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Abstract— Air water generators that harvest water from 

air humidity have the potential to counter the ever-rising 

problem of drinking water scarcity. There are many different 

types of air water generation systems that work on various 

different principles. Desiccant based air water generation 

systems work on the principle of moisture absorption, 

consisting of a packed bed dehumidifier that absorbs the 

moisture from air. This reduces the energy requirement of the 

system. To discuss the efficiency of the system, it is crucial to 

understand the working of the packed bed column. In this 

paper, a mathematical model has been developed for a 

packed bed dehumidification system using aqueous CaCl2 as 

the liquid desiccant. This model has been developed using 

water saturation pressure and equilibrium relative humidity 

models. The packed bed model has been used to study the 

effect of various input parameters like air and desiccant flow 

rate, packing material, relative humidity and desiccant 

concentration, on the capacity of the desiccant to absorb 

water from air. The results so obtained can be used to predict 

the water that can be absorbed by the desiccant in the packed 

bed column for given inlet conditions. 

 

Index Terms— Moisture, Desiccant, Packed Bed 

Column, Saturation, Relative Humidity.  

 

I. INTRODUCTION 

Freshwater scarcity has become a major restraint to 

socio-economic development thus endangering sustainable 

development of human society. Due to population growth, 

economic development and climate change, water is 

becoming increasingly scarce in many parts of the world. 

Scarcity of fresh water can have a deleterious impact on the 

world leading to many health and economic problems. Lack 

of access to drinking water, hunger, lack of education, 

diseases, sanitation issues, poverty and migration are some of 

the effects of fresh water scarcity.   

When we talk about scarcity of fresh water, it is not only an 

issue of water availability, but also of the quality of available 

water. Prolonged droughts and rising temperatures put strain 

on water resources and also lead to degradation of water 
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resources [1]. A study by Mekonnen and Hoekstra [2]have 

shown that about 0.5 billion people around the world 

experienced annual severe water scarcity in the years 

1996-2005. 

 
Figure-1: Water Generation Methods. 

 

The World Health Organization (WHO) has estimated that 

1.1 billion people worldwide are without access to safe 

potable water [3]. Many efforts are being made to solve this 

problem. Figure 1shows several methods used for generation 

of drinking water. 

As per studies the total amount of water available today will 

be enough to provide for current population minimally. 

However, the uneven distribution of water sources has made 

the resources precious in certain countries [4]. Rapid 

population growth and an increasing consumption of water 

per capita has aggravated this problem further. 

The atmosphere is estimated to contain more than 12.9×〖10〗
^12 m3 of water in the form of water vapour out of which 

approximately 99.13% of it is contained in the troposphere 

[5]. During past decades, Air-Water generation technology 

has received great attention around the world. Numerous 

studies have been conducted on various methods that can be 

utilised to generate water from air (see Figure 1). 

Wahlgren[6] reviewed various atmospheric water generation 

designs. These included designs based on surface cooling, 

desiccant based and convection induced.  

A study conducted by Anbarasu and Pavithra  [7]reported the 

design of a device to generate drinking water from humid air 

using the traditional vapour compression method. This 

method depends on lowering the temperature of air below its 

dew point, which is achieved using the vapour compression 

cycle. Nandyet. al.[8]discussed the method to develop an air 

water generator using thermoelectric couple. Using the 

Peltier effect to create a heat flux, it brings heat from one side 

of the device to the other, reducing the temperature on one 

side [6]. Ming, et. al. [9] proposed a solar chimney power 

plant (SCPP) for solar thermal power generation along with 
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freshwater extraction from humid air. The air flows upward 

inside the chimney guided by convection. As air rises, its 

temperature decreases due to reduced internal energy 

converting to gravitational potential energy. When the 

temperature falls below the dew point or reaches saturation 

temperature, the water vapour in the moist air will begin to 

condense. 

The afore mentioned methods work on the principle of 

reducing the temperature of air below its dew point to 

condense the water vapour, thus increasing the cost of water 

generation. Many new methods are being developed to figure 

out a way to reduce the energy cost of air-water generation. 

Bergmair et. al. [10] conducted a system analysis for air 

water generation using water vapour selective membranes. 

The study showed that the method can reduce energy 

requirement of water extraction by more than 50%. However, 

the manufacturing of such special membranes brings extra 

costs. This is avoided in desiccant based systems which work 

on absorption of moisture by a desiccant material, which are 

usually cheap. In dehumidifiers, a study showed that [11] 

using desiccant based system rather than vapour compression 

cycle reduces the energy cost by 60%. Another advantage of 

desiccant based systems is its easier integration with solar 

energy. Qi et. al. [12] have studied the integration of solar 

absorbers with ionic liquid-based sorbent thus making a solar 

based atmospheric water generator with simultaneous 

adsorption-desorption process. 

The desiccants can be either solid or liquid or in the form of 

salt solutions. Numerous liquid desiccants are commercially 

available like triethylene glycol, diethylene glycol and 

ethylene glycol, salt solutions like calcium chloride, lithium 

chloride and lithium bromide can also be used as desiccants. 

Calcium chloride, CaCl2, is a good candidate since it has 

good desiccant characteristics and does not vaporize in air at 

ambient conditions. A study by Srivastava and Yadav [13] 

compared the water generation capacity from air using three 

composite materials namely LiCl/sand, CaCl2/sand and 

LiBr/sand. The results showed that CaCl2/sand composite 

material provided superior performance than the others along 

with lesser cost. A method was suggested by Xiu-Wei, et. al. 

[14] to determine the ratio selection of mixed liquid desiccant 

consisting of LiCl-CaCl2 solution. For this the non-random 

two-liquid NRTL equation of state was used. The results 

showed that as compared to a single LiCl solution, the 

dehumidification effect can be raised by more than 20% with 

a mixed desiccant. 

A typical desiccant air water generation system consists of a 

packed bed dehumidifier, a regenerator tank and a water 

treatment and remineralizer unit. The dehumidifier unit plays 

a crucial role in determining the efficiency of the entire air 

water generation system as the moisture is absorbed in this 

phase. So, it is imperative to study the working of the 

dehumidification unit and the parameters on which it 

depends. This can be achieved by the development of a 

mathematical model. A study by Liu et. al. [15] developed 

empirical correlations to predict dehumidifier performance of 

a liquid desiccant-based air conditioning system. Another 

study by Abdul-Wahab et. al. [16] included the development 

of a mathematical model to predict the moisture removal rate 

and dehumidification effectiveness for structured liquid 

desiccant air dehumidifier using triethylene glycol as 

desiccant. Luo et. al. [17] in their work reviewed various 

mathematical models for predicting heat and mass transfer in 

liquid desiccant dehumidifiers. They compared models for 

adiabatic dehumidifiers, like finite difference model and 

simplified model. Along with these, they also considered 

models that were independent of film thickness, models 

based on uniform film thickness and models based on 

variable film thickness. Jain and Bansal [18] studied the 

performances of liquid desiccant dehumidification systems. 

A comparative study was done for HVAC systems with three 

commonly used desiccants namely, lithium chloride, calcium 

chloride and ethylene glycol. Similarly, Chung [19] had 

conducted a study for predicting the efficiency of moisture 

removal in packed bed dehumidification systems. The study 

focused on lithium chloride and TEG desiccants. Very few 

studies have focused on the modeling of a liquid desiccant 

based, packed bed dehumidifier for air water generation 

using CaCl2 liquid desiccant. 

For developing a mathematical model for the packed bed 

dehumidifier, it is necessary to study the heat and mass 

transfer coefficients of the system. In 1968, Onda et. al. [20] 

studied the mass transfer coefficient between gas and liquid 

phases in packed columns. They presented the empirical 

equations for liquid-side and gas-side mass transfer 

coefficients. Later, another study by Gandhidasan et. al. [21] 

focused on calculation of heat and mass transfer coefficients 

for a desiccant-air contact packed tower. This study consisted 

of aqueous CaCl2 used as desiccant and Ceramic Raschig 

rings and Berl saddles used as packing material. On a similar 

note, a study was conducted by Oberg et. al. [22] for the same 

using triethylene glycol as desiccant and for high liquid flow 

rates. Along with heat and mass transfer coefficients, the 

interfacial area also plays an important role in the 

development of the mathematical model. A study by 

Gandhidasan [23] focused on the estimation of effective 

interfacial area in a packed bed liquid desiccant contactor. In 

this study, effects of various factors like air mass flux, air 

density and shape of random packing has been discussed.  

This paper focuses on the development of a mathematical 

model for a packed bed dehumidifier using CaCl2 solution as 

desiccant. To fulfil this objective, it is important to initially 

study the vapour pressure models of desiccant (CaCl2 

solution) at various concentrations. This is done in the first 

part of the paper. Later, the heat and mass transfer equations 

are used along with the vapour pressure model to form the 

mathematical skeleton of the model. These equations are 

simultaneously solved to evaluate the amount of water 

absorbed by the solution using shooting method. The effects 

of changing the air and desiccant flow rates, air humidity, 

desiccant concentration and the packing material are 

reviewed and the results are analysed. 

II. MATHEMATICAL MODEL 

The performance of the packed bed dehumidifier greatly 

depends on the packing material, the desiccant flow rate, the 

air flow rate and the column dimensions. The absorption of 

the packed bed will directly affect the performance of the air 

water generation. Thus, a mathematical model was generated. 

Figure 2 shows the schematic of the process in which air 

flows from the bottom of the packed bed in a counterflow 

direction to the liquid desiccant. The packing material is used 
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to increase the mass transfer area between the air and the 

liquid desiccant. The mass and heat transfer process 

equations for the packed bed are derived in terms of the air 

humidity ratio (W), the liquid desiccant moisture content (Y) 

and the temperature of both air and liquid desiccant. 

The equations are derived on basis of assumptions  [24]: 

1. Flow is one-dimensional in the direction of bed 

height. 

2. Steady state of processes are considered. 

3. Properties of both air and liquid desiccant are 

constant. 

4. Heat and mass transfer coefficients are constant. 

The balance for moisture content in air (W) and in liquid 

desiccant (Y) is done over a control volume of height dx 

        

 (1) 

        

 (2) 

Similarly, energy balance is done over the control volume to 

give 

      (3) 

   (4) 

The resulting first order, nonlinear differential equations are 

solved to calculate the variation of W, Y, Ta and Tl along the 

bed height subjected to the following boundary conditions 

    

           (5) 

 
Figure 2. Liquid Desiccant Packed Bed Dehumidifier. 

 

We use simplified parameters for the purpose of calculations. 

The equations 1-4 are rewritten in terms of simplified 

parameters as follows: 

            (6) 

     (7) 

        (8) 

     (9) 

The equations are subject to boundary conditions: 

    

          (10) 

Dimensionless variables and parameters are given as, 

           

          

    .         (11) 

 

The value of We can be calculated by the perfect gas relation 

for moist air given by 

      (12) 

Where Pw is the saturation pressure of water vapour and ϕ is 

the equilibrium relative humidity of air. The relation between 

moisture content of CaCl2 solution (Y) and the equilibrium 

relative humidity of air (ϕ) is obtained from [25].  

             (13) 

The saturation pressure of water vapour (Pw) is given in terms 

of dry bulb temperature of air by the correlation 

    

 (14) 

The differential equations (6)-(9) represent a two-point 

boundary value problem with four first order, nonlinear 

differential stiff equations, between X = 0 and X = 1.These 

were solved using the 3(2) Pair of Runge –Kutta integration 

scheme [26]. Shooting method was utilised for getting the 

values of Y and Tl at X = 0 to a tolerance of 10-10. 

The values of k, h and As are calculated using correlations 

reported by Treybal [27] at an average temperature of 35oC 

for both air and CaCl2 solution. 

III. RESULTS AND DISCUSSION 

The present work discusses the different models for 

estimating saturation pressure of water that can be used for its 

utilization in the Eq. 12. Along with this, the models for 

estimating equilibrium relative humidity are also compared. 

The absorption of water by the desiccant is studied by 

varying: 

1) Inlet relative humidity 

2) Packing Material 

3) Inlet air flow rate 

4) Inlet desiccant flow rate 

5) Inlet desiccant concentration 

The dimensions of the packed bed are kept constant. Height 

of the packed bed is 0.3 m and diameter is 0.2 m.All the 

results of the various runs are listed in Table-2. 

a) Water Saturation Pressure Model 

The cubic model for saturation pressure of water developed 

in this paper (Eq. 14) is compared with the models developed 

by Hammad [28] and Radhwan [24] along with standard 

models such as Wexler and ITS-90  [29]. 
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The ITS-90 is used as the base for comparison. Fig. 3 shows a 

very good fit for the suggested cubic model with the ITS-90 

model for temperatures in the range of 10oC to 55oC. The 

ITS-90 model is the most accurate, however, it is complex 

and would increase computation cost for the mathematical 

model. The cubic model developed is simpler and emulates 

the estimation of saturation pressure of water by ITS-90 

efficiently, thus being a good alternative to be used in the 

mathematical model. 

 

 
 
Figure-3: Comparison of Saturation Pressure Models 

 

(b) Relative Humidity Model 

Equilibrium relative humidity (ϕ) is estimated as a function, 

shown in Eq. 13, of desiccant concentration (Y), to be used 

along with the saturation vapour pressure of water model, to 

determine the equilibrium humidity of the desiccant. This 

model is compared with models by Radhwan [24] and 

Hammad  [28]. 

 

 
Figure 4. Comparison of Equilibrium Humidity Models. 

 

The model developed in this paper shows an average 4% 

deviation from the model developed by Radhwan [24], and a 

5% deviation from the model developed by Hammad  [28]. 

 

c) Effect of Inlet Relative Humidity 

The inlet relative humidity will play an important role in 

determining the amount of water that is absorbed by the 

desiccant.In Fig. 5a it can be seen that with decreasing 

relative humidity the water absorbed by the desiccant (45 

wt%) goes on decreasing. This can be attributed to the 

decrease in concentration gradient as air humidity decreases, 

thus reducing the mass transferbetween the desiccant and air. 

If the gradient decreases further, it will lead to evaporation 

instead of absorption, thus humidifying the air. This is shown 

in Fig.5b where theinlet desiccant concentration is reducedto 

30 wt%. It is seen that below 60% relative humidity, the Y 

value at X = 0 (x = 0; outlet) goes below the Y value at X = 1 

(x = L; inlet). This characteristic of the model can help 

suggest the boundary conditions within which the system 

must be operated so as to absorb water from air. 

 

 

CaCl2 

Weight 

% 

ф  

(Radhwan 

Model) 

ф  

(Hammad 

Model) 

ф  

(Suggested 

Model) 

20% 0.805185 0.794 0.8307707 

25% 0.722255 0.706 0.7092538 

30% 0.6069127 0.618 0.6030986 

35% 0.4951105 0.53 0.5066821 

40% 0.3951725 0.442 0.4164684 

45% 0.3079103 0.354 0.3299633 

50% 0.232095 0.266 0.2452 

                 Table .  Equilibrium Relative Humidity Comparison. 

 

 
 
Fig. 5a.Y profile; Effect of varying inlet relative humidity; CaCl2 

concentration: 45 wt%; Temperature: 30oC; Air flow rate: 95 cfm; Liquid 

Desiccant flow rate: 500 lph; Packing Material: 25 mm Ceramic Raschig 

Rings. 

 
 
Fig. 5b: Y profile; Effect of varying inlet relative humidity; CaCl2 

concentration: 30 wt%; Temperature: 30oC;Air flow rate: 95 cfm; Liquid 

Desiccant flow rate: 500 lph; Packing Material: 25 mm Ceramic Raschig 

Rings. 
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d) Effect of Packing Material 

The packing material plays a crucial role in the absorption of 

water; it provides increased interfacial area, improving the 

area of contact between air and desiccant enhancing the mass 

transfer. Thus, it is important to study the way different 

packing materials affect the water content absorbed by the 

desiccant. From figure-7, it can be seen that the Carbon 

Raschig rings provide the largest area of contact, leading to 

maximum absorption of water. 

 
Fig. 6: Bar Graph; Effect of Packing Material on water absorbed; CaCl2 

concentration: 45wt% (Y = 1.222); Temperature: 30oC;Air flow rate: 95 

cfm; Liquid Desiccant flow rate: 500 lph; Relative Humidity: 60%. 

 

e) Effect of Inlet Desiccant Flow Rate 

Fig. 8ashows that by decreasing the desiccant flow rate, the 

outlet water content in desiccant (Y) goes on increasing. By 

decreasing the desiccant flow rate, the time of contact 

between water molecules in air and the desiccant increases, 

thus giving enough time for absorption. The desiccant flow 

rate ranges from 400-600 lph, for which the final water 

content in desiccant ranges from 1.26-1.2455 kg H2O / kg 

dry salt. 

 
Fig. 7a: Y profile; Effect of varying inlet desiccant flow rate; CaCl2 

concentration: 45wt%; Temperature: 30oC; Air flow rate: 95 cfm; Packing 

Material: 25 mm Ceramic Raschig Rings; Relative Humidity: 60%. 

 

Fig. 7b: Bar graph; Effect of varying inlet desiccant flow rate; CaCl2 

concentration: 45 wt%; Temperature: 30oC; Air flow rate: 95 cfm; Packing 

Material: 25 mm Ceramic Raschig Rings; Relative Humidity: 60%. 

 

 

f) Effect of Inlet Air Flow Rate 

The effect of varying inlet air flow rate on the water 

absorption by desiccant is shown by Figs. 9a and 9b. The 

increase in air flow rate increases the outlet water content in 

desiccant (Y). As the air flow rate increases the water amount 

entering the column goes on increasing. Comparing with the 

effect of varying inlet desiccant flow rate (Figs. 8a and 8b), 

air flow rate has a lesser effect on the absorption capacity. Y 

varies between 1.27-1.28 kg H2O/ kg dry salt for a change in 

air flow rate between 65-130 cfm. 

 
Fig. 8a: Y profile; Effect of varying inlet air flow rate; CaCl2 concentration: 

45 wt%; Temperature: 30oC; Desiccant flow rate: 500 lph; Packing Material: 

25 mm Ceramic Raschig Rings; Relative Humidity: 80%. 

 

 
Fig. 8b: Bar graph; Effect of varying inlet air flow rate; CaCl2 concentration: 

45 wt%; Temperature: 30oC; Desiccant flow rate: 500 lph; Packing Material: 

25 mm Ceramic Raschig Rings; Relative Humidity: 80%. 

g) Effect of Desiccant Concentration 

The effect of desiccant concentration on water absorbed is 

shown in Fig. 10. The bar graph represents the difference in 

Yin and Yout for an inlet relative humidity of 60%. It can be 

seen that with increase in desiccant concentration, the ΔY 

increases. For lower concentration, i.e., more initial water 

content in the desiccant, the ΔY becomes negative suggesting 

that the water gets evaporated. This can help us understand 

the feasibility of using the desiccant of a particular 

concentration for particular humidity conditions. 

Inlet relative humidity plays an important role in determining 

the amount of water absorbed. It also determines, whether the 

water will be absorbed in the desiccant or be evaporated from 

the desiccant. Y(X=0) >Y(X=1) will mean that water is 

absorbed by the desiccant; as it is a counter-current operation, 
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desiccant enters at X=1 and leaves at X=0. If Y(X=0) 

<Y(X=1) (as shown in Fig. 5b), it would mean that the 

desiccant lost some of its moisture to air, that is the water 

evaporated. Same can be seen in the case of lowering 

desiccant concentration, where initial moisture content is 

great, the water evaporates from the liquid desiccant 

humidifying the air. 

 
Fig. 9: Bar graph; Effect of varying inlet desiccant concentration; Air flow 

rate: 95 cfm; Temperature: 30oC; Desiccant flow rate: 500 lph; Packing 

Material: 25 mm Ceramic Raschig Rings; Relative Humidity: 60%. 

IV. CONCLUSION 

A mathematical model is presented to predict the 

performance of a packed bed operating with counterflows of 

air and calcium chloride as a liquid desiccant. For the model, 

using material data sheets, models have been generated for 

calculating saturation vapour pressure and equilibrium 

relative humidity. These models are compared with various 

other models in literature, to check for accuracy. The packed 

bed model is used to study the effect of various factors such 

as air flow rate, desiccant flow rate, relative humidity and 

packing material are studied.  

The results have shown that the increase in desiccant flow 

rate, Yout decreases, while with the increase in air flow rate, 

Yout increases. The effect of packing material on water 

absorption is also studied. The Carbon Raschig Rings provide 

with the maximum interfacial area, thus increasing the 

absorption of water by the desiccant. 

 

NOTATION. 

 

As transfer area (of heat and mass)  

per unit volume of bed 

m2/m3 

a Dimensionless parameters - 

Cpa specific heat at constant pressure  

for air 

J/kg.K 

Cpl  specific heat at constant pressure 

 for liquid desiccant 

J/kg.K 

Cpv specific heat at constant pressure 

 for water vapour 

J/kg.K 

Cpw specific heat at constant pressure 

 for water 

J/kg.K 

W air humidity ratio kg H2O / 

kg dry air 

We Equilibrium air humidity ratio kg H2O / 

kg dry air 

k mass transfer coefficient between  m/s 

liquid and air 

G’a superficial mass velocity of dry  

air 

kg/m2s 

G’l superficial mass velocity of  

dry salt 

kg/m2s 

Y moisture content in liquid 

 desiccant 

kg H2O / 

kg dry salt 

Ta Temperature of air oC 

Tref Temperature reference oC 

Tl Temperature Liquid Desiccant oC 

h heat transfer coefficient between  

liquid and air 

W/m2K 

qb binding energy of moisture in the  

liquid desiccant 

J/kg of 

water 

L Height of packed bed m 

P Pressure kPa 

Ps Saturation Pressure of liquid  

desiccant 

kPa 

Pw Saturation Pressure of pure water kPa 

X Dimensionless Height of packed  

bed 

- 

Greek. 

λ latent heat of evaporation for 

 water 

J/kg 

ρa Density of air kg/m3 

ρl Density of liquid desiccant kg/m3 

ϕ Equilibrium relative humidity - 
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