable plates (e.g. aluminum) can only 

transfer heat, exchangers with hygroscopic membranes transfer both heat and moisture.  

Hygroscopic plate exchangers may recover almost 6 times more waste energy than 

sensible fixed-plate exchangers during hot and humid weather conditions (Niu and 

Zhang 2001).  However, cross-contamination of the supply air may increase by up to 5% 

when hygroscopic membranes are used in place of impermeable membranes. 

The supply and exhaust air ducts need to be adjacent to each other in a fixed 

plate heat exchanger.  Also the pressure difference across the exchanger membranes has 

to be limited for some designs, especially if the membranes are hydrophilic. 
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air flows through the matrix resulting in the rejection of heat to the cool airstream.  

Energy wheels operate very similar to the heat wheels with the difference that they also 

transfer moisture between the airstreams.  In an energy wheel, moisture is transferred 

from the humid airstream to the desiccant coating of the matrix and is later removed by 

the dry airstream on the other side.  Energy wheels are the most commonly used energy 

exchangers in buildings because of their high effectiveness.  Effectiveness of the energy 

wheels for commercial use ranges from 50 to 85% (Simonson 2007).   

One of the main disadvantages of heat/energy wheels is that they transfer some 

air between the supply and exhaust airstreams.  Air transfer occurs due to air leakage 

around seals and carryover of the air contained in the wheel as it rotates from the 

exhaust airstream to the supply airstream (ASHRAE 1996).  However, carryover may be 

reduced significantly by installing a purge section on the wheel (ASHRAE 2008).  

Another disadvantage of heat/energy wheels is that supply and exhaust ducts need to be 

adjacent to each other.  Therefore, heat/energy wheels are not ideal for retro-fit 

applications. 

1.2.4 Run-Around Heat Exchangers 

Run-around heat exchangers (RAHEs) comprise of two or more liquid-to-air 

heat exchangers which are thermally connected by a glycol-water solution (Gabriel 

2007).  Supply and exhaust heat exchangers may be placed in different locations in a 

RAHE which allows this device to be utilized in retro-fit applications or where 

complicated ducting systems are required (e.g. large buildings).  Having completely 

separate heat exchangers in a RAHE also eliminates the chances of cross-contamination 

of the supply air.  
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The performance of a RAHE depends on several parameters such as the design 

and geometry of the exchangers, liquid and air flow rates and thermal characteristics of 

the coupling liquid (Gabriel 2007; Vali et al. 2009).  The overall sensible effectiveness 

of a run-around heat recovery loop is typically between 45 to 65% (ASHRAE 2008).  

However, using two phase liquid-gas flow as the coupling fluid in the tubes is found to 

improve the heat transfer in the exchangers and increase the overall effectiveness of the 

system (Zeng et al. 1992).  

RAHEs are only capable of transferring sensible heat between the airstreams 

since their heat exchangers are manufactured by impermeable materials (e.g. aluminum).  

In addition, the low sensible effectiveness of this type of heat exchangers compared to 

other energy exchangers limits their use in HVAC applications. 

1.2.5 Thermosiphons and Heat Pipe Heat Exchangers 

 A typical thermosiphon loop (as shown in Figure 1.3) consists of a series of 

evacuated tubes, containing a small amount of a working liquid (e.g. water), connected 

with pipes.  Hot air flows through one set of the tubes (evaporator) causing the liquid to 

evaporate and to move to the cold side (condenser) where it condenses.  Condensed 

vapor, then, returns to the evaporator by gravity.  A considerable amount of heat can be 

transferred between the two airstreams because of large latent heat of vaporization of the 

working fluid (Reay and Kew 2006).   

 Operation of the thermosiphons depends on nucleate boiling of the working 

fluid. Therefore, their performance is highly affected by the temperature difference 

between the two airstreams.  However, their effectiveness is generally less than 60%. 

(ASHRAE 1996).  One advantage of thermosiphon loops over other coil energy 
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properties (i.e., liquid desiccants, such as LiCl-water solution) are used as the working 

fluid in a twin tower loop.  In a twin tower enthalpy loop, the liquid desiccant is 

continuously pumped between two supply and exhaust contactor towers.  In each 

contactor tower, the liquid desiccant comes in direct contact with the supply and exhaust 

airstreams so moisture and heat are transferred between the air and the liquid.  Although 

direct contact between the air and liquid streams significantly enhances heat and 

moisture transfer (Ali et al. 2004; Masquita et al. 2006), the supply airstream may 

entrain small droplets of the liquid desiccant, resulting in reduced IAQ (Dieckmann, 

2008) and corrosion problems in the downstream metallic ducts (Conde 2007). 

The heat and moisture exchangers in twin tower enthalpy recovery systems are 

completely separated and can be placed remotely.  This eliminates air leakage between 

the supply and exhaust airstreams. However, soluble gases in the liquid desiccant may 

be transferred between exhaust and supply airstream in very small quantities (ASHRAE 

1996).  Most sorbent solutions used in twin tower systems have antibacterial 

characteristics.  Experiments on actual twin tower systems show that almost 94% of the 

atmospheric bacteria are removed in twin tower enthalpy loop exchangers by the liquid 

desiccant (ASHRAE 1996). 

Although twin tower enthalpy recovery loops are the only recovery systems 

capable of transferring heat and moisture between two remotely located supply and 

exhaust exchangers, problems associated with direct contact between the airstreams and 

the liquid desiccant in such systems has limited their use in HVAC applications. 
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1.3 Run-Around Membrane Energy Exchanger (RAMEE) 

The run-around membrane energy exchanger (RAMEE) is a novel energy 

exchanger developed to eliminate the disadvantages of other air-to-air exchangers.  The 

RAMEE transfers heat and moisture between two different airstreams while allowing 

the supply and exhaust exchangers to be separated.  This allows a RAMEE to be used in 

retro-fit applications and significantly reduces the risk of contaminant transfer between 

the supply and exhaust airstreams. 

A schematic of a RAMEE system is shown in Figure 1.4. The main parts of a 

RAMEE are two liquid-to-air membrane energy exchangers (LAMEEs), two small 

centrifugal pumps, and two liquid desiccant storage tanks.  Heat and moisture are 

transferred between the air and liquid streams in the LAMEEs.  As shown in Figure 1.5, 

each LAMEE is made up of several air and liquid flow channels, separated by semi-

permeable membranes.  Semi-permeable membranes allow water vapor to transfer 

through the membrane but prevent liquid transfer (Larson et al. 2006). 

 

Figure 1.4: Schematic of a Run-Around Membrane Energy Exchanger (RAMEE) system. 
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Figure 1.5: Schematic of a Liquid–to-Air Membrane Energy Exchanger (LAMEE). 

During summer operating conditions, the desiccant in the supply LAMEE 

absorbs heat and moisture from the hot and humid outdoor ventilation air and leaves the 

supply exchanger as a warm and dilute solution.  Therefore, the supply air becomes 

cooler and dryer as it flows through the exchanger.  Warm and dilute liquid desiccant 

then flows to the supply storage tank where it is pumped to the exhaust LAMEE.  In the 

exhaust exchanger, the desiccant solution loses heat and moisture to the cool and dry 

indoor air that is exhausted from the building.  Therefore, the solution is regenerated 

(cooled and concentrated) in the exhaust exchanger.  The loop repeats by pumping cool 

and concentrated liquid desiccant to the supply exchanger.  A similar process happens 

during winter operating conditions with the difference that, during the winter, the 

outside air is dry and cold, so the liquid desiccant will lose moisture and heat in the 

supply exchanger and gain moisture and heat in the exhaust exchanger. 

1.3.1 Background of the RAMEE Project 

Several graduate students (6 completed and 6 current) have studied different 

design characteristics of the RAMEE system since Professors Simonson and Besant 
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were awarded an NSERC Collaborative Research and Development (CRD) grant to 

investigate this system in 2002.  The following sections introduce the previous 

investigations done on the RAMEE system in this research group. 

1.3.1.1 First RAMEE Numerical Simulation (Fan, 2005) 

Fan (2005) simulated the RAMEE system with two cross flow energy 

exchangers coupled with a Lithium Bromide solution using the finite difference method.  

The temperature and humidity distributions in the air and liquid desiccant channels of 

the exchangers were determined as well as the latent and sensible effectivenesses.  

Simulations showed that a total effectiveness of 70% is achievable by the RAMEE. 

1.3.1.2 Prototype I (Hemingson, 2005) 

Based on the promising results of Fan (2005), Hemingson (2005) designed and 

built the first prototype in the thermal sciences laboratory at the University of 

Saskatchewan.  Some design problems were noticed during the testing of this prototype, 

including deflection of the membrane and LAMEE structure, high air permeability and 

low liquid penetration pressure of the membrane.  Deflection of the membrane resulted 

in blocking of some air flow channels at high liquid pressure.  At low liquid pressures, 

however, the high air permeability of the membrane caused air flow to the liquid 

channels.  The low liquid penetration pressure of the membrane caused the liquid 

desiccant to leak through the membrane and into the airstreams. 

1.3.1.3 Membrane Research (Larson, 2006) 

Larson (2006) investigated several available membranes to find a more 

appropriate membrane for the RAMEE.  He measured some of the important membrane 

characteristics, such as, elastic properties, air and water vapor permeability and liquid 
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penetration pressure.  His research led to the selection of ProporeTM, a vapor permeable 

but liquid resistant fabric laminated to a propylene non-woven layer.  Larson’s 

investigations also showed that the water vapor permeability values used by Fan et al. 

(2005) were much higher than the permeability of commercially available membranes 

resulting in over estimation of the effectiveness by Fan (2005). 

1.3.1.4 Prototype II (Erb, 2006 and 2007) 

The second RAMEE prototype was built by Erb (2006, 2007) with ProporeTM as 

the membrane and Magnesium Chloride as the coupling fluid.  Prototype II had two 

LAMEEs with a cross-flow configuration (as did prototype I).  An aluminum screen was 

used to support the membranes in the LAMEEs to reduce the deflection of the 

membrane as recommended by Larson (2006). 

During testing, Erb found that the RAMEE system could take many hours to 

reach quasi-steady state.  He also showed that the quasi-steady-state effectiveness of the 

system was influenced by number of transfer units (NTU) and ratio of solution and air 

heat capacity rates (Cr*), as expected from the numerical results of Fan (2005).  

However, some discrepancies were found between the experimental and numerical 

results.  For example, the numerical simulations showed that the effectiveness should 

increase as Cr* is increased until Cr*=3, where the maximum effectiveness occurs, and 

then decreases slightly to an asymptotic value for increasing Cr*.  However, the 

experimental effectivenesses increased continuously with increasing Cr* to an 

asymptotic value and did not show the peak effectiveness at Cr*=3. 
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1.3.1.5 Transient Modeling (Seyed Ahmadi, 2008)  

Seyed Ahmadi (2008) numerically simulated the transient behavior of a RAMEE 

with two cross-flow LAMEEs and accumulated the time required for the RAMEE to 

return to steady state following a step change in the inlet air properties. Seyed Ahmadi 

found several factors which influence the transient performance of the RAMEE system.  

His research showed that increasing Cr* decreases the transient time of the system, while 

increasing NTU increases the transient time.  The volume of the liquid desiccant 

circulating in the system was also found to play a significant role on the transient time.  

The volume of the liquid desiccant in the system needs to be minimized to reduce the 

transient response delays.  Seyed Ahmadi also showed that the heat transfer between the 

environment and the RAMEE system (exchangers, piping and storage tanks) could 

significantly change the quasi-steady-state effectiveness of the system.  The initial 

concentration of the desiccant solution in the system is the other factor affecting the 

transient time of the system. Seyed Ahmadi recommended that the initial concentration 

of the liquid desiccant be selected very close to the expected steady-state value to reduce 

the transient response delays of the system. 

Numerical results for the transient behavior of the RAMEE system were found to 

be in agreement with the experimental results of Erb (2009).  The maximum average 

absolute differences between the numerical and experimental effectivenesses were found 

to be 7.5% and 10.3% for summer and winter operating conditions, respectively during 

the transient time duration of the experiments. 



 
 

16

1.3.1.6 Counter/Cross-Flow LAMEEs (Vali 2009 and Mahmud 2009) 

Although many of the problems with prototype I were fixed in the second RAMEE 

prototype, the effectiveness of the second prototype was lower than the desired 

effectiveness value (target of 55% to 65%).  One way to enhance the effectiveness of the 

system is to change the flow configuration of the system (Vali, 2009).  Possible flow 

patterns in a heat and mass exchanger are shown in Figure 1.6. RAMEE prototypes I and 

II were both constructed with liquid and air channels perpendicular to each other (i.e. 

cross-flow configuration, Figure 1.6(a)).  However, studies show that exchangers with 

counter-flow configuration, in which, liquid and air streams flow along the same axis 

have better performance than the ones with cross-flow configuration.  Although counter-

flow exchangers perform the best, it would be very difficult, in a practical HVAC 

system, to separate the liquid and air streams at the ends of each counter-flow LAMEE.  

In order to avoid this problem, cross flow inlet and outlet headers were used on a 

counter/cross-flow configuration exchanger (see Figure 1.6(c)). Vali (2009) showed that 

using the counter/cross-flow configuration for exchangers in the RAMEE system 

typically would increase the effectiveness of the system by approximately 6% compared 

to systems with pure cross-flow LAMEEs. 
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Figure 1.6: Possible air and liquid configurations in a LAMEE: (a) cross flow, (b) counter flow, and 

(c) counter/cross flow (Vali, 2009) 

Mahmud (2009) designed, built and tested the third RAMEE prototype which 

consisted of two counter/cross-flow configuration LAMEEs.  Discrepancies between the 

measured and simulated effectivenesses were between 1 to 7% (absolute) for the test 

data of Mahmud (2009) and the numerical simulations of Vali (2009) with the 

experimental data usually less than the simulated effectiveness.  This RAMEE prototype 

with counter/cross-flow exchangers (prototype III) had a 10 to 20% higher effectiveness 

compared to the previous prototype (prototype II)). 

1.3.1.7 Operational Control Strategies (Erb, 2009) 

Erb (2009) investigated different control strategies to minimize the system 

transient delays during both RAMEE start-up and changing outdoor weather conditions. 

Both temperature and concentration control were investigated to reduce the transient 

delay.  This control system would add water to the liquid desiccant when concentration 

of the coupling salt solution needed to be reduced (e.g. for the case when moisture 

should be added to the supply air).  If the solution concentration needed to be increased, 

heat would be added to the desiccant in the exhaust storage tank to increase the moisture 

removal from the desiccant in the exhaust exchanger.  This control system is expected to 

reduce the transient delay by up to 90% compared to a passive system with no control. 
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1.3.1.8 Liquid Desiccant Research 

The RAMEE research group at the University of Saskatchewan has investigated 

many aspects of RAMEEs, such as membrane characteristics, flow configuration in the 

LAMEEs and transient and steady state behavior of the system.  However, no detailed 

research has been done so far on the selection of the best liquid desiccant for the 

RAMEE system based on safety, system performance, capital costs, operating 

conditions and costs.  Early RAMEE prototypes used LiBr solution as the coupling 

liquid desiccant (Hemingson, 2005), while later prototypes used MgCl2 (Erb 2006; 

Mahmud 2009).  The main reason for changing the liquid desiccant was to reduce cost 

since MgCl2 has a lower price than LiBr.  In addition to costs, there is a need to study 

the operational performance factors and limitations, disadvantages and advantages of 

different liquid desiccants which may be used in the RAMEE system.  This matter will 

be the focus of this thesis. 

1.4 Desiccants in Air Conditioning 

Environmental and economical problems associated with conventional vapor 

compression air conditioning systems have significantly increased the use of desiccant-

based air conditioning systems as a replacement.  Nevertheless, desiccant air 

conditioning is only used in some specific applications, such as super markets, hospitals 

and applications where very dry supply air conditions are required, often in very humid 

climates (Dieckmann, 2005). 

Desiccants are materials with high affinity for water vapor and water. The 

process of attracting water vapor by desiccants is described as either adsorption or 

absorption (ASHRAE 2005).  During adsorption the desiccant does not chemically 
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change while water is added to its exposed surfaces. This process occurs in desiccants in 

the solid form (i.e., solid desiccants) and the desiccant remains solid while moisture is 

added in multi-layers of H2O molecules on the solid surfaces.  The adsorption of 

moisture occurs on the vast surface area of the solid desiccant.  Some common solid 

desiccants are silica gel, activated alumina, molecular sieve (zeolite) and activated 

carbon.   

Absorption, on the other hand, changes the desiccant as the water molecules are 

internally taken into the desiccant (ASHRAE, 2005).  Absorption often occurs in 

materials called liquid desiccants.  Liquid desiccants are categorized into two major 

groups in the dehumidification and air-conditioning industry: hygroscopic salt solutions 

and glycols.  Hygroscopic salt solutions are mixtures of any hygroscopic salt, such as 

NaCl or LiCl, in water.  Glycols, on the other hand, are organic compounds with a water 

absorption capacity. Unlike dry, solid hygroscopic salts, glycols are liquid at room 

temperature.  Glycols have properties such as high viscosity and volatility and thus they 

will not be widely used in HVAC applications (Mei and Dai 2008).  For example, 

triethylene glycol (TEG), which was once a common liquid desiccant, is now only used 

in very limited industrial applications as a hygroscopic solution.  

Investigations into liquid desiccant-based air conditioners (LDACs) started in the 

1930s and 1940s (Conde-Petit 2007).  Figure 1.7 shows the schematic of one of the 

earliest open cycle absorption systems available in the literature (Bichowsky and Kelley, 

1935).  In this system the indoor air is dehumidified in a drying tower, where it is in 

contact with a concentrated LiCl solution. The salt solution is later pumped to a boiler 

where it loses moisture while being heated.  Bichowsky and Kelley (1935) suggested the 
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reference books which provide the properties of aqueous electrolyte solutions.  Zaytsev 

and Aseyev (1992) compiled values of several properties of different aqueous salt 

solutions such as density, viscosity, specific heat capacity, thermal conductivity, and 

diffusion coefficient from more than 400 previous investigations and developed 

correlations for some properties from experimental data.  Extensive experimental and 

correlated data is available for thermodynamic properties of lithium halides (i.e., LiBr, 

LiCl, and LiI) because of their wide use in the absorption refrigeration systems 

(Wimbley and Berntsson 1994; Hellmann and Grossman 1996; McNeeley 1978). 

Equilibrium vapor pressure at the solution-air interface is one of the most 

investigated properties of the salt solutions.  In the RAMEE, the difference between the 

vapor pressure at the salt solution surface and the airstream is the reason for moisture 

transfer.  Therefore, the equilibrium vapor pressure of a salt solution is perhaps its most 

important property for RAMEE research.  Equilibrium vapor pressure data are available 

in the literature for some common absorption fluids (Boryta et al. 1975; Lenard et al. 

1992; Patil et al. 1990).  Cisternas and Lam (1991) developed correlations to predict the 

vapor pressure of aqueous and non-aqueous electrolytes.  Their correlations are valid for 

111 different electrolytes, and mixtures of these electrolytes in six different solvents for 

a range of concentrations and temperatures.  Although their correlation includes almost 

every potential salt solution which may be used in the RAMEE system, the correlations 

for some of the salt solutions, such as MgCl2 are limited to low concentrations.  

Concentration of the salt solution in the RAMEE may become very high (i.e., close to 

saturation) at some specific operating conditions, especially if less soluble salt solutions 

in water (such as MgCl2 or CaCl2) are used indicating a need for new research in this 
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area.  Some other researchers have measured and correlated vapor pressure of some 

highly concentrated and saturated salt solutions using experimental data (Greenspan 

1977). 

Another important property of salt solutions is the solubility of the solute (i.e., 

salt) in the solvent (i.e., water).  Solubility indicates the maximum amount of solute 

which can be dissolved in the solvent at a specific temperature and pressure.  When the 

concentration of the salt solution equals this maximum amount, additional moisture 

removal causes crystallization of salt on nucleation surfaces such as salt particles and 

other solid surfaces.  Crystallization has to be avoided in the RAMEE since salt crystals 

may block the solution pathways or reduce the moisture transfer and overall 

performance of the system.  Liao and Radermacher (2007) investigated crystallization 

control strategies in an air-cooled absorption chiller and noted that high ambient 

temperatures may trigger crystallization in the system.  Several researchers (Izquierdo et 

al. 2004; Kim and Infante Ferreira 2009) have investigated crystallization issues in solar 

absorption systems. Izquierdo et al. (2004) have concluded that crystallization occurs in 

a solar air-cooled absorptive system, with LiBr solution as the liquid desiccant, when the 

absorption temperature is higher than 50°C.  Nonetheless, there is no specific research 

on the crystallization of salt solutions in membrane based HVAC units (e.g. RAMEE).  

In addition, operating conditions of the system play an important role on the 

crystallization of the salt solution in a liquid desiccant air conditioner (LDAC).  Since 

the liquid desiccant in a RAMEE system operates in a completely different temperature 

range than solar absorptive systems or absorption chillers, crystallization limits will be 

very different for the RAMEE and need to be determined. 
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Mixing salt solutions is one way to get cost-effective liquid desiccants with 

better performance (Mei and Dai 2008).  Ertas et al. (1992) investigated the properties of 

a mixture of Lithium Chloride and Calcium Chloride solutions and found the vapor 

pressure of the mixture to be lower than the vapor pressure of pure Calcium Chloride. 

They showed that the mixture had a 30% lower cost than a pure LiCl solution with the 

same equilibrium vapor pressure as a pure LiCl solution. Iyoki et al. (1990, 1993) 

reported thermodynamic properties of Lithium salt mixtures in water and developed 

correlations from experimental data. They suggested that LiNO3 be added to the 

absorptive fluid of a chiller in order to reduce corrosion of the metallic parts, and 

Lithium Iodide be added for its high solubility in water.  Koo et al. (1999) suggested a 

mixture of LiBr-LiNO3-LiI-LiCl-water for small-scale absorption refrigeration systems.  

They also correlated density, viscosity and vapor pressure using their experimental data 

for the temperature range of 10-60°C. They simulated a double effect absorption chiller 

with their suggested solution mixture and reported no crystallization problems at higher 

absorption temperatures.  

1.5 Thesis objectives 

The main objective of this research is to identify the most appropriate liquid 

desiccant for the RAMEE based on a set of safety, performance and cost criteria.  The 

following are detailed objectives of this thesis: 

1- Modify the numerical model of Vali (2009) to calculate the temperature and 

humidity at the solution-membrane interface in the LAMEEs as this is most 

critical area for salt crystallization and investigate the impact of the 
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RAMEE operational and design characteristics on the risk of crystallization 

and recommend strategies to control crystallization. 

2- Find the most accurate correlations available in the literature to calculate the 

properties of the liquid desiccants and compare the performance, initial and 

operational cost, and safety of different salt solutions. 

3- Obtain new data for vapor pressure of mixtures of salt solutions (e.g. MgCl2 

and LiCl) to study the feasibility of using such salt mixtures in the RAMEE 

as cost-effective alternative liquid desiccant with good performance. 

4- Recommend the best salt solution for a RAMEE system located in various 

typical cities with different climatic conditions. 

1.6 Thesis overview 

As mentioned in the previous sections, the RAMEE system with cross and 

counter/cross flow LAMEEs had been numerically simulated by other members of the 

research group (Vali 2009; Fan 2005). This numerical model is presented in chapter 2.  

The presented model is slightly modified to calculate the properties at the solution-

membrane interface (Objective 1).   

Available correlations to calculate physical and thermal properties of some 

selected salt solutions (LiCl, LiBr, MgCl2 and CaCl2) are introduced in chapter 3.  Some 

of these correlations are compared to experimental measurements and the most accurate 

correlations are chosen to calculate the properties of the salt solution in the numerical 

model.  In chapter 3, the effects of changing the salt solution on the effectiveness of the 

RAMEE system and operational costs (e.g. pumping power) are shown.  The safety and 

cost of these salt solutions are also discussed in chapter 3 (objective 2). 
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The numerical model (introduced in chapter 2) is applied to investigate the risk of 

crystallization of the selected salt solutions in chapter 4 (objective 1).  Different 

parameters affecting the risk of crystallization, such as operating conditions and design 

characteristics of the RAMEE system are also discussed.   

Mixtures of the salt solutions are experimentally tested to measure the equilibrium 

relative humidity at their interface with air and the results are presented in chapter 5 

(objective 3). Performance and cost of the mixtures are compared with single salt 

solutions in order to show if mixtures can be used in the RAMEE system as a cost-

effective working fluid. 

Finally, the research results are summarized and conclusions stated in chapter 6. 

Recommendations for future work are also included in chapter 6.  Chapter 6 includes the 

final recommendations for the most appropriate salt solutions to be used in different 

climates in North America (objective 4). 
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CHAPTER 2 

NUMERICAL MODEL 

2.1 Introduction 

 The purpose of this chapter is to introduce the numerical model that is used in 

this thesis to simulate the RAMEE system.  Heat and mass transfer governing equations, 

as well as assumptions and boundary conditions are fully described in this chapter for 

LAMEEs with cross and counter-cross flow configurations.  The numerical model is 

then used to determine the temperature and humidity distributions in the air and at the 

solution-membrane interface in the flow channels of the LAMEEs. The temperature and 

humidity distributions are used in chapter 4 to predict the crystallization risk of the salt 

solution in the LAMEEs. 

2.2 Mathematical Modeling of the RAMEE 

 The RAMEE system comprising two cross-flow exchangers was simulated 

numerically by Fan (2005).  His numerical model was later modified to simulate 

LAMEEs with combined cross and counter flow configurations by Vali (2009).  The 

numerical model used in this thesis to predict the crystallization of different salt 

solutions in the RAMEE is based on the numerical models of Fan (2005) and Vali 

(2009).  The numerical model first finds the bulk mean flow distribution in the flow 

channels (for counter-cross flow configuration).  The velocity distribution is then used to 
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calculate the temperature and humidity distributions in each liquid and air flow channel 

in the LAMEEs.   

2.2.1 Assumptions 

 Several assumptions were made to reduce the complexity of the physical problem 

without affecting the accuracy of the calculations significantly (Vali 2009).  These 

assumptions are as follows: 

1. The liquid desiccant and air flows in the LAMEEs are assumed to be laminar, 

steady-state and fully developed.   

2. Heat and mass transfer only occurs in the direction perpendicular to the 

membrane. 

3. Condensation is neglected in the air channels. 

4. Exchangers, storage tanks and connecting pipes are assumed to be sealed and 

perfectly insulated.  Therefore, no heat transfer occurs between the system and the 

surroundings. 

5. No evaporation occurs from the salt solution in the storage tanks.  Mass transfer 

only occurs in the LAMEEs. 

6. The heat of phase change of water in the exchangers is assumed to be delivered to 

or taken from the liquid in the exchangers. 

7. All liquid and air channels in the LAMEEs are assumed to be identical.  Only one 

air and liquid channel is simulated in this thesis for each exchanger.  The effect of 

the channels located at the edges and malistribution of the salt solution and air 

flows in the exchangers are neglected. 
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8. The salt solution is well mixed in the storage tanks before entering each exchanger 

and is assumed to contain no other chemicals and impurities. 

9. Heat and mass transfer properties of the membrane are independent of 

temperature and humidity. 

10.  The salt solution and the air are assumed to be in equilibrium at the solution-air 

interface which is located at the liquid-membrane interface. 

The validity of the majority of these assumptions is discussed by Vali (2009) and 

Seyed Ahmadi (2008).  The governing equations for solving the flow distribution, 

heat and mass transfer between the air and the salt solution were developed by 

Fan (2005) and Vali (2009) based on the assumptions listed above.  Models of Fan 

(2005) and Vali (2009) calculate the properties of the bulk air and solution 

streams while the properties at the solution membrane interface are required to 

investigate the crystallization of salt in the system.  The mathematical model 

described in the following sections is a modified version of Fan (2005) and Vali 

(2009) to calculate the liquid-membrane interface properties. 

2.2.2 Flow Configurations of the LAMEEs 

 The flow configuration in the LAMEEs affects the heat and moisture transfer 

rates in the exchangers of a RAMEE which itself may affect the crystallization risk of 

the salt solutions in the LAMEEs.  In this thesis, LAMEEs with both flow 

configurations are investigated for the crystallization risk in their liquid flow channels. 

 Figures 2.1 shows the flow distribution of the liquid desiccant in a cross flow and 

a counter-cross flow LAMEE.  As seen in Figure 2.1(a), the liquid desiccant flows along 

the x-axis in a cross flow LAMEE, while the flow distribution is more complex in a 
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the other hand, the salt solution has a two dimensional flow pattern and has to be 

determined numerically prior to the solution of the heat and mass transfer equations. 

 The salt solution flows with very low Reynolds numbers in narrow liquid 

channels of a counter-cross flow LAMEE.  Therefore, the Navier-Stokes equations can 

be simplified to second order Laplace equation of the stream function (Vali 2009): 

0
y
ψ

x
ψ

2

2

2

2

=
∂
∂

+
∂
∂  (2-1) 

where ψ is the stream function.  The bulk mean velocity of the salt solution may later be 

calculated by using the definition of the stream function: 

y
ψu
∂
∂

=  (2-2) 

x
ψv
∂
∂

−=  (2-3) 

where u is the x component of the bulk mean velocity of the salt solution and v is the 

velocity component in the y direction. 

2.2.3 Governing Equations of Coupled Heat and Mass Transfer in the LAMEEs 

 Figure 2.2 shows a control volume in a cross flow LAMEE.  The control volume 

consists of an adjacent air and liquid channel with the separating membrane.  The 

coordinate system is also shown in Figure 2.2.  Coupled heat and mass transfer 

governing equations were derived using heat and mass balance equations in both air and 

liquid channels of the control volume shown in Figure 2.2 (Fan 2005 and Vali 2009). 
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 WAir is the bulk mean humidity ratio of air at point (x,y) [kg/kg], 

WSol,mem is the humidity ratio of air at the solution-membrane interface [kg/kg], 

and 

Um is the mass transfer coefficient [kg/(m2·s)]. 

 The left hand side of Equation (2-4) calculates the water vapor transfer from the 

bulk airstream through the membrane to the solution-membrane interface.  Therefore, 

the mass transfer coefficient may be defined as: 

1

mAirm,
m kh

1U
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ δ
+=  (2-5) 

where: 

 hm,Air is the convective mass transfer coefficient of air [kg/(m2·s)],  

 km is the water vapor permeability of the membrane [kg/(m·s)], and 

 δ is the thickness of the membrane [m]. 

Water vapor permeability (km) is a membrane property which depends on the shape, size 

and density of the membrane pores.  Although the value of km is somewhat sensitive to 

temperature and humidity (Larson 2006), it was assumed to be constant in this thesis.  

The value of km used in this thesis is K)kg/(m101.66 6 ⋅× −  which is based on Larson’s 

measurements on Propore® membrane.  The thickness of the membrane was also 

considered constant and equal to 2 mm in the numerical model. 

 The humidity ratio at the solution-membrane interface (WSol,mem) at each point 

(x,y) is a function of the temperature at the membrane surface and the concentration of 

the salt solution at that specific point: 
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)C,(TW memSol,memSol,memSol, f=  (2-6) 

where: 

 CSol,mem is the concentration of the salt solution at the solution-membrane 

interface [kgSalt/kgSolution], and 

 TSol,mem is the temperature at the solution-membrane interface [K]. 

The humidity ratio at the surface of a salt solution is one of its properties which will be 

discussed in detail in chapter 3 along with other properties of the salt solutions. 

2.2.3.2 Conservation of Energy in the Air Channels 

 Similar to the conservation of mass, energy gain/loss in the air channel is 

balanced with the energy transfer rate through the membrane.  The conservation of 

energy in the air channel may be expressed as: 

x
T

)T(T
C

2Uy Air
SolAir

Air

0

∂
∂

−=−  (2-7) 

where: 

 CAir is the heat capacity rate of the air [J/(s.K)], 

 TAir is the bulk mean temperature of air at point (x,y) [T], 

 TSol is the bulk mean temperature of the salt solution [K], and 

U is the overall heat transfer coefficient [W/(m2.K)]. 

The heat capacity rate of the airstream may be calculated using: 

)CW(CmC vaporp,AirAirp,AirAir += &  (2-8) 

where: 

 Cp,Air is the specific heat capacity ratio of the air [J/(kg.K)], and 
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 Cp,vapor is the specific heat capacity ratio of the water vapor [J/(kg.K)]. 

 The overall heat transfer coefficient accounts for the overall resistance of the air, 

membrane and the salt solution to the heat flux and therefore may be defined as: 

1

SolAir h
1

k
δ

h
1U

−

⎥
⎦

⎤
⎢
⎣

⎡
++=  (2-9) 

where: 

 hAir is the convective heat transfer coefficient of the air [W/(m2.K)], 

 k is the membrane thermal conductivity [W/m·K], and 

 hSol is the convective heat transfer coefficient of the salt solution[W/(m2.K)]. 

The temperature and humidity at the solution-membrane interface are calculated using 

the heat and mass flux balance in a control volume on the membrane surface, as shown 

in Figure 2.3 (Hemingson 2010).  The heat balance may be expressed as: 
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(2-10) 

The mass flux balance is based on the assumptions that porous membranes contain still 

air and that the solution-air interface is on the solution side of the membrane (i.e., at the 

solution-membrane interface): 
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(2-11) 

where:  

 "m&  is the mass flux rate of water vapor through the membrane [kg/(m2·s)],  

 q ′′&  is the heat flux rate through the membrane [W/m2], 
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24.8
Dk
hNu

hf

==  (2-12) 

where: 

 kf is the thermal conductivity of the fluid [W/(m·K)], and 

 Dh is the hydraulic diameter of the channel [m] 

The convective mass transfer coefficient can also be found from an analogy between the 

heat and mass transfer coefficients (Incropera and Dewitt 2002): 

2/3
p

m

Lec
h
h

ρ=  (2-13) 

where Le is the Lewis number and is defined as the ratio of thermal diffusivity of the 

fluid to its mass diffusivity.  From Equation (2-13), the c
Sol m,h  becomes: 

2/3
pSolm,

c
Sol m, Lecρhh

 
==  (2-14) 

2.2.3.3 Conservation of Mass in the Liquid Channels 

 The conservation of mass equation for the liquid stream is similar to the mass 

conservation equation for the airstreams.  The change in the moisture content of the salt 

solution, flowing in one channel of a LAMEE, is equal to the moisture transfer through 

the membrane.  The conservation of mass for the liquid stream in a LAMEE with cross 

flow configuration then becomes: 

y
X)W(W

m
x2U Sol

memSol,Air
Salt
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 (2-15) 

where: 
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 Saltm&  is the mass flow rate of the salt [kg/s], 

 x0 is the total length of the exchanger [m], and 

 XSol is the mass fraction of the solution [kgWater/kgSalt] 

 The equation of the conservation of mass in a liquid channel of a counter-cross 

flow LAMEE may be expressed as: 

)
y

X
v

x
X

(udρ)W(W2U Sol
Sol

Sol
SolSolSaltmemSol,Airm ∂

∂
+

∂
∂

=−  (2-16) 

where: 

 ρSalt is the density of the pure salt [kg/m3], 

 dSol is the thickness of the liquid channel [m], 

 uSol is the x-component of the bulk mean velocity of the salt solution [m/s], and 

 vSol is the y-component of the bulk mean velocity of the salt solution [m/s]. 

The relation between the mass fraction of the salt solution (XSol) and the concentration 

of the salt in the solution may be expressed as: 

Sol
Sol X1

1
+

=C  (2-17) 

2.2.3.4 Conservation of Energy in the Liquid Channels 

 The energy transferred through the membrane is balanced by the heat gain/loss 

to/from the salt solution and the heat released due to the evaporation of water.  The 

energy equation in a liquid channel of a cross flow exchanger then becomes: 

( ) ( ) y
T

h)W(W
Cm

x2U
)T(T

Cm
2Ux Sol

fgmemSol,Air

Solp

0m
SolAir

Solp

0

∂
∂

=⋅−+−
&&

 (2-18) 

where: 
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 Cp,Sol is the heat capacity rate of the salt solution [J/(s·K)] 

For a liquid stream flowing in the channels of a counter-cross flow LAMEE, the flow 

distribution is two dimensional and the energy equation may be written as (Vali 2009): 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−
∂
∂

=⋅−+−
y

Tv
x

TudρCh)W(W2U)T2U(T Sol
Sol

Sol
SolSolpfgmemSol,AirmSolAir  (2-19) 

where: 

 ρSol is the density of the salt solution [kg/m3] 

The first term on the left hand side of Equations (2-18) and (2-19) is the energy transfer 

through the membrane and the second term is the latent heat of vaporization of water.  

The summation of these two terms is balanced by the change in the energy of the salt 

solution as it flows through the control volume (advection). 

 The simultaneous solution to the governing heat and mass equations as well as 

the heat and mass flux balance at the membrane surface gives the bulk mean 

temperature and humidity distributions in the air and solution channels and the 

temperature and humidity at the surface of the membrane (liquid-membrane interface).  

The temperature and humidity distributions at the solution-membrane interface will be 

used in chapter 4 to predict the crystallization of salt in the solution. 

2.2.4 Boundary Conditions 

Velocity Field at the Boundaries: 

 The salt solution is assumed to have a uniform velocity at the exchanger inlet 

headers.  The velocity of the liquid desiccant at the headers of a counter-cross flow 

LAMEE may be found using the mass flow rate of the salt solution (Vali 2009): 
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( ) iSol

Sol
Sol xd

m
v

x
ψ

ρ
=−=

∂
∂ &

  when y=0 and x0-xi<x<x0 or y=y0 and 0<x< xi (2-20) 

 Other walls of the liquid channels are assumed to be impermeable and, therefore, 

no flow passes through the walls which means that the value of the stream function is 

constant on the walls: 

constantψ =   when x=0 and 0<y<y0 or x=x0 and 0<y<y0 

                                      or y=0 and 0<x<(x0-xi) or y=y0 and xi<x<x0 
 (2-21) 

Temperature and Humidity at the Boundaries: 

 The temperature and humidity at the inlet of the supply exchanger are assumed 

to be constant and equal to the temperature and humidity of the outdoor air. The 

temperature and humidity at the inlet of the exhaust exchanger is the temperature and 

humidity of the air inside the building.  On the liquid side, the temperature and 

concentration at the inlet of each exchanger is equal to the bulk average temperature and 

concentration at the outlet of the other exchanger.  The exchanger walls are assumed to 

be perfectly insulated and therefore no heat transfer occurs through the external walls. 

 Figure 2.4 summarizes the boundary conditions for cross flow and counter-cross 

flow LAMEEs. 
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 “Lat” is for latent, 

 “Tot” is for total, 

 “Air” is for airstream, 

 “S” is for supply exchanger, 

 “E” is for exhaust exchanger, 

 “In” is for inlet, 

 “Out” is for outlet. 

Since there is assumed to be no heat gain/loss to/from the exchangers and connecting 

piping, the effectiveness values are equal for both supply and exhaust exchangers at 

steady state.  

 The effectiveness of an exchanger may be expressed as a function of two other 

dimensionless groups (Incropera and Dewitt 2002): 

)Cr(NTU,ε *f=   (2-25) 

where Cr* is the ratio of the heat capacity rate of the salt solution to that of air (CSol/CAir) 

and NTU is the number of heat transfer units and is defined as: 

AirC
2UANTU =   (2-26) 

where  

 A is the surface area of the membrane [m2]. 

Similarly, the latent effectiveness may be expressed as a function of the number of mass 

transfer units (NTUm) and the ratio of the mass flow rate of the salt to the air: 

)m
m,(NTUε

Air

Salt
mlat &
&f=   (2-27) 

where NTUm may be defined as: 
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Air

m
m m

A2UNTU
&

=   (2-27) 

2.3 Design and Operating Conditions 

 The RAMEE system is simulated with several design parameters (i.e. NTUs and 

Cr*s) and operating conditions (i.e. indoor and outdoor temperatures and humidities) in 

chapter 4 to investigate the impact of design and operating conditions on the risk of 

crystallization.  These conditions will be discussed in detail in section 4.2 in chapter 4.   

 The physical properties of the LAMEEs modeled in this thesis are shown in 

Table 2.1.  Dimensions of the simulated LAMEEs are chosen so the values are close to 

the counter-cross flow RAMEE prototype III (Mahmud, 2009). 

Table 2.1: Physical properties of the simulated LAMEEs (Mahmud, 2009). 
Property Symbol Value 

Exchanger Size 000 zyx ×× m075.02.08.1 ××  

Entrance Length (Counter-Cross LAMEE) xi 0.076 m 
Air Channel Thickness dA 4.4 mm 

Liquid Channel Thickness dL 2.7 mm 
Membrane Thickness δ 0.2 mm 

Thermal Conductivity of the Membrane k 0.334 W/(m.K) 
Mass Flow Rate of Solution (NTU=10, Cr*=3) Solm&  0.03kg/s 

Mass Flow Rate of Air (NTU=10, Cr*=3) Airm&  0.024 kg/s 
Mass Conductivity of the Membrane km kg/(m.s)1066.1 6−×  

 

The operating conditions under which the RAMEE system is simulated in this 

thesis are presented in Table 2.2.  The system is mostly simulated for outdoor and indoor 

operating conditions as specified by AHRI Standard 1060 (AHRI 2005).  However, 

other operating conditions were also used in the simulations to investigate the effect of 

changing indoor and outdoor conditions on the properties of the salt solutions. 
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Table 2.2: Selected indoor and outdoor operating conditions. 
  Indoor Outdoor 
  T  Humidity 

Ratio  
Relative 

Humidity T Humidity 
Ratio  

Relative 
Humidity 

Summer 

AHRI 
Condition 

24 °C  9.3 g/kg   50% 35° C     17.5 g/kg  50% 

    35° C     11.5 g/kg  33% 
 24 °C  5.5 g/kg   30% 35° C     10.5 g/kg  30% 
 24 °C  1.8 g/kg   10% 35° C     7.4 g/kg   21.2% 

Winter 
AHRI 

Condition 21 ° C  7.1 g/kg   46% 1.7° C    3.5 g/kg   82% 

 21 ° C  4.6 g/kg   30% - - - 
 

2.4 Numerical Solution Method and Results 

 The first step in the solution algorithm is to generate rectangular grids in the 

liquid and air channels (201 201 grids according to Vali 2009) and assign an arbitrary 

initial value of temperature and humidity to each spatial node.  The steady state 

temperature and humidity at each node is then evaluated by iteratively solving the 

coupled discretized governing equations (Vali 2009). 

 The iteration continues until the temperature and moisture content of the air and 

liquid streams reach the steady state condition (Vali 2009).  The temperature and 

humidity distributions may later be used to determine the effectiveness of the system 

and the risk of crystallization. 

2.5 Preliminary Results 

 The temperature and humidity distributions in the air stream and at the liquid 

desiccant-membrane interface of a supply LAMEE are shown in Figures 2.5 and 2.6 for 

a RAMEE system with cross flow exchangers.  The distributions are shown for RAMEE 

systems operating during summer AHRI operating conditions with an NTU=10 and 

Cr*=3.  These results were validated and a grid sensitivity was presented by Vali (2009).    
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predicting the crystallization risk of the desiccant solution from the temperature and 

humidity distributions is described in chapter 4.  The temperature and humidity 

distributions at the liquid-membrane interface may be affected by changing the design 

and operating conditions.  This change in the temperature and humidity distribution 

eventually affects the risk of crystallization of salt on the membrane surface.  The effect 

of outdoor and indoor operating conditions and also design properties of the LAMEEs 

on the risk of crystallization of the salt solution will be discussed in Chapter 4. 

 The performance of a RAMEE system is also a function of the design properties 

of the system (i.e., NTU and Cr*).  Therefore, RAMEE systems with different 

effectivenesses may have different temperature or humidity distributions in their 

LAMEE flow channels which will affect the concentration and crystallization risk of the 

liquid desiccant flowing in the system.  Figure 2.9 shows the total effectiveness of 

RAMEE systems with cross flow and counter-cross flow configurations.  The systems 

shown in Figure 2.9 have been simulated with NTU=10 and Cr* values ranging from 0 

to 6.  The impact of changing the effectiveness of the RAMEE system on the risk of 

crystallization of the salt solution is another objective of this thesis which will be 

discussed in detail in Chapter 4.  The numerical model introduced in this chapter is 

validated using experimental measurements of Mahmud (2009). 
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desiccant in the LAMEEs.  In order to investigate the RAMEE systems with different 

design characteristics, several dimensionless parameters are also defined in this chapter.   
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CHAPTER 3 

SALT SOLUTIONS 

3.1 Introduction 

The purpose of this chapter is to explain how liquid desiccants function and 

investigate the properties of some selected liquid desiccants which may be used in the 

RAMEE. The liquid desiccants investigated in this chapter are aqueous solutions of: 

LiCl, LiBr, MgCl2 and CaCl2. All of the aforementioned salt solutions except MgCl2 are 

commonly used as liquid desiccants in commercial air conditioners and dehumidifiers. 

The properties studied in this chapter are: 

• Vapor pressure 

• Dynamic viscosity 

• Density 

• Thermal conductivity 

• Specific heat capacity 

• Binary diffusion coefficient 

• Safety 

• Cost 

 Finally, the cost to pump the desiccant and effectiveness of RAMEEs operating 

with different salt solutions in various operating conditions is compared in this chapter. 
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3.2 How Do Salt Solutions Work as Liquid Desiccants? 

Liquid desiccants are primarily used in air conditioning systems because of their 

ability to dehumidify moist air.  The attraction of water vapor is a result of the liquid 

desiccant creating a water vapor pressure at the interface between the liquid and 

surrounding.  When a hygroscopic salt (e.g. NaCl or LiCl) is dissolved in water, the 

equilibrium vapor pressure (VP) at the liquid-air interface of the mixture decreases 

compared to the VP for pure water.  The equilibrium VP is the pressure at which the 

vapor phase of a material is in equilibrium with its non-vapor phase.  When the 

equilibrium VP at the liquid-air interface is higher than that of the air, moisture 

evaporates from the liquid and when the VP at the liquid-air interface is lower than that 

of air, moisture is transferred from the air to the liquid and the air is dehumidified.  

Figure 3.1 shows the equilibrium VP at the surface of a saturated LiCl-Water solution as 

well as the VP of pure water.  As seen in Figure 3.1, by dissolving adequate LiCl in pure 

water and creating a saturated salt solution the vapor pressure may be reduced by 90%. 
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the salt concentration.  Meaning, as the concentration of the salt solution decreases the 

equilibrium humidity ratio increases, reducing the moisture transfer potential between 

the liquid and the airstream.  Therefore, excessive moisture has to be removed from a 

dilute (weak) salt solution so the solution can absorb water vapor again. The process of 

removing moisture from a dilute salt solution is called regeneration or reactivation.  

In a RAMEE system, absorption and regeneration occur in the LAMEEs.  

Consider a RAMEE system operating during summer conditions, when the outdoor air 

is hot and humid (Figure 3.4).  During these operating conditions, the VP of the supply 

air is higher than the VP at the surface of the salt solution.  Therefore, the desiccant 

solution attracts moisture from the air and its moisture content rises (i.e., concentration 

decreases).  After exiting the supply LAMEE, the dilute salt solution has to be 

reactivated in order to be able to dehumidify supply air again.  The reactivation of the 

salt solution occurs in the exhaust LAMEE during summer operating conditions.  In the 

exhaust LAMEE, the salt solution comes into contact with the exhaust airstream.  The 

condition of the exhaust air is closer to the desired supply condition (i.e., previously 

cooled and dehumidified).  The relatively dry exhaust air contacts the dilute salt solution 

in the exhaust LAMEE regenerating the desiccant by evaporating moisture from the 

solution.  The regenerated solution is pumped to the supply LAMEE when it can dry and 

cool the supply air again. 
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3.3.1 Equilibrium Vapor Pressure and Humidity Ratio 

As mentioned earlier, the difference between the VP at the liquid desiccant-air 

interface and the surrounding air is the driving potential for moisture transfer between 

the air and the liquid desiccant.  Therefore, the equilibrium VP of the salt solution has to 

be known in order to determine the mass transfer rate in the RAMEE.  Equilibrium 

vapor pressure, similar to other properties of the mixtures, depends on temperature, 

pressure and concentration of the salt solution.  Although extensive experimental data 

are available in the literature for the equilibrium VP at the surface of the salt solutions, 

no universal formulation exists that can be applied for every salt solution.  Especially at 

high concentrations (i.e. close to saturation), the salt solutions exhibit complicated 

behaviors making VP prediction very difficult. 

In this thesis, three different correlations are used to calculate the VP at the 

solution-air interface.  The most general correlation is by Cisternas and Lam (1991) and 

may be applied to calculate the VP of all of the selected salt solutions.  Another 

correlation is only valid for LiCl and CaCl2 solutions (Conde 2003).  The final 

correlation calculates the VP at the surface of saturated salt solutions (Greenspan 1977).  

The mathematical equations for these correlations are shown in Appendix A. 

Figure 3.6 shows the vapor pressure at the solution-air interface of a LiBr 

solution calculated from the correlations proposed by Cisternas and Lam (1991) and 

Greenspan (1977) against some experimental measurements.  The lines shown in this 

figure are the correlations and the data points are the experimental measurements.  The 

literature sources used to create Figure 3.6 are Boryta (1975), Uemura et al. (1964), 

Lower (1961) and Patil et al. (1990).  The deviation between the correlated and 

experimental data increase as the concentration and temperature of the solution increase 
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the air humidity the least).  The importance of lowering the humidity ratio and avoiding 

crystallization will be discussed in detail in chapter 4. 

3.3.2 Dynamic viscosity 

Viscosity is a measure of fluid’s resistance to the flow (White 2003).  Thicker 

fluids (i.e., fluids with a higher viscosity) need more driving force and consequently 

require more pumping power to transfer them between the LAMEEs which increases the 

cost to operate the RAMEE. 

Figure 3.11 compares the viscosity of LiCl-water and CaCl2-water solutions 

calculated from the correlations of Zaytsev and Aseyev (1992) and Conde (2004) with 

some experimentally measured data (markers) from the literature (the correlation 

equations are presented in Appendix A).  As seen in Figure 3.11, viscosity of the 

aqueous solution increases with concentration and may be 20 times higher than the 

viscosity of pure water (C=0%).  The viscosity of the electrolyte solutions increases 

slightly with concentration at low concentrations; but increases significantly with 

concentration at higher concentrations.  As seen in Figure 3.11, the correlation proposed 

by Zaytsev and Aseyev (1992) may only be used to predict viscosity values at low 

concentrations (i.e., concentrations less than 25% in the case of aqueous LiCl and CaCl2 

solutions), while the correlation of Conde (2004) is valid for concentrations up to 

saturation concentration for aqueous LiCl and CaCl2 solutions. 
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MgCl2 solution close to saturation concentration is especially important since RAMEE 

systems operating with MgCl2 solution mostly operate close to saturation condition. 

In the current numerical model, the most accurate correlations (based on 

comparison with the experimental measurements) are chosen to calculate the viscosity 

of the salt solutions.  The viscosity of the LiCl and CaCl2 is calculated using correlation 

of Conde (2004).  The correlation of Muhiuddin and Ismail (1983) is used to calculate 

the viscosity of MgCl2 in the model.  For LiBr solutions the correlation of Zaytsev and 

Aseyev (1992) is used for lower concentrations (C<40%) and correlation of Lee et al. 

(1990) is used for higher concentrations. 

3.3.3 Density 

The density of the salt solution is required to solve the conservation of energy in 

the liquid channels of a LAMEE (Equation (2-18) in chapter 2).  The density also affects 

the pressure drop of the liquid through the LAMEEs and piping network that connects 

the LAMEEs in a run-around system. 

As with the dynamic viscosity of the solutions, several correlations are available 

to calculate the density of an electrolyte mixture.  Zaytsev and Aseyev (1992) have 

developed a general correlation with adjustable parameters which may be applied to 

calculate the densities of 133 different electrolytes.  Conde (2004) reviewed the density 

measurements from 1850 to 2003 and suggested calculation methods for the density of 

LiCl and CaCl2 solutions.  Novotny and Sohnel (1988) also developed correlations that 

predict the density of 360 different salt solutions.  The correlations used to calculate the 

density of the selected salt solutions are described in detail in Appendix A. 
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Figures 3.13 and 3.14 present the density of the salt solutions (LiCl, CaCl2, 

MgCl2 and LiBr) at different temperatures and concentrations.  These figures show that 

there is a very good agreement between the different correlations for density.  For 

example, the maximum difference between the densities predicted with correlation of 

Zaytsev and Aseyev (1992) and correlation of Conde (2004) for a LiCl solution is about 

0.5%.  This difference almost has no effect on the calculated temperature and humidity 

distributions in the LAMEEs by the numerical model.  In the current numerical model, 

correlations of Zaytsev and Aseyev (1992) are used to calculate the density of the salt 

solution at different temperatures and concentrations. 
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 The density of the salt solutions changes very slightly as the temperature 

changes.  For example, if the temperature of a 30% MgCl2 is changed from 0 to 40 ˚C 

the density changes by only 0.08%.  However, the concentration of the salt solution has 

a significant effect on the density of the mixture.  This dramatic change in the density 

may cause a large change in the volume of the liquid desiccant in the system as the 

steady state concentration changes.  Therefore storage tanks are needed in the RAMEE 

system to eliminate the possible damage to the system due to a change in volume of the 

salt solution.  This issue is discussed in more detail in section 3.4.4, later in this chapter. 

3.3.4 Specific Heat Capacity 

 Specific heat capacity is the amount of heat required to increase the temperature 

of a unit quantity of a substance by one degree.  The specific heat capacity of the salt 

solutions is needed to calculate the change in temperature of the solution due to energy 

transfer as it flows through a liquid channel in a LAMEE.  The specific heat capacity 

affects the temperature distribution in the liquid channels, the sensible effectiveness of 

the system and also affects the crystallization risk of the salt solution in the exchangers. 

 Results from the correlations of Zaytsev and Aseyev (1992), Conde (2004), and 

Chua et al. (2000) are compared in Figures 3.15 to 3.17 for the salt solutions of LiCl, 

CaCl2, MgCl2 and LiBr.  The equations to calculate the specific heat of the selected salt 

solutions are given in Appendix A. 
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As seen in Figures 3.15 to 3.17, all correlations predict that the specific heat 

capacity of the salt solutions will decrease as the concentration of salt increases.  The 

specific heat capacity of a saturated LiCl-water solution is 40% lower than that of pure 

water at 30 ˚C.  The correlation of Zaytsev and Aseyev (1992) predicts that the specific 

heat capacity would decrease with temperature. However, correlations of Conde (2004) 

and Chua (2000) predict an increase in heat capacity as the temperature increases.  

Unfortunately not enough experimental data are available in the literature to compare 

with the correlations.  The correlation of Conde (2004) was validated by comparing to 

previous measurements in his research paper, therefore, correlation of Conde is used in 

the current model to calculate the specific heat capacity values of LiCl and CaCl2.  The 

Cp of LiBr and MgCl2 is calculated by the correlation of Zaytsev and Aseyev (1992). 
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solution is an input for the program (e.g. to compare numerical data with experimental 

results), different correlations may give different Cr* values.  For example in summer 

operating conditions, the Cr* value of a RAMEE with LiCl as an operating liquid 

desiccant would be 12% less if calculated with correlation of Conde (2004) rather than 

Zaytsev and Aseyev (1992).  If the value of Cr* is calculated to be 3 with the correlation 

of Zaytsev and Aseyev (1992), the correlation of Conde (2004) will result in a value of 

2.64 for the same operating and design conditions.  Therefore the total effectiveness of a 

RAMEE with NTU=10 would be 0.5% lower if the Cr* is calculated by correlation of 

Conde (2004) compared to the case when the Cr* is calculated by the correlation of 

Zaytsev and Aseyev (1992) for the same solution flow rate. 
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A liquid desiccant with a higher thermal conductivity would result in higher energy 

transfer rate between the air and liquid streams which enhances the performance of the 

system.   

 Thermal conductivities of a large number of salt solutions have been 

experimentally measured and are available in the literature.  Several researchers have 

used these experimental data to generate correlations.  Thermal conductivities of the 

selected salt solutions (LiCl, CaCl2, LiBr and MgCl2) are shown in Figures 3.18 and 

3.19.  These values are calculated using correlations of Zaytsev and Aseyev (1992) and 

Conde (2004).  The equations to calculate the thermal conductivity of these salt 

solutions are given in Appendix A. 
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The correlation of Zaytsev and Aseyev (1992) predicts that the thermal 

conductivity of the salt solutions will decrease almost linearly with concentration.  

However, the correlation of Conde (2004) shows a non-linear behavior for LiCl and 

CaCl2 solutions.  The difference between the thermal conductivities, calculated with the 

correlations of Zaytsev and Aseyev (1992) and Conde (2004), increases as the 

concentration of salt increases.  At 40˚C, the difference between the two correlations for 

a saturated LiCl and CaCl2 becomes 5% and 1% respectively.  Thermal conductivity of 

LiBr and MgCl2 are shown in Figure 3.19.  The correlation of Zaytsev and Aseyev 

(1992) is the only correlation found in the literature to predict the thermal conductivity 

of these two salt solutions (LiBr and MgCl2).  The correlation of Zaytsev and Aseyev 

(1992) for a LiBr solution is compared to experimental measurements of Kawamata 

(1988) in Figure 3.19.  The experimental values also show a slightly non-linear 

relationship between thermal conductivity and concentration. 

In order to investigate the impact of using different correlations on the 

effectiveness, predicted by the numerical model, a RAMEE system with a LiCl solution 

used as the liquid desiccant is simulated with the two different correlations.  At NTU=10 

and Cr*=3, the effectiveness is only decreased by 0.1% if the correlation of Conde 

(2004) is used instead of Zaytsev and Aseyev’s (1992). 

The thermal conductivity of the salt solution also affects the calculated NTU 

value of the system (see chapter 2, section 2.2.5).  During summer operating conditions, 

when the maximum difference between the calculated thermal conductivities of Conde 

(2004) and Zaytsev and Aseyev (1992) occur, the difference between the two calculated 
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NTU values is less than 0.05%.  Therefore the change in the effectiveness of the system 

due to the difference in the calculated NTU vales will be negligible. 

3.3.6 Diffusion Coefficient 

 Mass transfer from the airstream to the liquid desiccant depends on the binary 

diffusion coefficient of water into the salt solution.  The diffusion coefficient appears in 

the Lewis number (in Equation (2-13)) and is required to calculate the convective mass 

transfer coefficient of the salt solution.  Figure 3.20 shows the diffusion coefficients of 

LiCl and CaCl2 solutions at different concentrations and temperatures.  The equations to 

calculate the diffusion coefficients of LiCl and CaCl2 solutions are given in Appendix A.  

As expected, the diffusion coefficient decreases as the concentration of salt in the 

solution increases. This means that the diffusion of water is lower in highly concentrated 

salt solutions compared to dilute solutions.  As expected from kinetic theory, Figure 

3.20 shows that increasing temperature increases the diffusion coefficient of water in the 

salt solution. 

 Some experimental measurements of diffusion coefficients of LiBr and MgCl2 

solutions at 23˚C are shown in Figure 3.21.  Unfortunately no correlated or experimental 

data were found for these salt solutions at other temperatures. 
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Vali (2009) and Fan (2005) used a constant value for the diffusion coefficient of 

the liquid desiccant in their numerical model.  They chose an available experimental 

value of diffusivity at 25˚C and the steady state concentration of the salt solution 

operating in the RAMEE system (e.g. D=0.803e-9 m2/s for LiCl).  The impact of using 

temperature and concentration dependent correlations to calculate the diffusion 

coefficient has only a slight effect on the calculated effectiveness.  For example, the 

effectiveness of a RAMEE system with NTU=10 and Cr*=3 only increases 0.5% if 

different coefficient correlations are used instead of a constant value. 

3.4 Additional Properties 

 The thermo-physical properties discussed in the previous sections may directly 

affect the performance of the RAMEE system.  In addition to these properties, some 

other features of the liquid desiccants are important in the selection of the proper salt 

solution for the RAMEE system.  These properties include safety and cost of the salt 

solutions. 

3.4.1 Safety 

 Major potential markets for the RAMEE system are residential and commercial 

buildings.  Therefore, all the components of the system must be safe to operate in these 

facilities.  The liquid desiccant has to be selected carefully according to its safety 

features because in some cases, the desiccant may leak through the membrane and into 

the air channels or the surroundings.  Therefore, the salt solution should not be 

hazardous to health, be flammable or have other special hazards (e.g. be reactive). 

Inorganic salts have different safety characteristics in the liquid form than in the 

solid form.  Since salts are used in solution form in the RAMEE system, the material 
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safety characteristics of these salts need to be investigated as aqueous solutions.  The 

material safety data of these salt solutions are summarized in Table 3.1.  The numbers 

shown in parentheses in the health hazard column of Table 3.1 show the National Fire 

Protection Agency (NFPA) rating of each specific salt solution (MSDS 2005 and 1993).  

According to this rating system, a value of 0 means no specific hazard and a value of 1 

means slightly hazardous.  As seen in Table 3.1, the salt solutions investigated in this 

thesis are safe if stored far from incompatible materials (i.e., strong acids such as nitric 

and sulfuric acids) and if not swallowed. 

Table 3.1: Summary of the material safety data of some selected salt solutions. 

Salt solution Health hazard Flammable Stability 
Incompatible 

with other 
materials 

LiCl Harmful if 
swallowed (1) 

No Stable Yes (Acids) 

CaCl2 Safe (0) No Stable No 
LiBr Harmful if 

swallowed (1) 
No Stable No 

MgCl2 Safe (0) No Stable Yes (Strong acids) 
 

Handling and storage of the salt solutions is also important if the solutions are 

purchased in volumes and stored in the factory.  All of the selected salt solutions (listed 

in Table 3.1) are harmful in solid form and may cause eye or skin irritation. Therefore, 

salts in powder form have to be stored in tightly sealed packages and kept in well 

ventilated areas.  LiCl and MgCl2 solutions have to be stored away from sulfuric and 

nitric acids, caustics, ammonia, and cyanides. 

CaCl2 and MgCl2 may be drained in the public sewer system if diluted by large 

amount of water while the contact of LiCl and LiBr solutions with soil, sewers, 

waterways and drains should be avoided. 
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3.4.2 Cost 

 More than 35 L of salt solution were required to fill the exchangers and storage 

tanks of the latest prototype of the RAMEE system (Mahmud 2009).  This amount of 

required salt solution will be even higher in most commercial RAMEE systems. 

Therefore, considering the volume of the liquid desiccant in the system, desiccant price 

may create a large portion of the initial cost of the RAMEE system.  There is a 

significant difference between the prices of the solutions of halides of Lithium compared 

to other inorganic salt solutions.  The reason is an increase in the demand for Lithium 

products since the creation of the Lithium ion batteries.  Table 3.8 shows the prices of 

the salt solutions (LiCl, CaCl2, LiBr and MgCl2), obtained from Asian suppliers in 

January 2009.  The prices shown in Table 3.2 are for the salts in solid form and do not 

include shipping expenses. 

 

Table 3.2: Prices of selected salts in solid form as obtained from Asian suppliers in January 2009. 

Salt Price per metric 
ton (USD) 

LiCl-anhydrous 7400 
CaCl2-dihydrate 284 
LiBr-anhydrous 3660 

MgCl2-hexahydrous 155 
 

As seen in Table 3.2, the price of LiCl is almost twice the price of LiBr and 47 

times more than the price MgCl2.  However, the prices listed in Table 3.8 do not exactly 

show the cost of liquid desiccant in a RAMEE since the concentration of each specific 

salt solution is different in the system.  For example during AHRI summer conditions, 

the RAMEE system operates with a 32% wt concentration MgCl2 at steady state while 

the concentration of LiCl is 28% under the same conditions.  Also the number of water 
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molecules bonded with the salt molecules affects the mass of salt that must be 

purchased. For example at room temperature, MgCl2 exists in hexahydrate form, which 

means that each molecule of MgCl2 contains six molecules of water.  Therefore, a large 

part of the purchased MgCl2 is water and this amount of water has to be accounted for 

when calculating the mass of the salt in the liquid desiccant.  Table 3.3 shows the actual 

mass of each specific salt that must be purchased for the RAMEE prototype of Mahmud 

(2009) (i.e., to create 35 L of salt solution at AHRI summer equilibrium concentration). 

Table 3.3: Price for 35 L of the liquid desiccant in the RAMEE prototype. 

salt 

Unit 
price 

per ton 
(USD) 

Steady-state 
concentration 

for AHRI 
summer 

conditions 

Salt mass in 
solution (kg) 

Price of the 
desiccant in the 

prototype 
(USD) 

Price of the 
desiccant per 

CFM 
(USD) 

Relative 
price 

LiCl 7400 28% 12.16 89.98 1.21 20 
CaCl2 284 37% 32.8 9.30 0.12 2 
LiBr 3660 41% 21.73 79.53 1.12 19 

MgCl2 155 32% 26.5 4.10 0.06 1 
 

The most right column in Table 3.3 shows the price of the liquid desiccant per 

unit flow rate (CFM) of the RAMEE prototype of Mahmud (2009).  The characteristics 

of this prototype are given in Table 2.1 (chapter 2) and the price per CFM is based on 

the maximum tested air flow rate in this prototype of 77 CFM.   As seen in Table 3.3, 

the prices of the Lithium salts are still higher than other salt solutions. MgCl2-water 

solution is the least expensive among the studied salt solutions and is 20 times less 

expensive than LiCl solution. 
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3.5 RAMEE Properties 

 The thermo-physical properties of the salt solutions will impact the 

characteristics of some component of the RAMEE (i.e., liquid pumps and storage tanks).  

The effect of the solution properties are discussed in the following sections. 

3.5.1 Pumping Cost 

 In addition to the initial cost of the liquid desiccant, the operating cost of a 

RAMEE system may also be dependent on the liquid desiccant used.  Electric power 

used by the pump motors to circulate the salt solution is one of the operating expenses of 

the RAMEE system.  Pumping power is a function of pressure drop of the salt solution 

in the connecting pipes and the LAMEEs. 

 Pressure drop in a laminar, fully developed flow in a pipe may be calculated 

using the following equation (Fox and McDonald 1994): 

1000D

mL128
Δp 4

p

p

⋅πρ

μ
=

&
 (2-3)

where  

 Lp is the length of the pipe [m] 

 Dp is the diameter of the pipe [m] 

 m&  is the mass flow rate of the salt solution [kg/m3] 

 Δp is the pressure drop [kPa] 

Similarly pressure drop in liquid flow between two parallel plates (liquid channels of a 

LAMEE) may be calculated by (Fox and McDonald 1994): 

1000
my12

Δp 3
0

0

⋅δρ
μ

=
x

&
 (2-4)

where  
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 δ is the liquid channel spacing [m] 

 y0 is the length of the liquid channel [m] 

 x0 is the width of a liquid channel [m] 

Equations (2-3) and (2-4) show that the pressure drop depends on, among other things, 

the viscosity and density of the salt solution, which vary among salt solutions as 

described in sections 2.3.2 and 2.3.3. 

 Figure 3.22(a) shows the pressure drop in the piping and exchangers of a 

RAMEE.  Characteristics of the LAMEEs simulated in this section are given in Table 

2.1 (chapter 2).  The pipes in the RAMEE prototype are ¾” (19.05 mm) diameter and 

are assumed to be straight in this example.  Figure 3.22 (b) shows the electric energy 

consumption of the pump and its cost per unit flow rate of air of a RAMEE system 

operating with Cr*=3 (based on 12 hours a day operation of the system throughout a 

year).  The pump in this example is assumed to have 60% mechanical efficiency and the 

electricity price is assumed to be 10 ¢/(kW·h) as indicated by the Canadian National 

Board of Energy for Saskatchewan (NBE 2010).  As mentioned earlier in chapter 2, the 

value of Cr* of a RAMEE is the ratio of the solution flow rate to the air flow rate.  

Therefore at a constant Cr*, the flow rate of the salt solution and consequently its 

pressure drop depends on the flow rate of air.  As seen in Figure 3.22, MgCl2 has the 

maximum pressure drop when flowing through the pipes and the exchangers.  The 

pressure drop of a MgCl2 solution in the exchangers is almost twice the value of 

pressure drop of a LiCl solution and is more than 3 times that of a LiBr solution. 



 

 

i

s

i

(

M

w

(

h

o

 

p

r

Figure 3.22
length

The 

is a result o

system.  Vi

increase in 

(see Figures

MgCl2 solut

working du

(32%) that i

have a high

other salt so

The 

pressure dro

required for

2: (a) Total pr
hs and (b) ann

higher press

of its high v

iscosity of t

the viscosity

s 3.11 and 3

tion at 25 ˚C

ring summe

is very close

her pressure 

lutions. 

power requi

op of the liqu

r a RAMEE

ressure drop o
nual pump ene

sure drop of 

viscosity at t

the salt solu

y becomes 

.12).  As m

C is 35.5%

er AHRI op

e to its satur

drop throug

ired to pump

uid in the pi

E system op

 90

of different sal
ergy consump

f MgCl2 solu

the steady st

utions is hig

very dramat

mentioned pre

(by weight)

perating con

ration conce

gh the pipel

p the liquid 

ipes and exc

erating with

lt solutions in 
ption and cost 

ution compar

tate operatin

ghly depend

tic close to 

eviously, the

).  MgCl2 so

nditions circ

ntration.  Th

lines and ex

desiccant is

changers. Th

h MgCl2 sol

a RAMEE wi
per unit flow 

red to other 

ng condition

dent on con

the saturati

e saturation 

olution in a 

culates with

his causes M

xchanger flo

s directly pr

herefore, the

lution is alm

ith different p
rate of air. 

liquid desic

n of the RA

ncentration. 

ion concentr

concentratio

RAMEE sy

 a concentr

MgCl2 soluti

ow channels 

roportional t

e pumping p

most 2.6 and

 

ipe 

ccants 

MEE 

 The 

ration 

on of 

ystem 

ration 

on to 

than 

to the 

power 

d 3.4 



 

t

r

 

p

o

i

 

c

i

s

d

t

o

times larger

respectively

Figu

pumping co

operation of

is assumed t

Figure 3.23

As se

cost in the R

increasing th

system. It s

different sal

therefore it i

on the initial

r than that 

. 

re 3.23 sho

ost) per CFM

f the system 

to be 35 L w

3: Total price 

een in Figur

RAMEE.  L

he pipe leng

should also 

lt solution i

is assumed t

l RAMEE pr

required in

ows the tota

M of the ai

for differen

without consi

of the selected

e 3.23, the in

Large increa

gth is due t

be noted t

s not high 

that changin

rice. 

 91

n systems w

al cost of t

ir flow rate

nt pipe length

dering the p

d salt solution

nitial cost of

se in the pr

to an increa

that the diff

enough to a

ng the liquid

working wit

the differen

e in the RA

hs.  The tota

ipes. 

ns (initial and 

f the salt solu

ice of the L

se in the vo

fference betw

affect the pu

d desiccant w

th LiCl and

nt salt solut

AMEE after 

al volume of

 

pumping cost

ution domin

LiCl and LiB

olume of th

ween the pr

ump size or

would not im

d LiBr solu

tions (initial

15 years o

f the salt sol

t) per unit CFM

nates the pum

Br solutions 

e solution in

ressure drop

r pipes diam

mpose extra 

utions 

l and 

of the 

lution 

M. 

mping 

after 

n the 

ps of 

meter, 

costs 



 
 

92

3.5.2 Storage Tank Size 

 The liquid desiccant in the RAMEE system is stored in two storage tanks located 

before each LAMEE.  These storage tanks prevent possible damages to the RAMEE 

system in case of a change in the volume of the salt solution due to temperature change 

or moisture transfer to/from the desiccant solution.  To make the RAMEE system 

smaller and reduce the transient delay of the system, it is required to minimize the 

change in the volume of the salt solution and consequently the storage tank size during 

the normal operation. 

 The concentration (and therefore total volume) of the salt solution in a RAMEE 

system depends on the outdoor and indoor operating conditions.  The salt solution in 

RAMEE systems operating in very humid outdoor conditions has a lower concentration 

(and higher moisture content and volume) than systems operating in dry conditions.  

Since the mass of salt in the solution stays constant throughout the year, the volume of 

the salt solution increases in more humid operating conditions.  The volume of the salt 

solution is also higher during winter than summer operating conditions.  The reason is 

that the steady state concentration of the salt solution is normally lower during winter 

conditions than during summer conditions.  Figure 3.24 shows the change in the volume 

of the salt solution from summer to winter operating conditions for different salt 

solutions in a system with an initial salt solution volume of 35 L (prototype of Mahmud 

2009). 
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maximum total effectiveness of the RAMEE systems operating with CaCl2 is 53.5% 

while this value for the systems operating with MgCl2 is 53.1%.  The difference between 

the latent effectiveness of the systems with various salt solutions is also very small (less 

than 0.5%).  Systems with LiBr as the operating liquid desiccant have the highest 

effectiveness among the investigated salt solutions but the difference is very minor (less 

than 0.5%).   



 

 

o

d

f

Figure 3.26

Mino

operating sa

do not signi

fixed. 

6: (a) Total, (b
during AHRI

or differenc

alt solutions 

ificantly affe

b) latent, and (
I summer cond

ces between

show that th

ect the perfo

 96

(c) sensible eff
ditions with d

n the effect

he thermal an

ormance of t

fectiveness of 
ifferent salt so

tiveness of 

nd physical p

the RAMEE

the RAMEE s
olutions (NTU

the system

properties of

E provided N

system operat
U=10). 

m with diff

f the salt sol

NTU and Cr

 

ting 

ferent 

lution 

r* are 



 
 

97

3.7 Summary 

 This chapter mainly discusses the different properties of some selected salt 

solutions to be used in the RAMEE system.  Thermo-physical properties of the selected 

salt solutions (including density, viscosity, specific heat capacity, thermal conductivity 

and diffusion coefficient) are investigated at the beginning of this chapter.  Various 

correlations from different researchers are applied to calculate these properties.  Some of 

these correlations are compared to available experimental measurements and the most 

accurate correlations are selected for use in the numerical model.  Safety features of the 

salt solutions are also investigated in this chapter and it is shown that the selected salt 

solutions (in liquid form) may all be safely used for residential and commercial HVAC 

applications. 

 Numerical simulations show that the performance of the RAMEE system is not 

significantly affected by changing the salt solution (maximum variation of 0.5% in total 

effectiveness).  However some properties such as dynamic viscosity and density of the 

salt solution affect the operational expenses of the RAMEE system (e.g. pumping power 

and storage tank size). 

 Table 3.5 summarizes the initial and operational costs of the selected salt 

solutions.  This table ranks different selected salt solutions with relative numbers where 

a value of 1 is assigned to the salt solution with the lowest cost/smallest size and other 

numbers are relative to this number. Table 3.5 shows that MgCl2 has the lowest initial 

cost and required storage tank size, but has the highest pumping cost.  The LiCl has a 20 

times higher initial cost and requires a 20% larger storage tank than MgCl2. 
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Table 3.5: Summary of the initial and operating cost an storage tank size of each selected salt 
solution in the RAMEE system. Value of 1 is assigned to the smallest size/lowest cost and 
other values are relative to this number. 
 

Salt solution Initial cost Pumping cost Storage tank size 
LiCl 20 1.3 1.2 

CaCl2 2 1.9 1.3 
LiBr 19 1 1.1 

MgCl2 1 3.3 1 
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CHAPTER 4 

CRYSTALLIZATION LIMITS 

4.1 Introduction 

 It is important to avoid salt crystallization during the operation of a RAMEE 

system since salt crystals will negatively impact the performance of the system (i.e., 

decrease effectiveness and increase the pumping cost).  In this chapter, the 

crystallization risk of four binary salt solutions (LiCl, MgCl2, CaCl2 and LiBr) in the 

steady-state operation of the RAMEE system is investigated.  The effect of climate and 

RAMEE design parameters (NTU and Cr*) and flow configuration (cross and counter-

cross flow) on the risk of crystallization of these salt solutions are also studied in detail. 

4.2 Design and Operating Conditions 

In this chapter, the RAMEE system is initially simulated with the NTU=10 and 

Cr*=3 to investigate the behavior of the liquid desiccant in the system.  The simulations 

are then repeated for the systems with NTUs up to 20 and Cr* values up to 15 to show 

the effect of changing the design characteristics of the system on the risk of 

crystallization of the salt solution.  Total effectiveness of the system varies between 40 

to 70% depending on design and operating conditions.  

The operating conditions in which the RAMEE system works are other key 

factors that may affect the risk of crystallization of the salt solution in the LAMEEs.  

The system is primarily simulated for outdoor and indoor operating conditions as 
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specified by AHRI Standard 1060 (AHRI 2005).  In order to investigate the effect of 

changing indoor and outdoor conditions on the crystallization risk additional operating 

points are simulated as well. Table 4.1 lists the AHRI and additional design operating 

conditions in summer and winter used in this chapter.  Summer operating condition in 

this thesis means that the outdoor temperature is higher than the indoor temperature and 

winter operating condition is defined as outdoor temperature is lower than indoor 

temperature. 

Table 4.1: Selected indoor and outdoor operating conditions. 
  Indoor Outdoor 
  T  Humidity 

Ratio  
Relative 

Humidity T Humidity 
Ratio  

Relative 
Humidity 

Summer 

AHRI 
Condition 
(Case A) 

24 °C  9.3 g/kg   50% 35° C     17.5 g/kg  50% 

    35° C     11.5 g/kg  33% 
(Case B) 24 °C  5.5 g/kg   30% 35° C     10.5 g/kg  30% 
(Case C) 24 °C  1.8 g/kg   10% 35° C     7.4 g/kg   21.2% 

Winter 
AHRI 

Condition 21 ° C  7.1 g/kg   46% 1.7° C    3.5 g/kg   82% 

 21 ° C  4.6 g/kg   30% - - - 
 

4.3 Humidity Ratio and Relative Humidity at the Solution-Membrane Interface 

 The concentration of a liquid desiccant is directly proportional to the equilibrium 

relative humidity at the solution-air interface and temperature.  In a RAMEE system, the 

concentration of the salt solution would depend on the humidity and temperature at the 

solution-membrane interface which itself is a function of the humidity and temperature 

conditions of the airstream flowing in the exchangers.  As the airstream becomes dryer, 

the humidity at the solution-membrane interface reduces.  The steady state concentration 

of the salt solution increases when the air relative humidity at the solution-membrane 

interface is reduced.  When the concentration of the salt solution reaches the saturation 
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concentration value of the salt solution, salt crystals would begin to form in the 

LAMEEs.  

 The numerical model, described in chapter 2, may be applied to evaluate the 

temperature and humidity at the solution-membrane interface.  The conditions at the 

solution-membrane interface may then be compared to that of the saturated solution 

(evaluated from the VP correlations introduced in chapter 3) to predict the occurrence of 

crystallization in the LAMEEs. 

Figure 4.1 shows contours of humidity ratio at the solution-membrane interface 

in the supply and exhaust exchangers (with cross flow configuration) of a RAMEE, 

operating with AHRI summer conditions (NTU=10 and Cr*=3). As seen in Figure 

4.1(a), the humidity ratio at the solution-membrane interface increases in the direction of 

liquid flow in the supply exchanger.  This means that the liquid desiccant gains moisture 

in the supply exchanger while the air loses moisture. The dilute liquid desiccant leaving 

the supply exchanger is pumped to the exhaust exchanger where it loses its moisture to 

relatively dry air coming from the building. As a result, the humidity ratio at the 

solution-membrane interface decreases in the direction of the liquid flow in the exhaust 

LAMEE (see Figure 4.1(b)). As seen in Figure 4.1(b), the minimum value of humidity 

ratio in the RAMEE occurs in the upper right corner of the exhaust LAMEE where the 

liquid leaves and the air enters the exhaust LAMEE. 
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almost constant in the LAMEEs (changes less than 1%). In other words, evaporation of 

water from the liquid does not significantly affect the concentration of the salt solution.  

Constant concentration of the salt solution in the LAMEEs would then result in a very 

small change in the air relative humidity at the solution-membrane interface (see Figure 

4.2).  Figure 4.2 shows the air relative humidity contours in a RAMEE operating with a 

specific solution mass flow rate (Cr*=3).  The area with the lowest relative humidity 

value (highest risk of crystallization) is also shown with a circle in Figure 4.2.  The 

change in the concentration of the salt solution may be affected by the mass flow rate of 

the salt solution.  Lower solution flow rates increase the amount of time that the solution 

stays in the LAMEEs and therefore may increase the concentration change of the salt 

solution.  Figure 4.4 shows the concentration contours in the supply and exhaust 

LAMEEs of a RAMEE operating with Cr*=0.5 and AHRI summer conditions.  As seen 

in this figure, the change in the concentration of the salt solution is even smaller when 

Cr* is reduced to 0.5 however, the concentration is higher at lower solution flow rates 

(i.e., lower Cr*) compared to higher solution flow rates.  For example, the highest 

concentration of LiCl at Cr*=3 is equal to 28.1% while the highest concentration at 

Cr*=0.5 becomes 28.7%.  This shows that the most important factor affecting the 

concentration of the salt solution is the bulk relative humidity of the inlet air to the 

exchangers (i.e. that of outdoor air in the supply exchanger and indoor air in the exhaust 

exchanger).  
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concentration of a MgCl2 solution in case A is C=30% wt which will be increased to 

34% wt if the outdoor relative humidity is reduced to 30%. In the third case, at a critical 

outdoor humidity ratio (Wcr) of 7.4 g/kg at 35°C, the minimum relative humidity at the 

solution-membrane interface in the exhaust exchanger becomes 32.5%.  The 

concentration of the MgCl2 solution during this operating condition is equal to 35.9% wt 

which is equal to the saturation concentration of MgCl2.  At this critical outdoor 

humidity ratio the exhaust LAMEE is on the verge of crystallization.  

Wcr is almost 2.9 g/kg lower than the equilibrium humidity ratio of a saturated 

MgCl2 solution at 35°C (11.3 g/kg). This shows that the salt solution in the RAMEE 

system does not necessarily crystallize when the outdoor relative humidity is lower than 

the saturation relative humidity of the liquid desiccant and points to the need for a 

detailed numerical model to properly assess the risk of crystallization in the RAMEE 

system.  

The model can also be applied to simulate the risk of crystallization when the 

RAMEE system is operating during different indoor operating conditions. Figure 4.9 

shows the humidity ratio at the solution-membrane interface at the corners of a liquid 

channel in the exhaust exchanger of a RAMEE system while the indoor operating 

condition is 30% RH and 24°C.  The critical outdoor humidity increases from W=7.4 

g/kg at an outdoor humidity of 50% RH to 11.5g/kg at an indoor humidity of 30% RH.  

Figure 4.9 shows that with an indoor RH below the crystallization line (saturation line) 

the critical outdoor humidity is in fact higher (3.1 g/kg and 12% RH) than the saturation 

condition at 35°C.  In other words reducing indoor relative humidity increases the risk 

of crystallization in the RAMEE system.  There is no simple rule, based on the indoor 
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for two indoor relative humidities of 50% and 30%.  As seen in Figure 4.10(b) for the 

case of 50% indoor relative humidity, crystallization will not occur for supply air 

temperatures lower than 8ºC; and for higher temperatures the critical humidity is less 

than 22% RH. In other words, crystallization is not a concern for most of the winter 

unless the system is supplied by a preheated air stream. Reducing the indoor relative 

humidity increases the critical humidity ratio during winter. Wcr for 30% indoor relative 

humidity closely follows the 42% RH line on the psychrometric chart. Since outdoor 

relative humidity nearly always exceeds 80% RH for temperatures below 5ºC, 

crystallization is very unlikely during winter operation unless cold outdoor is preheated 

prior to entering the supply LAMEE.  

4.5.2 CaCl2-Water Solution 

 Critical humidity ratio lines for a RAMEE systems operating with CaCl2 solution 

are illustrated in Figure 4.11 for summer and winter operating conditions.  The Wcr lines 

for the CaCl2 solution are slightly lower than those for MgCl2 solution.  On average, the 

critical outdoor relative humidities are 2% lower when CaCl2 is used rather than MgCl2.  

The CaCl2 solution has a lower critical humidity than a MgCl2 solution because a 

solution of CaCl2 has a lower saturation relative humidity than a MgCl2 solution. 
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Simulations also show that the LiCl and LiBr solutions work properly without 

any risk of crystallization during winter operating conditions for indoor relative 

humidities higher than 20%.  

4.6 Practical Examples of Different Climatic Conditions 

In order to investigate the crystallization risk of the selected salt solutions 

(MgCl2, CaCl2, LiBr and LiCl) in different climatic conditions, the RAMEE system is 

simulated in several cities in North America. The cities were chosen in different climate 

zones as specified by ASHRAE Standard 90.1 (2004) to cover the climatic diversity of 

North America. Figure 4.13 illustrates the climate classification of the US in the form of 

a map and Table 4.1 provides an example city for each zone. ASHRAE has divided the 

US into eight thermal climate zones (shown by numbers in Figure 4.10) and three 

divisions based on atmospheric moisture (shown by letters in Figure 4.10). Each zone 

may be represented by a combination of a digit and a letter, for instance, zone 2B refers 

to a location in thermal zone 2 and dry region (B). 
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4.15, the risk of crystallization is very small (less than 1% of the year) for indoor 

operating condition of 50% RH for all cities except Phoenix (2B), Abuquerque (4B) and 

El Paso (3B) (i.e., cities in the mixed-hot and dry regions). The risk of crystallization 

increases as indoor relative humidity is reduced to 30%, yet crystallization will occur for 

less than 10% of the year in all the cities located in marine (C) and humid (A) zones.  As 

expected, the percentage of the year that CaCl2 has a risk of crystallization is slightly 

lower than that of MgCl2 solution.  LiCl and LiBr solutions have no risk of 

crystallization when the RAMEE system operates with 50% and 30% indoor conditions 

in any of the cities listed in Table 4.1.  However as mentioned in chapter 3, the price of 

LiBr and LiCl solutions is considerably higher than that of CaCl2 and MgCl2 solutions.  

Therefore the results from this investigation leads to a study of mixtures of salt solutions 

in the next chapter as an alternative for the highly-priced LiCl and LiBr solutions to be 

used in dry climates. 
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4.7 Impact of System Design Parameters on the Risk of Crystallization 

 The moisture and heat transfer rates between the air and liquid streams is 

affected by the design and operational characteristics (NTU, Cr* and ε) of the RAMEE.  

As the moisture transfer rate increases in a dry climate, the risk of the solution reaching 

saturation increases.  Therefore, the RAMEE design and operational characteristics may 

be modified to reduce the risk of crystallization during specific outdoor weather 

conditions.  The design of the system may not be changed when the system is in 

operation but NTU and Cr* values may be changed by changing the solution and air 

flow rates.  Figure 4.16 shows the percentage of number of hours during summer 

operating conditions in which a MgCl2 solution has a risk of crystallization in Phoenix 

(2B), El Paso (3B) and Helena (6B) for different values of Cr* and NTU=10. As seen in 

Figure 4.16, the number of hours in risk decreases by 6% as Cr* is increased from 1 to 

10 in the selected cities. In other words, increasing Cr* of the system (i.e. increasing 

mass flow rate of the salt solution or reducing the mass flow rate of air stream) 

decreases the risk of crystallization in the LAMEEs. 
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 Increasing the flow rate of the salt solution may only reduce the risk of 

crystallization when outdoor humidity is close to Wcr.  At very low humidities, reduction 

of the solution concentration caused by changing the solution flow rate would not be 

enough to prevent the crystallization.  For example when outdoor humidity is 8 g/kg at 

40˚C (2 g/kg less than Wcr), the risk of crystallization may not be controlled by 

increasing Cr*. 

 Figure 4.20 illustrates the percentage of the membrane surface in a liquid 

channel at risk of crystallization for different membrane mass transfer resistances (km).  

As seen in Figure 4.20, the risk of crystallization is reduced as the km decreases.  The 

reason is that moisture transfer rate reduces as km decreases which eventually results in a 

reduction in the risk of crystallization.  More moisture transfer in dry climates will result 

in more concentration increase in the solution flow rate and consequently more risk of 

crystallization. The results shown in Figure 4.19 are tabulated in Table 4.3.  As seen in 

Table 4.3, the total effectiveness of the system increases from 53% at km= -8101.66×  to 

75% at km=1.66.  It should be noted that the mass transfer resistance of the Propore 

membrane used in RAMEE prototype III was km= -6101.66×  (Mahmud 2009). 
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4.9 Impact of the Flow Configuration on the Risk of Crystallization 

 Changing the flow configuration in the LAMEEs affects the latent and sensible 

effectiveness of the RAMEE system.  Heat and moisture transfer is enhanced when 

counter-cross flow LAMEEs are used instead of cross flow exchangers (Vali 2009).  

Since the performance of the cross and counter-cross flow exchangers is different, the 

risk of crystallization may also vary. 

 Figure 4.21 shows the Wcr lines of RAMEE systems operating during summer 

conditions with a 50% indoor operating condition for two different flow configurations.  

As expected, the Wcr is slightly higher for the counter-cross flow RAMEE.  However, 

the difference in Wcr for the two different flow configurations is very small.  At 40ºC, 

Wcr for a cross flow system is equal to 10 g/kg while that of a counter-cross flow system 

is 10.5 g/kg.  The difference between Wcr for different flow patterns decreases as the 

outdoor temperature decreases and Wcr becomes almost equal at an outdoor temperature 

of 25 ºC. 
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Increasing the mass flow rate of the salt solution may significantly reduce the area of the 

membrane in risk of crystallization when the outdoor humidity is close to Wcr.  Another 

way to control the crystallization of the salt in the system is to reduce the air flow in the 

exchanger where the moisture is rejected from the solution while keeping the other 

exchanger (where the solution is regenerated) in full operation.  For example during 

summer operating conditions, when moisture rejection occurs in the exhaust exchanger 

reducing the air flow rate in the exhaust LAMEE may increase the concentration of the 

salt solution and prevent the crystallization.   

 The techniques mentioned above may prevent crystallization when the operating 

humidity condition is close to the critical value (i.e., within 2% of critical relative 

humidity).  If the system is designed to operate in very dry climates, salt solutions with 

lower equilibrium saturation humidity should be selected (i.e., LiCl and LiBr instead of 

CaCl2 and MgCl2).  The next chapter discusses the possibility of using mixtures of salt 

solutions in the RAMEE system as a cost effective substitute for expensive LiBr and 

LiCl solutions in dry climates.  

4.11 Summary 

In this chapter, the numerical model, described in chapter 2, was used to predict 

the risk of crystallization of four desiccant solutions (LiCl, LiBr, MgCl2 and CaCl2) in a 

RAMEE system. It was shown that the selected salt solution as well as the indoor and 

outdoor operating conditions have a significant effect on the risk of crystallization.  The 

risk of crystallization is greater for MgCl2, followed by CaCl2, LiCl and LiBr.  The risk 

increases as the supply or exhaust air streams become dryer.  For a cross flow RAMEE 

with NTU=10 and Cr*=3 operating in a building with indoor RH of 50%, the critical 
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outdoor humidity below which crystallization will begin to occur is 28% RH for MgCl2, 

20% for CaCl2 and 0%RH for LiCl and LiBr.  

The effect of changing the indoor air relative humidity was also investigated in 

this chapter.  Salt solutions crystallize at higher outdoor humidities when the relative 

humidity of the indoor air is decreased.  For example, when the relative humidity of the 

supply air in the RAMEE, described previously (NTU=10 and Cr*=3), is reduced from 

50% to 30% RH, the critical outdoor humidity increases from 28% RH to 35% RH.  

This increase in the critical relative humidity is due to lower ability of dry indoor air to 

regenerate the salt solution.  Risk of crystallization of LiCl and LiBr is still very low 

even with indoor relative humidities as low as 30%.  With a 30% indoor relative 

humidity, LiCl and LiBr solutions will not crystallize unless the outdoor RH is less than 

2%. 

CaCl2 and MgCl2 solutions may be used in most North American cities without 

crystallization risk for indoor operating humidities of 50% RH, while LiCl and LiBr can 

be used safely without crystallization in the RAMEE system, all over North America, 

even with indoor relative humidities down to 30%.  At 30% RH indoor condition, 

MgCl2 and CaCl2 may only be used in the moist and marine climate regions (Zones A 

and C) of North America. 

Operational and design characteristics of the RAMEE system also affect the risk 

of crystallization of the salt in the LAMEEs.  It was shown that the crystallization may 

be prevented by increasing the solution mass flow rate when outdoor air humidity is 

close to the critical humidity of the particular salt solution.  Decreasing the air mass flow 

rate at low Cr* values may also reduce the risk of crystallization.  Another way to 
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reduce the risk of crystallization in the RAMEE is to use evaporative cooling systems to 

humidify outdoor air before entering the supply exchanger during very dry outdoor 

conditions.  There is lower risk of crystallization in systems with lower effectiveness 

values, however, systems with low effectiveness values are not desirable 
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CHAPTER 5 

MIXTURES OF SALT SOLUTIONS 

5.1 Introduction 

 The purpose of this chapter is to investigate the equilibrium humidity at the 

surface of a solution of mixed MgCl2 and LiCl salts.  Results from chapter 3 showed that 

MgCl2 solution is the most cost-effective among the investigated salt solutions.  

However, high equilibrium vapor pressure at the surface of MgCl2 solution may cause 

crystallization of salt in LAMEEs during some typical HVAC application and operating 

conditions (chapter 4).  In this chapter, mixtures of MgCl2 (as a cost effective liquid 

desiccant) and LiCl (as a desiccant with low crystallization risk) are investigated. The 

equilibrium relative humidity of air in contact with the MgCl2-LiCl mixture is measured.  

A certain mixing ratio of MgCl2-LiCl solution is recommended as a cost effective 

alternative liquid desiccant for pure LiCl solution in climatic conditions where MgCl2 

and CaCl2 solutions have a high risk of crystallization. 

5.2 Experimental Setup 

 Figure 5.1 shows a picture of the experimental instruments used to measure the 

air humidity at the surface of a MgCl2-LiCl mixture.  In order to conduct the experiment, 

MgCl2 and LiCl salts with different mass ratios are mixed with specific amount of water 

in a small jar.  The temperature and humidity sensor is then placed at the top of the 

solution and the opening of the jar is sealed.  The mixture is allowed enough time to 
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 Following the experiments on pure salt solutions, several different mixtures of 

MgCl2 and LiCl were investigated.  Four different LiCl/MgCl2 weight combinations 

were tested in this study.  The total concentration of the salt solution was kept very close 

to the saturation concentration of the mixture at the temperature in which the humidity 

of the solution was measured.  In order to create saturated mixtures of LiCl-MgCl2, the 

saturation concentration is required for different weight combinations. The saturation 

concentration of different LiCl-MgCl2 mixtures are shown in Table 5.1 at 25˚ C. 

Table 5.1: Saturation concentration of the LiCl-MgCl2-water mixtures at 25˚ C (Stephen and 
Stephen 1963). 

MgCl2 
Concentration 

LiCl 
Concentration 

Total Saturation 
Concentration 

The Crystallized 
Salt 

14.3% 28.0% 42.3% MgCl2 

18.0% 22.0% 40.0% MgCl2 
20.0% 18.9% 38.9% MgCl2 
28.3% 8.4% 37.1% MgCl2 

 

 The weight concentrations of each salt in the mixture for different mass ratio 

combinations that were tested in this experiment are presented in Table 5.2.  The mass 

ratio shows that what percentage of the total salt in the solution is made up of each 

specific salt.  For example, a pure saturated MgCl2 (C=35.9%) is made up of 100% 

MgCl2 and 0% LiCl. 

Table 5.2: Humidity ratio and price of LiCl-MgCl2 solution mixture at 23 ˚C for different mass 
combinations. 

Test 
Number 

MgCl2 
Concentration 

LiCl 
Concentration 

MgCl2 
mass 
ratio 

LiCl  
mass 
ratio 

Equilibrium 
humidity 

ratio (g/kg) 

Total 
price per 
35 L of 
solution 
(USD) 

Relative 
price 

1 35.9% 0% 100% 0% 5.66 5.3 1 
2 29% 7% 81% 19% 5.97 32.7 6.2 
3 23% 14% 62% 38% 4.88 58.8 11.1 
4 19% 21% 47% 53% 3.49 86.1 16.2 
5 14% 28% 33% 67% 3.08 118.3 22.3 
6 0% 45.8% 0% 100% 1.89 212.2 40 
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(C=35.9%) to 3.49 g/kg (i.e., a reduction of 2.2 g/kg in the equilibrium humidity ratio) 

after the addition of the first 50% of LiCl (test number 4) to the solution while the 

addition of the second 50% of LiCl to the mixture only reduces the equilibrium humidity 

ratio by 1.6 g/kg (test number 6).  However the price of a pure saturated LiCl solution is 

more than twice the price of a MgCl2-LiCl solution with 53% LiCl mass ratio and 47% 

MgCl2 mass ratio for each salt in the solution. 

 A mixture with almost equal amounts of MgCl2 and LiCl (i.e., CMgCl2=19% and 

CLiCl=21%) maintains the air humidity at approximately 21% RH which is 13% RH 

lower than the humidity at the surface of a saturated MgCl2.  A pure LiCl with 38.5% 

weight concentration is required to create an equilibrium humidity of 21% RH.  The 

price of 35 L of the 38.5% LiCl solution is 125.2 USD which is more than 30% higher 

than the price of the mixture.   

 Figure 5.6 compares the critical humidity ratio lines of a roughly 1:1 mass ratio 

mixture of MgCl2 and LiCl (CLiCl=21% and CLiCl=19%) with Wcr lines of pure MgCl2 

solution.  As seen in Figure 5.6, the critical relative humidity of the mixture is 15% RH 

less than that of a pure MgCl2 when the system operates in a building with 50% indoor 

RH.  The reduction in the critical RH is approximately 12% RH when exhaust air 

relative humidity is 30% RH.  During winter operating conditions, the mixture has no 

risk of crystallization if the exhaust air is at 50% RH, therefore, only the Wcr lines of 

30% RH indoor condition are illustrated. 
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maintains the air relative humidity at approximately 21% RH.  This mixture 

combination may be used in the RAMEE with very small risk of crystallization in all 

North American climate zones when the indoor humidity is 50% RH.  However when 

indoor humidity is reduced to 30%, the hot, warm and mixed-dry climates may 

experience crystallization in less than 10% of the year.  
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CHAPTER 6 

SUMMARY, CONCLUSIONS AND RECCOMMENDATIONS 

6.1 Summary 

 The main objective of this study was to select an appropriate desiccant solution 

to use in a run-around membrane energy exchanger (RAMEE).  Four widely used liquid 

desiccants in the HVAC industry (LiCl, LiBr, CaCl2 and MgCl2) were chosen to be 

investigated in this thesis.  In chapter 2, a numerical model was presented that would 

calculate the properties at the liquid-membrane interface in each of the two liquid-to-air 

membrane energy exchangers (LAMEE) of the system. 

 The properties of the selected salt solutions were presented in Chapter 3, 

including the thermo-physical properties (i.e., density, viscosity, specific heat capacity, 

thermal conductivity, and diffusion coefficient), cost, safety and the RAMEE properties 

that result from the salt solution properties (i.e., pumping cost, storage tank size and 

effectiveness).  Various property correlations to calculate the properties were compared 

and the most accurate correlations were selected for use in the numerical model. 

 Crystallization of the salt solution is a very important characteristic that must be 

considered when selecting an appropriate liquid desiccant.  The risk of crystallization of 

the selected salt solutions as well as some recommendations to prevent salt 

crystallization in the RAMEE were presented in chapter 4.   
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 In chapter 5, a new liquid desiccant (mixture of LiCl and MgCl2 solutions) is 

introduced as a cost-effective alternative when the RAMEE operates in dry climates.   

6.2 Conclusions 

 The following can be concluded from the research presented in this thesis: 

1. Thermo-physical property correlations from more than seven different sources as 

well as several experimental measurements were compared in this thesis.  These 

comparisons showed that more accurate correlations are available than those 

used by previous RAMEE researchers (Fan 2005; Vali 2009 and Seyed Ahmadi 

2008) using the most accurate property correlations for the salt solution in the 

numerical model resulted in less than 1% change in the total effectiveness of the 

RAMEE. 

2. Simulations showed that the total effectiveness of the RAMEE with AHRI 

operating conditions changes by less than 0.5% if different salt solutions are used 

in the RAMEE.   

3. The prices of the liquid desiccants differ significantly from one another.  LiCl 

solution is the most expensive among the selected solutions (i.e. $ 1.21/CFM of 

air flow through each LAMEE) and is followed by LiBr (i.e. $ 1.12/ CFM), 

CaCl2 (i.e. $ 0.12/CFM) and MgCl2 (i.e. $ 0.06/CF). 

4. Storage tanks are unavoidable in a RAMEE is since the volume of the salt 

solution changes significantly during the year.  Larger storage tanks are required 

in places where the outdoor air relative humidity changes more during the year. 

For example, the volume of a MgCl2 solution will change by 27% in Phoenix 

(AZ) and by 17% in Saskatoon (SK). 
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5. Pumping costs differ for different salt solutions in the RAMEE.  MgCl2 solution 

requires the highest pumping power among the selected salt solutions and LiBr 

solution requires the least pumping power.  The pumping cost of a RAMEE 

operating with MgCl2 is approximately ¢ 7/CFM for yearly operation of the 

system (based on 12 hour operation daily throughout the year, 100 m piping).  

The initial and operational costs of the selected salt solutions are summarized in 

Table 6.1 with relative numbers.  Number 1 in Table 6.1 indicates the salt 

solution with the lowest cost/smallest size and the other numbers are relative to 

this number. 

Table 6.1: Initial and operating cost of the selected salt solutions in the RAMEE system. 
Value of 1 is assigned to the smallest size/lowest cost and other values are relative to this 
number. 
 
Salt solution Initial cost Pumping cost Storage tank size 

LiCl 20 1.3 1.2 
CaCl2 2 1.9 1.3 
LiBr 19 1 1.1 

MgCl2 1 3.3 1 

 

6. The indoor and outdoor operating conditions were found to play an important 

role on the risk of crystallization of the salt in the RAMEE.  The risk of 

crystallization increases as the outdoor or indoor humidity decreases.  This 

finding shows that different salt solutions should be selected for different 

climates.  For example in Phoenix (AZ) which is a dry climate, MgCl2 has a risk 

of crystallization in more than 55% of the year (with 30% RH indoor condition) 

while LiCl has no risk of crystallization.   

7. Crystallization may be prevented by increasing the solution flow rate when 

outdoor air humidity is close to the critical humidity of the particular salt 
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solution.  Humidifying the dry outdoor air before it enters the supply LAMEE is 

another way to reduce the risk of crystallization in the RAMEE. 

8. The risk of crystallization of the salt is very small during winter operating 

conditions.  When outdoor humidity is 50% RH, there is no risk of crystallization 

of MgCl2 for temperatures lower than 8˚C.  

9. At an indoor humidity of 50% RH during summer operating conditions, MgCl2 

solution can be used in the RAMEE for most climates except in hot-dry and 

warm-dry climate zones (see Figure 6.1).  When indoor humidity is reduced to 

30% RH, MgCl2 solution may only be used in Moist (A) and Marine (C) climate 

zones. 

10. A mixture of MgCl2 and LiCl (1:1 mass ratio mixture) can be used in dry 

climates (i.e., where MgCl2 cannot be used due to high risk of crystallization) 

instead of highly priced pure LiCl or LiBr solutions.  At 50% RH indoor 

humidity, this mixture has risk of crystallization in less than 2% of the year in 

Phoenix (i.e., the climate with the highest risk in North America) while its price 

is 30% less than the price of pure LiCl solution. 

11. The recommended salt solutions to use in the RAMEE are shown in Figure 6.1 

for different climates in the US for 50% RH and 30% RH indoor conditions 

during summer operating conditions.   

(a) MgCl2 solution may be used as operating liquid desiccant in the RAMEE 

in most American climates except hot, warm and mixed-dry regions 

when indoor humidity is 50% RH.  A mixture of MgCl2-LiCl (1:1 mass 
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ratio mixture) can be used as the liquid desiccant in the hot, warm and 

mixed-dry regions (see Figure 6.1(a)).   

(b) At an indoor humidity of 30% RH, MgCl2 may be used in the RAMEE in 

Moist (A) and Marine (C) regions.  MgCl2-LiCl mixture (1:1 mass ratio 

mixture) can be used in the cool and cold-dry regions (5B and 6B).  

Finally, pure LiCl solution is recommended for hot, warm and mixed-dry 

(2B, 3B and 4B) climatic zones. 
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6.3 Recommendations for Future Work 

 The following can be recommended for future studies: 

• The impact of maldistribution of the liquid flow in the channels on the risk of 

crystallization of the salt should be studied.   

• The risk of crystallization should be investigated during the transient operation 

of the RAMEE. 

• The salt solutions studied in this thesis were assumed to have no impurities, 

however, in reality the salt solutions may contain other chemicals.  The impact of 

the impurities in the desiccant solution on the risk of crystallization or the 

properties of the solution should be studied. 

• Frosting in the air channels of the LAMEEs should be investigated. 

• Accurate correlations should be developed to predict the effectiveness of the 

RAMEEs with different design characteristics in different operating conditions. 

• A more thorough economic analysis is required for the RAMEE. 
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APPENDIX A 

CORRELATIONS OF SOLUTION PROPERTIES 
A.1  Vapor pressure 

Cisternas and Lam (1991) proposed a correlation to calculate the equilibrium VP of 

several electrolytes in a range of concentrations and temperatures.  Their correlation 

requires a single “K” value for each salt and five other parameters for the solvent. 

Cisternas and Lam (1991) reported K values of 111 different electrolytes in their 

research paper. 

This correlation is presented as: 

( )[ ] ( )[ ]53.3953.39AL −−+−−= TDCTBKIPog sol  (A-1)

where for solutions with water as solvent: 

23031060591.3021302.0 4
sMIA +×+−= −  (A-2)

2031185.0382982.1390915.5 IIB −+−=  (A-3)

( ) 23031411614.11099334.3192959.7 23 χ−+−−×−= − IMIEIC s  (A-4)

332 1079277.1027511.0138481.02857.1730 IIID −×−++=  (A-5)

( ) ( )222 −−++−+ ++= ZZ ννννχ  (A-6)

where  

 Psol is the vapor pressure at the solution-air interface [kPa], 

 T is temperature [K], 

 Ms is the molecular mass of water [kg/mol], 

 K is the electrolyte parameter (see Table A.1), 

 I is ionic strength of the solution (see Table A.1), 
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 ν+ is the number of moles of cation in one mole of the salt solution, 

 ν- is the number of moles of anion in one mole of the salt solution, and 

 Z+ denotes the valency of cation and Z- the valency of anion. 

The K values of some selected electrolytes are listed in Table A.1. 

Table A.1: K values, in Equation (A-1). 
Component K I 

CaCl2 0.32138 2 
LiBr 1.00000 1 
LiCl 0.72567 1 
LiI 1.54354 1 

MgCl2 0.37678 2 
 

Conde (2004) introduced a general equation which may be used to predict vapor 

pressure of solutions of LiCl and CaCl2 in water.  This equation can be used for 

concentrations up to saturation concentration of the mentioned salt solutions for a 

temperature range of 25-100 ˚C. 

Conde (2004) established an accurate formula for prediction of vapor pressure of 

LiCl and CaCl2 in one specific temperature and then correlated it for other temperatures. 

This formula may be expressed as: 
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)(
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2

θπ=≡π cf
TP
TcP

OH

sol  (A-7)

Where c is the weight concentration of the salt in the solution and θ is the reduced 

temperature by critical temperature of water. The function f is: 

θ+=θ BAcf ),(  (A-8)
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The π parameters for LiCl and CaCl2 solutions are shown in Table A.2. 

Table A.2: πi parameters in Equations (A-7)-(A-11). 
 LiCl CaCl2 

0π  0.28 0.31 

1π  4.30 3.698 

2π  0.60 0.60 

3π  0.21 0.231 

4π  5.10 4.584 

5π  0.49 0.49 

6π  0.362 0.478 

7π  -4.75 -5.20 

8π  -0.40 -0.40 

9π  0.03 0.018 

 

 Several investigations have been performed to correlate equilibrium vapor 

pressure (or humidity ratio) at the surface of saturated salt solutions (Greenspan, 1977; 

Wexler, 1954).  Humidity ratio at the saturated salt solutions surface is particularly 

required to investigate the crystallization of salts in the RAMEE system. 

Here, an empirical correlation proposed by Greenspan (1977) is introduced that 

may be applied to calculate the relative humidity at the liquid-air interface of some salt 

solutions: 

∑
=

=
3

0i

i
itARH  (A-12)

where: 
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 RH is the relative humidity [%], 

 t is temperature [˚C], and 

 Ai coefficients are listed in Table A.3 for the selected salt solutions. 

Table A.3: Coefficients in equation (A-12). 
Component A0 A1 A2 A3 

LiBr 7.75437 −0.0654994 −0.420737×10-3  LiCl 11.2323 −0.00824245 −0.214890×10-3 
MgCl2 33.6686 −0.00797397 −0.108988×10-2 0.761055×10-4 

 

A.2  Viscosity 

Zaytsev and Aseyev (1992) correlated the experimental data available for the 

dynamic viscosity of some binary salt solutions.  They proposed the following 

correlation to calculate the dynamic viscosity coefficient of salt solutions: 

Dco += μμ loglog  (A-15)

where: 

 μ is dynamic viscosity [Pa.s] 

 μ0 is viscosity of pure water [Pa.s] 

 D is a coefficient given in Equation (A-17), and 

 c is the weight concentration of the salt solution (kgsalt/kgsolution). 

Viscosity of pure water can be calculated using Slott equation (Zaytsev and Aseyev, 

1992): 

)100,0()252.43(59849.0 5423.1 Ctfort o
o =+= −μ (A-16)

The D coefficient depends on the type of salt used in the solution and is 

calculated from the dependences: 

2
210 tdtddDi ++=  (A-17)
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The di coefficients are listed for the selected salt solutions in Table A.4.  

Equation (A-15) is valid for temperatures between 0 and 100 ˚C. 

Table A.4: di coefficients in Equation (A-17). 

Component 2
0 10×d  4

1 10×d  5
2 10×d  

CaCl2 148.7 −17.2 0 
LiBr 74.5 23.3 0 
LiCl 173.7 2.8 0 

MgCl2 206.9 −22.5 0 
 

Conde (2004) correlated experimental data available for LiCl-water and CaCl2-

water solutions.  His correlation is valid for concentrations up to saturation and may be 

used to calculate the dynamic viscosity at subzero temperatures (as low as -20 ˚C). This 

correlation is expressed as follows: 

2
432

6.3
1

0
CCCC

e
′μ+

θ
′

μ+′μ+′μ
μ=μ  (A-18)

where C’ is defined as:  
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=′  (A-19)

The iμ  parameters are shown for two salt solutions (LiCl-water and CaCl2-

water) in Table A.5. 

Table A.5: iμ  parameters in Equation (A-18). 

 LiCl-water CaCl2-water 

1μ  0.090481 -0.169310 

2μ  1.390262 0.817350 

3μ  0.675875 0.574230 

4μ  -0.583517 0.398750 

 

Muhiuddin and Ismail (1983) have recommended the following correlation to 

describe the concentration dependence of the viscosity of a MgCl2 solution: 
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1000/)exp( 2
000 mcmba +=μ  (A-21)

where: 

 m is the concentration of the salt solution [molality], and  

 a0, b0 and c0 coefficients are listed in Table A.6 at four different temperatures.   

Table A.6: a0, b0 and c0 coefficients in Equation (2.20). 
T (˚C) a0 b0 c0 

15 1.1617 0.3506 18.6401 
25 0.9108 0.3574 14.3925 
35 0.7408 0.3581 10.8796 
50 0.5596 0.3751 3.8780 

 

Correlation of Lee et al. (1990) may be expressed as: 

1000/)]ln/([ln 321 TATAA ++=μ  (A-22)

where A1, A2 and A3 coefficients are: 

122494145110396716 2
1 .-C.C-.A =  (A-23)

2
2 527558568934428606 C.C+.-.A =  (A-24)

2
3 02078090350142384870 C.C+.-.A =  (A-25)

A.3  Density 

 The following equation was developed by Zaytsev and Aseyev (1992) to 

calculate the density of the salt solutions: 

c)tbtbb(logρlogρ 2
2100 +++=  (A-26)

where: 

 ρ is the density of the salt solution [kg/m3], 

 ρ0 is the density of pure water [kg/m3], and  

 b0,b1 and b2 coefficients are listed in Table A.7. 
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Density of pure water may be calculated using the following relation (Zaytsev and 

Aseyev, 1992). 

)100,0(,00355.0062.01000 2
0 Cttt o=−−=ρ (A-27)

 

Table A.7: b0,b1 and b2 coefficients in Equation (A-26). 
Component b0.104 -b1.106 b2.108 

CaCl2 3627.0 0.0 14.0 
LiBr 3525.0 -229.2 -137.6 
LiCl 2452.0 0 1.9 
LiI 3743.9 -125.7 -116.1 

MgCl2 3523.8 -34.5 0 
 

Correlation of Conde (2004): 
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where ρi coefficients are listed in Table A.8. 

Table A.8: ρi coefficients in Equation (A-28). 
 CaCl2 LiCl
ρ0 1.0 1.0 
ρ1 0.836014 0.540966 
ρ2 -0.436300 -0.303792 
ρ3 0.105642 0.100791 

 

Correlation of Novotny and Sohnel (1988): 

22/32/32/32
0ρρ tFtEDtCtBA ξ+ξ+ξ+ξ+ξ+ξ+=  (A-29)

where A to F coefficients are listed in Table A.9. 

Table A.9: A to F coefficients in Equation (A-29). 
 MgCl2 LiBr

A×10-2 0.8099 0.6032 
-B×10 1.877 0.0044 
C×103 2.315 0.2329 

-D 6.029 0.6188 
E×102 7.449 -2.448 
-F×104 8.305 -1.773 
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A.4  Specific Heat Capacity 

 Corrolation of Zaytsev and Aseyev (1992): 

CtBtBCBBpp ),c(c 2
43210 ++++=  (A-30)

where  

 cp is the heat capacity [J/(kg·K)] 

 Bi coefficients are listed in Table A.10 and 

 cp,0 is the heat capacity of pure water and can be calculated from: 

65
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ttttp
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 (A-31)

 

Table A.10: Bi coefficients in Equation (A.30). 
Component -B1 B2 B3 -B4×103 

CaCl2 6360.2 4706.8 7.2 12.5 
LiBr 5277.4 2568.4 2.8 16.1 
LiCl 5016.3 4248.9 -3.4 15.9 

MgCl2 6304.3 3082.9 7.9 13.9 
 

 Correlation of Conde (2004): 

))()(1(,cc 210 θ×−= fCfpp  (A-31)

where: 

32
1 )( CCCBCACf aaa ++=  (A-32)

06.004.002.0
2 )( θ+θ+θ=θ aaa HGFf  (A-33)

where: 

1
228

−=θ
T  (A-34)

Aa to Ha coefficients are listed in Table A.11. 



 
 

167

Table A.11: Parameters in Equations (A.32) and (A.33). 
Component Aa Ba Ca Da Ga Ha 

CaCl2 1.63799 -1.69002 1.05124 58.225 -105.6343 47.7948 
LiCl 1.43980 -1.24317 -0.12070 58.522 -105.6343 47.7948 

 

A.5  Thermal Conductivity 

 Correlation of Zaytsev and Aseyev (1992): 

)1(0 Ckk β−=  (A-35)

where: 

 k is the thermal conductivity of the solutions [W/(m·K)] 

 β coefficients are listed in Table A.12. 

k0 is the thermal conductivity of pure water [W/(m·K)] and can be calculated 

from: 

2
0 00001184.000246.05545.0 ttk −+=  (A-36)

 

Table A.12: β coefficients in Equation (A-37) for the selected salt solutions. 
Component β 

CaCl2 182.1 
LiBr 526.1 
LiCl 344.5 

MgCl2 477.9 
  

 Correlations of Conde (2004): 

The thermal conductivity of LiCl and CaCl2 solutions may be calculated using the 

“equivalent thermal conductivity depression (αR)” term: 

eq
R C

kk −
=α 0  (A-37)

where: 

 Ceq is the “equivalent ionic concentration” and can be calculated from: 
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M
ICCeq

×ρ×
=  (A-38)

where: 

 M is the molar mass of the salt solution [kg/mol], 

 I is the ionic strength of the solution, and  

 ρ is the density of the salt solution [kg/m3] 

The equivalent thermal conductivity depression may then be calculated from: 

CR 10 α+α=α  (A-39)

where: 

 αi coefficients are listed in Table A.13. 

Table A.13: αi coefficients in Equation (A-39) for the selected salt solutions. 
Component α0 α1 

CaCl2 5.9473×10-3 -1.3988×10-3 
LiCl 10.8958×10-3 -11.7882×10-3 

 

A.6  Diffusion Coefficient 

 Correlation of Conde (2004): 
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where: 

 D is the diffusion coefficient of water into the salt solution [m2/s] 

 D0 is the self diffusion coefficient of water [m2/s] 

 δi coefficients are δ1=0.52, δ2= -4.92, δ3= -0.56 for solutions of LiCl δ1=0.55, δ2= 

-5.52, δ3= -0.56 for solutions of CaCl2. 

 


