
Development and Analysis of a 

Solar Humidification Dehumidification Desalination System 

 

 

Reza Enayatollahi 

 

 

 

A thesis submitted to 

Auckland University of Technology 

in fulfilment of the requirements for the degree of 

Doctor of Philosophy (PhD) 

 

 

 

2016 

School of Engineering, Computer and Mathematical Sciences 



 

I 

 

ABSTRACT 

In this thesis, an investigation was performed in order to understand the 

performance of a solar humidification dehumidification (HDH) desalination system. 

Initially, a mathematical model of the system, including solar water heater, condenser, 

economizer and long duct humidifier was developed. Using a sensitivity analysis, it was 

found that improving the intensities of heat and mass transfer in the humidifier would 

significantly enhance the yield of the system. This led to the development of a novel 

cascading humidifier, in which air was directed through a series of falling water sheets. 

An experiment was performed to first identify and characterise flow regimes in 

the crossflow interactions, and from this, to develop correlations to describe the heat 

and mass transfer for such interactions. Four flow regimes were identified and mapped 

based on the Reynolds number of the air and the Weber number of the water.  

Subsequently, Buckingham’s π theorem and a least squares analysis was 

employed to develop a series of empirical relations for Nusselt and Sherwood numbers. 

This led to the proposal of three new dimensionless numbers named the Prandtl Number 

of Evaporation, the Schmidt Number of Evaporation and the Lewis Number of 

Evaporation. These describe the transfer phenomena in low temperature evaporation 

processes with crossflow.  

Finally, the new correlations for Nusselt and Sherwood numbers were used to 

develop a model of a cascading humidifier, incorporated in a solar HDH system. It was 

found that a cascading humidifier enhances the yield of the HDH system by 

approximately 15%, while reducing the evaporation area to approximately a quarter of 

that required in a long channel humidifier.  
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Chapter 1 : INTRODUCTION 

1.1. Overview 

Although nearly three-quarters of the earth surface is covered with water, only 3 

percent of this water is potable [1], that is to say, it contains 500ppm or less of salt [2]. 

The availability of fresh water has been one of the most significant concerns of 

humankind throughout history. Therefore, most civilisations have developed in fertile 

regions close to springs and rivers. However, since fresh water was not available 

everywhere, ancient humankind had to learn how to convert seawater and brackish 

underground water to a potable form. Historically seawater desalination has been the most 

expensive method of potable water production [3]. In the fourth century B.C., Aristotle 

described a method to evaporate contaminated water and then condense the water vapour 

in order to obtain fresh water [4]. The first recorded application of seawater desalination 

goes back to the time when long sea voyages were common (around 200 AD). During 

these voyages seawater was boiled to generate water vapour that was then captured and 

condensed by large sponges [4].  

In recent times however, demand for fresh water has increased rapidly due to 

population growth. It has been reported that approximately 70% of the world’s population 

will suffer from fresh water shortages by 2025 [5, 6]. Therefore, a large amount of 

research and development has been aimed at finding efficient techniques for water 

treatment [7-15].  

The amount of potable water required for the basic needs (drinking and cooking) of 

a family of five is 20 litres/day [16], which can increase up to 50 litres/day (10 
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litres/day/person) in extremely hot environments [17, 18]. Hence, choosing a method to 

provide this depends mostly on the climatological conditions, the availability of the 

energy sources, and the application of the desalination system. Hence, a broad knowledge 

of different techniques and their requirements is essential to choosing an appropriate 

system for a particular location.  

1.2. Desalination Techniques  

Desalination techniques can be classified as phase change thermal processes, 

single-phase membrane technologies and hybrid systems, as shown in Figure 1. Thermal 

processes can be categorized into two groups: direct methods, when all parts are 

integrated into one system; and indirect methods, where an external heat source provides 

the thermal energy [19].  

 

Figure 1. Water desalination methodologies 

1.2.1. Membrane Technologies 

Membrane technologies use semi-permeable membranes that allow water 
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limited to urban water treatment, however due to the development of membrane types, 

usage of this technique has been expanded to other industries and applications [20].  

In Forward Osmosis (FO), the solvent would naturally pass through the semi-

permeable membrane from the low solute concentration area to the higher concentration 

area. These systems operate in two steps; firstly, osmotic dilution of the draw solution 

and secondly, extraction of desalinated water from the diluted draw solution [21]. The 

post-treatments are often difficult and costly and hence these systems cannot stand as a 

single process for water desalination [22]. 

Reverse osmosis (RO) is one of the most efficient methods of desalination for large 

scale water production, however, these systems require extensive pre-treatment of saline 

water [23]. This makes them expensive for small scale treatment of highly contaminated 

feed water [24]. Additionally, in reverse osmosis, significant pressure must be applied in 

order to overcome the osmotic pressure [23], which necessitates expensive and delicate 

pumps. Therefore, the application of these systems in seawater desalination, where small 

scale production is required (remote and rural area), is not cost effective or suitable. 

Membrane distillation (MD) is another method, which employs both thermal energy 

and membrane technology for water purification. Hence, a hydrophobic micro-porous 

membrane is used which allows only the water vapour to pass [23]. A condenser on the 

other side of the membrane condenses the water vapour to produce fresh water. These 

systems are highly sensitive to contaminant concentration and temperature of the feed 

water, and usually a high water temperature is necessary to provide the required vapour 

pressure. Also, any air trapped in the membrane causes further resistance to the mass 

transfer [25].  
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With the need for high pressure, it is reported that these membrane technologies 

require a high electrical energy input [26]. Furthermore, membrane technologies, in 

general, suffer from membrane fouling [27] and so require regular maintenance. These 

issues preclude the membrane technologies for low-cost solutions. 

1.2.2. Thermal Processes  

Thermal desalination processes are based on the phase change principle, where heat 

is added to the water to induce evaporation. Subsequently the latent heat of condensation 

is removed from the water vapour resulting in condensation. The condensate is potable 

water, leaving behind contaminates.  

In Single Stage Distillation (SSD) systems, as shown in Figure 2, desalination takes 

place in two steps; firstly, saline water is vaporized by directly supplying heat in the 

evaporation chamber. Secondly, the water vapour condenses in the condenser, to produce 

fresh water. 

 

Figure 2. Basic schematic of a single stage distillation (SSD) system [28] 

The SSD method, requires a large amount of energy and high temperatures to boil 

and evaporate water [29]. This method is reported to be suitable only for applications 
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where having a compact size of the unit is important [29], and where thermal energy 

sources are high temperature, cheap and abundant. The SSD process has been 

successfully used in co-generation power plants [30] and marine applications [29]. 

Decreasing the pressure in the evaporator reduces the boiling temperature and 

consequently the energy required for evaporation. Furthermore, recovering the latent heat 

of condensation by sensible heating of the saline feed water increases the overall 

efficiency of the system. To address this, Multi-Stage Flash (MSF), Multi-Effect 

Distillation (MED) and Passive Vacuum Desalination (PVD) have been introduced.  

In the Multi-Stage Flash (MSF) desalination method, seawater or brackish water is 

preheated through a series of staged heat exchangers while also being used as the coolant 

to condense the vapour, as shown in Figure 3. To maximise the yield of these systems 

high water temperatures and successive pressure reductions at each stage are required 

[31-33]. However, higher operating temperatures increase the probability of scale 

formation [34, 35], which impairs the system performance over time.  

 

Figure 3. Schematic of a MSF desalination system [31] 
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more efficient than MSF [36]. Typically, MED needs high brine temperatures and low 

pressures at the first stage to maximize vaporization. However, some systems have been 

designed to operate with lower temperatures [37], which reduces fouling but necessitates 

additional heat transfer area [32].  

 

Figure 4. Schematic of a MED desalination system [38] 

To provide the low pressure for these MED and MSF systems, vacuum pumps are 

employed, which increase the energy used as well as the demand for more maintenance 

[39]. This has led to the development of Passive Vacuum Desalination (PVD), as shown 

in Figure 5. 

 

Figure 5. Schematic of a PVD desalination unit [39] 
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In PVD, the vacuum condition is provided by the falling water from the bottom of 

evaporator making the PVD system independent of vacuum pumps. However, to provide 

the required vacuum, a height of at least 10 m is required [39]. 

In all of the above mentioned distillation techniques, either a high temperature 

source to increase the saline water temperature to the boiling point, or an effective vacuum 

pressure to reduce the boiling point of saline water is required. These issues preclude 

these methods for use in low-cost application.  

To this end, the Humidification Dehumidification (HDH) desalination technique is 

an alternative to distillation processes. A typical HDH system, as shown in Figure 6, uses 

air as the carrier gas [40] to transport water vapour from a humidifier to a dehumidifier. 

Since this method is based on the humidification of an air stream, it can be operated at 

low temperatures and atmospheric pressure. In these systems, the required heat of 

evaporation is transferred to either the water stream, the air stream or both. Subsequently 

the two streams interact in the humidifier, which results in humidification of the air 

stream. Afterwards, the latent heat is removed from the moist air by a cooling fluid in the 

dehumidifier, resulting in the production of potable water. 

 

Figure 6. Schematic of a water heated HDH desalination unit [41] 
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Of the currently available desalination systems, the HDH method has been shown 

to be a cost and energy efficient solution for small-scale production of potable water for 

a family house or supplying water to remote and rural area [41-43]. Unlike membrane 

based technologies, HDH systems can purify saline water with higher concentrations of 

salt, which makes them a strong candidate for production of desalinated water from 

natural gas wells [44]. The other advantages of HDH systems are their simplicity, 

moderate installation cost, flexibility in capacity and low operating cost [40].  

1.3. Solar Assisted Desalination 

Many of the current desalination plants use fossil fuels to provide the heat energy 

for thermal processes and electrical energy for membrane technologies [42], but these are 

often costly and not environmentally sustainable [45]. Developing desalination systems 

that can be operated with renewable sources of energy would appear to be economic, and 

environmentally friendly. 

As water shortages are mostly seen in barren and remote areas that are rich in solar 

energy, using solar energy to provide the required energy is an obvious solution for both 

water shortage and pollution in such areas. Solar energy is the largest source of energy 

on the earth and all the other sources of energy are derived from it.  

Many investigations have explored the use of solar energy for various desalination 

methods [46-57]. Among the desalination methods mentioned in the previous section, 

distillation processes (SSD, MSF, MED, PVD) and membrane technologies (RO, FO, 

MD) require a high value energy sources, making them inappropriate to be coupled with 

solar energy.  



 

9 

 

A solar still (ST), shown in Figure 7, is perhaps the simplest solar assisted 

desalination method [58]. In this method, water distillation and heat absorption occur in 

a single chamber. The water vapour forms due to solar irradiance and then rises up to the 

transparent cover, where condensation takes place as a result of heat transfer to the outer 

environment. The condensate trickles down due to the slope of the transparent cover and 

can be collected from the bottom side.  

 

Figure 7. Schematic of a solar still distillation system [58] 

Due to the condensation on the transparent cover, these systems lose latent heat to 

the environment. Furthermore, solar stills are categorized as a direct method of 

desalination, where direct heating increases the temperature of the glass condensing 

surface which negatively influences the performance of these systems [59, 60]. 

Consequently the yield of these systems is relatively low, with a daily production of 3-4 

litre/m2 [61].  

1.4. Solar Assisted HDH Desalination 

The HDH desalination method is based on the same principles as solar stills, but 

the heating, humidification and dehumidification occur in different components and 

hence they can be independently designed [62]. As a consequence, a variety of different 
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configurations can be used in HDH systems [41]. Additionally, decoupling the heater in 

the HDH desalination technique eliminates the undesirable impact of direct heating.  

A solar HDH desalination system, shown in Figure 8, is composed of three principal 

components; solar air/water heater, humidifier and dehumidifier (condenser). Enhancing 

the performance of these individual components would increase the overall performance 

of the system.  

 

Figure 8. Components of a typical solar assisted HDH desalination system 

Additionally, a challenge to the HDH desalination system is choosing the 

appropriate cycles for air and water streams, based on climatic and operational conditions, 

as this influences the yield of the system significantly. Choosing appropriate cycles of air 

and water in a HDH desalination system depends on the relative technical advantages and 

disadvantages of the system as well as the environmental conditions.  

As shown in Figure 9, the HDH desalination systems can be classified in four main 

groups based on air and water cycles; “Closed-Air/Closed-Water”, “Closed-Air/Open-

Water”, “Open-Air/Closed-Water” and “Open-Air/Open-Water”.  
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Figure 9. Classification diagram of HDH desalination technique 

Further, HDH desalination techniques can also be divided in two groups: forced or 

natural circulation and also based on the heating technique; air heating, water heating or 

air and water heating systems. 

1.4.1.1. Closed-Air/Closed-Water 

In “Closed-Air/Closed-Water” systems, as the name implies, both the air and water 

streams remain in the system. This is similar to a Solar Still (ST), in that it recovers the 

latent heat of condensation and hence improves the overall efficiency of the system. A 

schema of the “Closed-Air/Closed-Water” cycle, studied by Yuan et al. [10], is shown in 

Figure 10. Both humidification and dehumidification processes occur in a single 

thermally insulated tower, by continuously circulating air between the humidifiers and 

condensers. Hot water from a solar collector is sprayed over honeycomb humidifiers, 

while the condensers are fed with seawater. The outflow water from the humidifiers is 

returned to the seawater pool and hence, the remaining thermal energy is recovered.      
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Figure 10. Schematic of Yuan et al. HDH system [10] 

It was reported that, owing to the seawater tank, the system was able to operate 24 

hours a day with a production of 5.2 litre/m2/day in June and 2.7 litre/m2/day in December 

in Xi’an, China. It was also found that for a fixed solar absorber area, production 

decreased with increasing water flow rate and that by proper utilization of the latent heat, 

the process efficiency could increase.  

In 2014, Zamen et al. [63] performed an experimental investigation on a two-stage 

solar HDH system, which is illustrated in Figure 11. It was reported that a two-stage HDH 

desalination unit had 20% more production than a similar single-stage unit. The 

maximum production of potable water during the summer time was reported to be 7.25 

litre/m2/day with 80 m2 of solar absorber area. They concluded that although the unit 

production improved with additional stages, the improvement was negligible when more 

than two stages were used. Considering the cost of unit production, they suggest the best 

choice would be a two-stage unit.  
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Figure 11. Two stage evaporation/condensation HDH desalination unit [63] 

Mahmoud et al. [64] carried out a theoretical and experimental investigation on a 

HDH desalination unit illustrated in Figure 12. Both “Closed-Air/Closed-Water” and 

“Open-Air/Closed-Water” cycles were tested. They found that the temperature of the 

outlet brine from the humidifier was sufficiently high so as to be further used, and they 

noted that the closed air cycle was more productive than the open-air system.  

 

Figure 12. HDH desalination with fresnel lens solar heater [64] 
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In this regard, the possibility of producing 60 litre/m2/day and 112 litre/m2/day were 

reported for open and closed air cycles respectively.  

From these studies, it can be concluded that the application of “Closed-Air/Closed-

Water” units can be justified in circumstances where the ambient air has lower energy 

and moisture content than the exhaust air from the condenser. Also, these systems are 

suited to conditions where the temperature of the salt water supply is significantly lower 

than that of discharged water from the humidifier. However, the concentration of saline 

water in these systems continuously increases after each cycle, which increases the risk 

of sedimentation.    

1.4.1.2. Closed-Air/Open-Water 

The “Closed-Air/Open-Water” HDH cycle, as the name implies, circulates the air 

within the system, while discharging the brine. Shown in Figure 13 is the system tested 

by Al-Hallaj et al. [65], in which water is sprayed over the evaporator after being pre-

heated by moist air in the condenser and passing through a flat plate solar collector. The 

air is cycled between the evaporator and condenser alternately being humidified and 

dehumidified. It was reported that a maximum output was achieved at an optimal water 

flow rate, beyond which output diminished because of lower evaporation and 

condensation efficiencies at higher flow rates. This was explained by increased heat and 

mass transfer coefficients at higher water flow rates. The effect of air velocity was also 

reported to be significant at low temperatures, while it had a smaller effect at higher 

temperatures. Thus, natural air circulation was suggested only for high temperature 

conditions. 
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Figure 13. The HDH desalination structure presented by Al-Hallaj et al. [65] 

Amer et al. [66] carried out a theoretical and experimental investigation on the 

“Closed-Air/Open-Water” HDH desalination system shown in Figure 14. The main 

intention of the study was to improve the cycle by evaluating the effect of operating 

conditions on the unit productivity.  As such, the effect of actual wet area as well as the 

mass transfer coefficients were evaluated by examining three different materials as the 

packed bed. Also, both forced and natural circulation of air were examined.  

The maximum productivity of the unit was reported for a packed bed with wooden 

slates while the system operated with forced air circulation. The maximum productivity 

of the unit was 5.8 litre/hr with the inlet water temperature to the humidifier at 85°C and 

the water mass flow rate at 2.8 kg/min.   
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Figure 14. HDH desalination diagram presented by Amer et al. [66] 

The application of “Closed-Air/Open-Water” system can be justified in cases where 

the ambient air has both a low temperature and moisture content, and the energy content 

of the brine leaving the system is sufficiently low.   

1.4.1.3. Open-Air/Closed-Water 

Dai et al. [67] examined a HDH desalination system with “Open-Air/Closed-

Water” cycle. As shown in Figure 15, a water heating and forced circulation for both air 

and water streams was used. It was reported that the unit overcame the difficulty of 

simultaneously increasing the evaporation temperature and decreasing the condensation 

temperature by using a honeycomb humidifier with forced convection. It was also 
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concluded that the water and airflow rates and the saline water temperature were the most 

influential parameters on the unit’s performance.  

 

Figure 15. HDH desalination unit presented by Dai et al. [67] 

In a subsequent study, Dai et al. [68] mathematically modelled the experimental 

unit shown in Figure 15. It was found that an increase in water production occurred with 

increasing inlet air temperature and relative humidity and with decreasing seawater 

temperatures. Increasing mass flow rates of both feed and cooling water was also found 

to raise water production. 

Al-Enezi et al. [2] performed both mathematical modelling and an experimental 

investigation on a HDH desalination system with a “Closed-Air/Open-Water”  cycle. As 

illustrated in Figure 16, both the air and water streams were heated and forced circulation 
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for both streams was used. The highest water production was reported to be at high hot 

water temperatures, cold cooling water temperatures, high airflow rates and low hot water 

flow rates.  

 

Figure 16. Experimental HDH desalination unit presented by Al-Enezi et al. [2] 

In 2008 another experimental study was carried out by Yamali et al. [69] on an 

“Open-Air/Closed-Water” cycle. As shown in Figure 17, both the air and water streams 

were heated, and forced circulation were used for both streams. It was reported that an 

increase in production occurred with an increase in the initial water temperature and 

quantity of water in the storage tank. Additionally, an increase of 15% in production was 

achieved by using a double pass solar air heater. The water production and mass flow 

rates of the seawater being desalinated and cooling water were reported to be 

proportional, while production decreased with an increasing airflow rate.  
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Figure 17. Air heating HDH desalination unit presented by Yamali et al. [69] 

From these, it can be concluded that the “Open-Air/Closed-Water” systems can be 

used in conditions where the exhaust air from the condenser has a lower temperature and 

moisture content than the ambient air, and the temperature of the discharged brine from 

the humidifier is high enough so its energy can be used in the system.  

1.4.1.4. Open-Air/Open-Water 

Yuan et al. [70] carried out an investigation on a solar HDH desalination system 

with “Open-Air/Open-Water” cycle. As shown in Figure 18, both air and water heating 

with forced circulation were employed.  

 

Figure 18. Schematic of HDH structure presented by Yuan [70] 
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They stated that the system produced 10.52 litre/m2/day of fresh water, with the 

average intensity of solar radiation was 550 W/m2. 

However, it is found that HDH desalination units with “Open-Air/Open-Water” 

cycles are likely to have high heat losses to the exit streams. Therefore, using such a cycle 

can be only justified if the ambient air has more energy and moisture content than the air 

leaving the condenser, and the temperature of the brine leaving the humidifier is lower or 

close to the inlet seawater temperature. Otherwise, an additional heat exchanger should 

be provided to recover the heat.  

1.5. Research Question 

From the literature, it can be concluded that despite the work undertaken, there is 

still potential for the development of HDH desalination systems, as there are no definitive 

systems specifically in small-scale applications. Therefore, this work aims to determine: 

How can we develop an efficient solar HDH desalination system for small-scale 

fresh water production?   
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Chapter 2 : MATHEMATICAL MODELLING OF A SOLAR 

HDH DESALINATION SYSTEM 

2.1. Overview 

To begin to address the research question posed in the previous chapter, an 

understanding of the HDH desalination cycle, as well as the contribution of each 

component is required. In this regard, a mathematical model of the system needs to be 

developed. With the aid of this model, the effect of operating parameters, as well as 

variations in climatic conditions, on the overall performance can be evaluated. The 

relative benefits and shortcomings of the system can also be identified and hence the 

system energy performance can be improved.  

As mentioned in Chapter 1, the choice of configuration of the system mostly 

depends on the environmental conditions of the system. For this study, climatological 

conditions of a typical summer day in New Zealand is considered. It was assumed that 

the average radiation received is 1000W/m2, the average wind velocity is 5m/s, the 

pressure is 1 atm, the average seawater temperature (for desalination) is 15°C, and the 

ambient air temperature is 20°C with a relative humidity of 50%. Additionally, it is 

assumed that the properties of pure water were applicable to the seawater being 

desalinated. 

2.2. HDH Desalination System Development 

In order to achieve an efficient HDH desalination system, an “Open-Air/Open-

Water” cycle was chosen. As shown in Figure 19 the main components of the proposed 
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solar HDH desalination system are the solar water heater, humidifier, condenser and the 

economizer. The water was heated and for simplicity, the humidifier was considered to 

be a long channel with counter-current air and water flow pattern. This configuration 

would reduce the effects of sedimentation on the performance of the humidifier and at the 

same time reduce the energy required to circulate air and water. A gas-liquid single pass 

shell and double pass tube heat exchanger was proposed for the condenser, which has a 

small pressure drop on both air and water stream and hence lowers the energy input to the 

system.   

 

Figure 19. Proposed solar heated HDH desalination unit 

Considering seawater as the cooling fluid and assuming effective cooling of the 

moist air in the condenser, the energy and moisture content of the exhaust air were 

expected to be lower than that of the ambient air. On this basis, an open cycle for the air 

stream appears to be suitable for the system. Forced circulation for both air and water 

streams was included.  
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Potable water production occurs in the condenser, where the moist air from the 

humidifier is cooled by the cooling fluid. As shown in Figure 20, the change in the 

specific humidity of air across the condenser defines the amount of fresh water produced.  

 

Figure 20. Psychrometric cycle of humidification dehumidification desalination process 

2.3. Model Development 

As was shown in Figure 19, the proposed HDH desalination system included four 

main components: solar water collector, condenser, humidifier and economizer. The 

following sections detail the mathematical model developed for each of these 

components. 

2.3.1. Solar water collector 

Flat plate solar water collectors have been used extensively in HDH and other 

desalination methods [71-74]. A simple double glazed flat plate solar collector was 

chosen and modelled as the heater.  



 

24 

 

The Hottel-Whillier equations (Equations 1 to 12) [75] are used to model the 

collector. The outlet water temperature from the collector can be determined from 

Equation 1. 

 𝑇𝑤,𝑜𝑢𝑡,𝑐𝑜𝑙 = 𝑇𝑤,𝑖𝑛,𝑐𝑜𝑙 +
𝑄̇𝑢,𝑐𝑜𝑙

𝑚̇𝑤,𝑖𝑛,𝑐𝑜𝑙𝑐𝑝𝑤,𝑐𝑜𝑙

 (1) 

The rate of useful energy gained by the water, in Equation 1, is computed by solving 

Equations 2 and 3 simultaneously. 

 𝑄̇𝑢,𝑐𝑜𝑙 = 𝐴𝑐𝑜𝑙[𝐺𝑎𝑏𝑠 − 𝑈𝑐𝑜𝑙(𝑇𝑝,𝑐𝑜𝑙 − 𝑇𝑎𝑚𝑏)] (2) 

 𝑇𝑝,𝑐𝑜𝑙 = 𝑇𝑤,𝑖𝑛,𝑐𝑜𝑙 +
𝑄̇𝑢,𝑐𝑜𝑙 𝐴𝑐𝑜𝑙⁄

𝑈𝑐𝑜𝑙𝐹𝑅.𝑐𝑜𝑙
(1 − 𝐹𝑅,𝑐𝑜𝑙) (3) 

In which, the heat removal factor (FR,col), in Equation 3 can be calculated from 

Equation 4.   

 𝐹𝑅,𝑐𝑜𝑙 =
𝑚̇𝑤,𝑖𝑛,𝑐𝑜𝑙𝑐𝑝𝑤,𝑐𝑜𝑙

𝐴𝑐𝑜𝑙𝑈𝑐𝑜𝑙
[1 − 𝑒

−𝐴𝑐𝑜𝑙𝑈𝑐𝑜𝑙𝐹𝑐𝑜𝑙́

𝑚̇𝑤,𝑖𝑛,𝑐𝑜𝑙𝑐𝑝𝑤,𝑐𝑜𝑙] (4) 

In Equation 4, F'col is the collector efficiency factor defined by Equation 5. 

 
𝐹′𝑐𝑜𝑙 =

1 𝑈𝑐𝑜𝑙⁄

𝑤 [
1

𝑈𝑐𝑜𝑙(2𝑆𝜏𝐹 + 𝐷𝑜,τ,𝑐𝑜𝑙)
+

1
𝐶𝐵

+
1

ℎ𝑖,τ,𝑐𝑜𝑙𝜋𝐷𝑖,τ,𝑐𝑜𝑙
]

 
(5) 
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Where F is the fin efficiency given by Equation 6. 

 𝐹 =
1

𝑚𝐿𝜏
[
exp(𝑚𝐿𝜏) − exp(−𝑚𝐿𝜏)

exp(𝑚𝐿𝜏) + exp(−𝑚𝐿𝜏)
]  (6) 

And m is defined by Equation 7. 

 𝑚 = √𝑈𝑐𝑜𝑙 𝑘𝑝𝑙𝑝⁄  (7) 

The collector overall heat loss coefficient (Ucol) is the summation of the bottom, 

edge and top heat loss coefficients. The bottom and edge heat loss coefficients can be 

calculated from Equations 8 and 9, respectively. 

 𝑈𝑏𝑜𝑡𝑡𝑜𝑚 =
𝑘𝑖𝑛𝑠

𝑙𝑖𝑛𝑠
 (8) 

  𝑈𝑒𝑑𝑔𝑒 = 𝑈′𝑒𝑑𝑔𝑒 (
𝐴𝑝𝑟

𝐴𝑐𝑜𝑙
) (9) 

U′edge is the edge overall loss coefficient, where, as reported in the literature [75], 

was assumed to be 0.5. Equation 10 is used to determine the top loss coefficient [76]. 
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𝑈𝑡𝑜𝑝 =

[
 
 
 
 

𝑁𝑔𝑙,𝑐𝑜𝑙

𝑍
𝑇𝑝,𝑐𝑜𝑙

(
𝑇𝑝,𝑐𝑜𝑙 − 𝑇𝑎𝑚𝑏

𝑁𝑔𝑙,𝑐𝑜𝑙 + 𝐵 )
0.33 +

1

ℎ𝑤𝑑

]
 
 
 
 
−1

+
𝜎(𝑇𝑝,𝑐𝑜𝑙+𝑇𝑎𝑚𝑏)(𝑇𝑝,𝑐𝑜𝑙

2 + 𝑇𝑎𝑚𝑏
2)

[𝜀𝑝,𝑐𝑜𝑙 + 0.5𝑁𝑔𝑙,𝑐𝑜𝑙(1 − 𝜀𝑝,𝑐𝑜𝑙)]−1 +
2𝑁𝑔𝑙,𝑐𝑜𝑙 + 𝐵 − 1

𝜀𝑔𝑙,𝑐𝑜𝑙
− 𝑁𝑔𝑙,𝑐𝑜𝑙

 

 

 

(10) 

Where Ngl,col is the number of glass covers, and B and Z are empirical variables, 

which are given by Equations 11 and 12.  

 𝑍 = 250[1 − 0.0044(𝑠 − 90)] (11) 

 𝐵 = [1 − 0.04ℎ𝑤𝑑 + 0.0005ℎ𝑤𝑑
2][1 + 0.091𝑁𝑔𝑙,𝑐𝑜𝑙] (12) 

2.3.2. Condenser and Economizer 

The condenser was modelled as a gas-liquid single pass shell and double pass tube 

heat exchanger. These heat exchangers have been previously used as dehumidifiers in 

HDH desalination systems [15, 77]. For shell and tube heat exchangers, the effectiveness-

NTU method can be used to determine the conditions of outlet fluids, as given by 

Equations 13 and 14 [78]. Both condenser and economizer were assumed to be adiabatic.    

 𝑇𝑎,𝑜𝑢𝑡,𝑐𝑜𝑛𝑑 = 𝑇𝑎,𝑖𝑛,𝑐𝑜𝑛𝑑 +
𝑄̇𝑁𝑇𝑈

𝑚̇𝑎,𝑖𝑛,𝑐𝑜𝑛𝑑𝑐𝑝𝑎,𝑖𝑛,𝑐𝑜𝑛𝑑

 (13) 
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 𝑇𝑤,𝑜𝑢𝑡,𝑐𝑜𝑛𝑑 = 𝑇𝑤,𝑖𝑛,𝑐𝑜𝑛𝑑 −
𝑄̇𝑁𝑇𝑈

𝑚̇𝑤,𝑖𝑛,𝑐𝑜𝑛𝑑𝑐𝑝𝑤,𝑖𝑛,𝑐𝑜𝑛𝑑
 
 (14) 

Where the actual heat transfer rate, Q̇NTU, is the product of the effectiveness and 

maximum possible energy gain, as presented in Equation 15.  

 𝑄̇𝑁𝑇𝑈 = 𝐸𝑄̇𝑀𝑎𝑥 (15) 

Equation 16 can be used to compute the maximum possible energy gained.  

 𝑄̇𝑀𝑎𝑥 = (𝑚̇𝑐𝑝)𝑚𝑖𝑛(𝑇𝑎,𝑖𝑛,𝑐𝑜𝑛𝑑 − 𝑇𝑤,𝑖𝑛,𝑐𝑜𝑛𝑑) (16) 

Where (ṁcp)min is the smaller of the heat capacity rate of air (ṁacpa
) and heat 

capacity ratio of water (ṁwcpw
), and Effectiveness for a heat exchanger that involves phase 

change is given in Equation 17. 

 𝐸𝑐𝑜𝑛𝑑 = 1 − exp (−𝑁𝑇𝑈) (17) 

And Equation 18 gives the NTU. 

 𝑁𝑇𝑈 =
𝑈𝑐𝑜𝑛𝑑𝐴𝑐𝑜𝑛𝑑

(𝑚̇𝑐𝑝)𝑚𝑖𝑛
 (18) 

Now, the overall heat transfer coefficient of the condenser can be determined by 

Equation 19 [78]. 
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𝑈𝑐𝑜𝑛𝑑 =

1

1
ℎ𝑎

+
𝐴𝑖,𝜏ln [

𝑟𝑜,𝜏

𝑟𝑖,𝜏
]

2𝜋𝑘𝜏𝐿𝜏
+

𝐴𝑖,𝜏

𝐴𝑜,𝜏

1
ℎ𝑤

 
(19) 

A similar liquid-liquid heat exchanger was used as the economizer. Again, the 

effectiveness-NTU method was used to determine the outlet conditions of the fluids from 

the economizer. Equation 20 is used to determine the effectiveness for economizer as 

there is no phase change. 

 𝐸𝑒𝑐𝑜𝑛 = 2{1 + 𝑐 + √1 + 𝑐2
1 + 𝑒𝑥𝑝[−𝑁𝑇𝑈√1 + 𝑐2]

1 − 𝑒𝑥𝑝[−𝑁𝑇𝑈√1 + 𝑐2]
}

−1

 (20) 

Where, c is the capacity ratio, as given by Equation 21. 

 𝑐 =
(𝑚̇𝑐𝑝)𝑚𝑖𝑛

(𝑚̇𝑐𝑝)𝑚𝑎𝑥
 (21) 

And (ṁcp)max is the larger of the heat capacity rates of air and water. 

2.3.3. Humidifier 

A simple humidifier was chosen, consisting of a horizontal long duct with a 

rectangular cross section, as shown in Figure 21. In this humidifier, water flows along the 

base of the channel with a counter airflow above the water surface. Since the humidifier 

operates at moderate temperatures, this was modelled as an adiabatic system. 
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Figure 21. Schematic of a long channel humidifier with rectangular cross-section 

The mass and energy conservation as well as the correlations of heat and mass 

transfer, determine the outlet conditions of both air and water streams. The conservation 

of energy is given by Equation 22. 

 

𝑚̇𝑎,ℎ𝑚𝑑(ℏ𝑎,𝑖𝑛,ℎ𝑚𝑑−ℏ𝑎,𝑜𝑢𝑡,ℎ𝑚𝑑)

= 𝑚̇𝑤,𝑜𝑢𝑡,ℎ𝑚𝑑ℏ𝑤,𝑜𝑢𝑡,ℎ𝑚𝑑 − 𝑚̇𝑤,𝑖𝑛,ℎ𝑚𝑑ℏ𝑤,𝑖𝑛,ℎ𝑚𝑑 

(22) 

Where, the mass flow rate of discharge water from the humidifier can be calculated 

from Equation 23. 

 𝑚̇𝑤,𝑜𝑢𝑡,ℎ𝑚𝑑 = 𝑚̇𝑤,𝑖𝑛,ℎ𝑚𝑑 − 𝑚̇𝑒𝑣 (23) 

And the rate of evaporation can be computed from Equation 24 [79]. 

 𝑚̇𝑒𝑣 = 𝑗
𝐴ℎ𝑚𝑑

𝑅𝑣
[
𝑃𝑠𝑎𝑡,𝑓

𝑇𝑓
−

𝑃𝑠𝑎𝑡,ℎ𝑚𝑑

𝑇𝑎,ℎ𝑚𝑑
] (24) 

The mass transfer coefficient (j), in Equation 24 can be given as a function of the 

Sherwood number as shown in Equation 25 [78].  

 𝑗 =
𝑆ℎ × 𝜆𝑎−𝑤

𝐿𝑐ℎ
 (25) 

Fresh Air Moist Air

Warm SeawaterBrine Out
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For flow inside a rectangular duct, the characteristic length is the hydraulic diameter 

of the duct, and the mass diffusion rate for air-water systems (λa-w) can be determined 

from Equation 26 [80]. 

 𝜆𝑎−𝑤 = 1.87 × 10−10
𝑇2.072

𝑃
 (26) 

Where, pressure (P) is in atmosphere (atm) and Temperature (T) is in Kelvin (K). 

In order to determine the Sherwood number, we first need to utilise our understanding of 

the heat transfer process. In this respect, the total rate of heat transfer between air and 

water is the summation of convective, evaporative and radiative heat transfer. Due to the 

system operating at moderate temperatures, the radiative heat transfer can be neglected. 

The convective and evaporative heat transfer rates can be determined by Equations 27 

and 28, respectively. 

 𝑄̇𝑐𝑜𝑛𝑣 = ℎ𝑐𝑜𝑛𝑣𝐴ℎ𝑚𝑑(𝑇𝑤,𝑖𝑛 − 𝑇𝑎,𝑖𝑛) (27) 

 𝑄̇𝑒𝑣 = 𝑚̇𝑒𝑣ℏ𝑓𝑔 (28) 

The coefficient of convective heat transfer (hcv) can be determined as a function of 

the Nusselt number as given in Equation 29. 

 ℎ𝑐𝑜𝑛𝑣 =
𝑁𝑢 × 𝑘𝑎

𝐿𝑐ℎ
 (29) 

For the air stream flowing over the water surface, the conditions for an asymmetric 

heated rectangular channel were considered. Therefore, for the aspect ratio of the model, 
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under turbulent conditions, the Nusselt number is given by Equations 30 [79] assuming 

the critical Reynolds number for the flow inside the channel is 2300 [79]. 

 𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟1/3 (30) 

Assuming the HDH desalination system operates at low temperatures and 

atmospheric pressure, the Chilton-Coburn analogy is applicable for the conditions of this 

study [79]. Hence the mass transfer coefficient (j), referred to in Equations 24 and 25 can 

be determined from the analogy given in Equation 31 [81]. 

 𝑗 =
ℎ𝑐𝑣

𝜌𝑐𝑝
(
𝑆𝑐

𝑃𝑟
)
2/3

 (31) 

Since the heat and mass transfer are analogous, the Sherwood number for turbulent 

flow conditions can be defined by Equation 32.  

 𝑆ℎ = 0.023𝑅𝑒0.8𝑆𝑐1/3 (32) 

2.4. Computational Solution 

The intention of this chapter was to model a HDH desalination system, to analyse 

its yield sensitivity to operational and climatic conditions, and to identify areas of possible 

improvement. Engineering Equation Solver (EES) [82] was used to determine fluid 

properties and to solve the sets of equations developed in the previous sections. 

To this end, the inputs of the model were the operating parameters such as seawater 

temperature, ambient air temperature and humidity, air and water flow rates, wind 
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velocity and total incident radiation. An iterative approach was used to develop the 

solution for the system, as illustrated in Figure 22. To reach a solution, the model 

estimated the temperatures of air and water leaving the humidifier, and examined the 

difference between the estimates of the exiting air and water temperature and the 

calculated values after the iteration. A solution was achieved when the difference between 

these was less than 0.01 °C.  

Equations 13 to 21 are solved for the exit conditions of the condenser and 

economizer. Subsequently, the model determined the inlet conditions of the humidifier 

by simultaneously solving Equations 1 to 12 for the exit conditions of the solar water 

heater. 
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Figure 22. The flow chart diagram of the algorithm used for the model 
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Inside the humidifier, the heat and mass transfer coefficients vary with vapour 

pressure and temperature. In order to model this, the humidifier was divided into a series 

of finite elements, as shown in Figure 23. It was assumed that the conditions were constant 

within each interval.  

An iterative solution was required to determine the outlet air and water conditions 

from the humidifier. To achieve this, the model first estimated the discharged water 

temperature to be the wet bulb temperature of the inlet air and then solved Equations 22 

to 32 for the exit conditions of each interval. The convergence criteria defined for this 

iteration was the difference between the temperature of water leaving the solar water 

collector and the calculated temperature of inlet water to the humidifier, which was taken 

to be 0.01 °C.  

 

Figure 23. Variation of conditions in each interval along the humidifier 

It is obvious that shorter intervals would result in a better accuracy of the calculated 

results. However, this increases the number of intervals and significantly increases the 

calculation time. The effect of interval size (and therefore number of intervals) was tested 

and the result of this analysis is shown in Figure 24. Based on this, it was decided that an 

interval of 1m would yield sufficient accuracy for this work.  

Fresh Air Moist Air

Warm SeawaterBrine Out

RH

Ta

Tw

Ta Ta Ta

Tw Tw Tw

RH RH RH



 

35 

 

 

Figure 24. The effect of interval length on the accuracy of the calculated result of the humidifier 

2.5. Results of the Model 

As the benchmark solution, it was assumed that the HDH model would use two 

double glazed solar water heaters, providing an absorber area of 4 m2 to provide the 

required heat input. The humidifier would provide a total evaporation area of 1 m2. Two 

shell and tube heat exchangers, each providing a transfer area of 1.6 m2, were considered 

as the dehumidifier and economizer. Further details of the design parameters are shown 

in Table 1.  

Table 1. Design parameters 

 

In order to understand how certain parameters affect the performance of the system, 

a sensitivity analysis was undertaken. The sensitivity of the potable water production to 

seawater and ambient air temperatures, air and water flow rates, total radiation, 
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humidification and condensation areas, were evaluated. The range of these variables and 

their nominal values are given in Table 2. 

Table 2. Range and nominal values of the independent variables for sensitivity analysis 

 

As shown in Figure 25, increasing the total radiation linearly increases the yield of 

the system. Increasing the total radiation results in higher temperature water entering the 

humidifier and hence leads to more effective humidification in the humidifier.  

 

Figure 25. Production rate of potable water vs. total radiation 

In Figure 26, the effect of changing inlet seawater temperatures on potable water 

production is presented. Increasing inlet seawater temperatures increase the total input 

energy to the system, but the seawater must also condense the moist air from the 

humidifier. The results show that increasing inlet seawater temperatures decrease the 

Variable Unit Range Nominal value 

Humidifier surface area (Ahmd) (m2) 0.2 to 0.4 1 

Condenser surface area (Acond) (m2) 0.8 to 2.4 1.6 

Air flow rate (V̇a) (m3/s) 0.003 to 0.03 0.005 , 0.03 

Water flow rate (V̇w) (m3/s) 1.5×10-5 to 5×10-5 3×10-5  

Inlet air temperature (Ta,in) (˚C) 10 to 30 20 

Inlet water temperature (Tw,in) (˚C) 10 to 30 15 

Total radiation (Gt) (W/m2) 300 to 1300 1000 
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production rate. Furthermore, higher temperatures of water in the solar collector increase 

the energy loss to the environment. 

 

Figure 26. Production rate of potable water vs. inlet water temperature 

As shown in Figure 27, increasing the water flow rate decreases the potable water 

production. This is because a larger quantity of water supplied to the system, reduces the 

temperature change in the solar collector. Hence, the water enters the humidifier at lower 

temperatures, and results in less evaporation and thus a lower fresh water production.  

 
Figure 27. Production rate of potable water vs. volumetric flow rate of water 
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Sensible heating beyond the saturation condition is expected at higher water 

temperatures, while for condensation to occur, the overheated air needs to be cooled 

below its dew point, meaning additional condensation area may be required.  

As illustrated in Figure 28, increasing the airflow rate to 0.02 m3/s results in a 

significant increase in production, while beyond that the increase in production is not 

noticeable. This can be explained by the fact that increasing the airflow rate increases the 

moisture carrying capacity by continuously supplying fresh air, but also reduces the 

temperature change of air in both the humidifier and condenser. Consequently, by 

increasing the airflow rate, the moist air temperature drops at the outlet of the humidifier, 

while the temperature of the exhaust air from the condenser increases. These would 

eventually reduce the rate of fresh water production.  

 

Figure 28. Production rate of potable water vs. volume flow rate of air 
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temperature of the discharged water, which is recovered by the inlet water in the 

economizer. As a result, the temperature of the inlet water to the humidifier is increased, 

which also increases the rate of evaporation and enhances the production of the system.  

 
Figure 29. Production rate of potable water vs. ambient air temperature 

Previously it was noted that the condenser area could be a significant factor. In 

Figure 30, it can be seen that increasing the condensation area up to 2 m2 causes an 

increase in production of potable water, however, beyond this value there is no significant 

increase in production. Providing a larger condensation area allows more heat transfer 
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Figure 30. Production rate of potable water vs. condensation area 

The effect of humidifier size is shown in Figure 31. Increasing the humidification 

area to 1.4 m2 causes a marked increase in production and beyond that value, the 

production rate increases only slightly. Increasing the area of humidification allows more 

sensible heating of the air stream by water.  

 

Figure 31. Production rate of potable water vs. evaporation area 
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by the inlet water temperature to the humidifier. Thus, an increase in the humidification 

area yields diminishing increase in production.    

Now for a simple HDH desalination system, a long-channel humidifier is a good 

solution. However, a large area of humidification is required to achieve a reasonable rate 

of potable water production. This increases the total size and consequently the cost of the 

unit. Rather, by improving the heat and mass transfer coefficients, the heating and 

humidification process and eventually the yield of the system could be enhanced. As 

shown in Figure 32, for the same humidification areas, if the heat and mass transfer 

coefficients can be increased by 50% in a hypothetical humidifier, the production of 

potable water would be significantly increased. This suggests a need to explore ways of 

achieving such increases to the transfer coefficients. 

 

Figure 32. Comparison of HDH production with enhanced heat and mass transfer coefficients 
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with respect to climatic conditions and operational parameters. It was shown that higher 

air and water temperatures in the humidifier as well as increasing the evaporation area 

and enhancing the heat and mass transfer intensities, improved the heating and 

humidification process and consequently the system production. On the other hand, 

increasing the condensation area as well as having lower seawater temperature enhanced 

the condensation process, which also increased the yield of the system. The results of the 

model showed that the production rate is mainly influenced by the heating and 

humidification process rather than the dehumidification process, and in particular the heat 

and mass transfer in the humidifier.  

As such, to develop an efficient solar HDH desalination system the research 

question posed in Chapter 1 is refined to: 

How can one develop a simple humidifier that mixes air and water in an efficient 

way to enhance the heat and mass transfer phenomena?  
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Chapter 3 : FALLING WATER SHEETS IN A CROSSFLOW 

DUCTED AIR STREAM - CHARACTERISING THE FLOW 

REGIMES 

3.1. Introduction 

It was shown in the previous chapter that improving the heat and mass transfer 

processes in the humidifier has the potential to significantly improve the performance of 

the HDH desalination system. Considering that effective mixing of the liquid and gas 

streams in heat and mass exchangers increases the intensities of heat and mass transfer, 

numerous studies have examined the effectiveness of packed beds and spray towers [83-

92]. These increase the evaporation area and provide improved mixing of gas and liquid, 

however, they generally require a considerable power input to blow air through the 

packing material and to spray water over the humidifier. In HDH systems the water stream 

is usually warm and salty, which is likely to produce sediment and block the pores of the 

packed beds or the nozzles of spray towers [70]. The long channel humidifier introduced 

in Chapter 2 is a good solution for addressing the sedimentation issue. However, due to 

the lack of effective interaction between the air and water, the intensities of heat and mass 

transfer are weak. Hence, a humidifier that better mixes air and water with low power 

input, and is less sensitive to sedimentation needs to be developed. 

To address this, it is proposed that the interaction of air and water should occur in 

a crossflow configuration, where a horizontally ducted airflow crosses through vertical 

sheets of falling water.  
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In this regard, a cascading humidifier, shown schematically in Figure 33, where the 

falling sheets of water are intermittently mixed with horizontally flowing air stream, may 

significantly improve the transfer phenomena. This would constitute a very simple 

solution to the requirement and possibly eliminate the sedimentation problem in the 

humidifier, as any probable sedimentation would occur on the tray surface, which does 

not influence the heat transfer phenomena. A cascading humidifier similar to this was 

introduced by Kraft et al [93], to increase the humidification area in a desalination system, 

but the effects of the falling water were not considered in their study. 

 

Figure 33. Proposed schematic of a cascading humidifier with crossflow and counter-flow 

interactions 

As seen in Figure 33, two main types of interaction exist in the proposed cascading 

humidifier; counter-current and crossflow. The counter-current interaction is in fact the 

same as that in a rectangular duct, which was modelled and discussed in Chapter 2. 

However, there appears to be very little work done on the crossflow contact of air with a 

falling sheet of water, which conceptually appears to be a very effective mode of 

interaction for improving the heat and mass transfer.   

Falling liquids in both quiescent and moving gas flows have a variety of different 

applications including curtain coating, spray and atomization, aeration and gas absorption 

into liquid media. Numerous studies have examined the behaviour of sheets of falling 

liquids, without any gaseous crossflow [94-100]. Similarly a number of studies have 
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examined the behaviour of liquid sheets with gas co-flow and also annular jets in 

crossflow [101-103]. Bolanos-Jimenez et al. [104] performed a theoretical and 

experimental study on the behaviour of air and water sheets in a parallel flow situation. 

They reported a “bubbling” regime that lead to the periodic breakup of the air sheet, and 

a “jetting” regime, where both sheets evolved slowly downstream without breaking. They 

suggested that the formation of either of these regimes was dependent on two parameters, 

namely; the Weber number of the water and the velocity ratio between the air and the 

water. 

Ng et al. [105] performed an experimental investigation on what they termed “bag 

breakup” of a circular, non-turbulent liquid jet with a gaseous crossflow. They found that 

as a result of gaseous crossflow a series of column waves would be formed in the jet flow 

and that the variable wave frequency caused instability. It was reported that the primary 

breakup processes were due to the aerodynamic effects of the crossflow, regardless of 

initial disturbances within a liquid jet. 

Extending this to liquid sheet flows, Brown [106] investigated the behaviour of a 

thin sheet of liquid exiting a slot and impinging on a moving solid surface. It was reported 

that the liquid sheet would be unstable in the region close to the slot unless the liquid 

velocity outside the slot was greater than 2 ψ/ṁ, where ψ is the surface tension of the 

liquid and ṁ is the water mass flow rate. It was found that the sheet was stable for Weber 

numbers greater than unity. Becerra et al. [107] also performed an experimental study on 

the stability of a viscoelastic liquid sheet and reported that the liquid sheet would be 

unstable for Weber numbers below 0.94.  

Despite the work that has been undertaken on understanding falling liquid sheet 

flows and circular liquid jets in crossflow, there seem to be no studies that evaluate the 
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intensities of heat and mass transfer when falling liquid sheets are exposed to a gas 

crossflow.  

Therefore, it was decided to investigate and understand the effect of the crossflow 

interaction on the intensities of heat and mass transfer with a view to increasing the yield 

of HDH systems. In doing so, it was expected that various flow regimes would occur 

when varying the air and water velocities in the system. In other two-phase flows, these 

flow regimes result in different characteristics of heat and mass transfer and it was 

considered that this could occur with this combination of flow. This chapter presents the 

investigation, identification and evaluation of these flow regimes with a view to 

informing a more in-depth analysis of their heat and mass transfer characteristics.  

3.2. Experimental Method: Characterisation of Flow Regimes 

An experimental study was developed to characterise the flow behaviour in a 

crossflow configuration. In these experiments, a sheet of water was injected into a 

rectangular air channel, as shown in Figure 34. A slotted nozzle, with a width equal to 

that of the air channel, was used to generate the water sheet as it provided control of the 

thickness and direction of the sheet. Although this is not a sheet generated by cascading 

flow over a weir, shown in Figure 33, it provides better experimental control and mirrors 

the flow interaction. The slotted nozzle was formed by two finely grounded stainless steel 

plates, providing a uniform thickness of 0.5 mm across the jet exit. Stainless steel was 

chosen due to its low coefficient of thermal expansion ensuring the thickness of the jet 

could remain reasonably constant over a range of water temperatures. An elevated water 

reservoir was used to provide a constant pressure head to the jet, where the height of this 

reservoir was adjustable in order to deliver a range of flow rates. The water flow rate was 
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determined by measuring the time taken for a known mass of water to pass through the 

nozzle. To provide the crossflow, air was directed through the duct by a variable speed 

axial flow fan with a maximum capacity of 280 m3/hr. The dimensions of the duct were 

a width of 100 mm and a height adjustable between 30 and 100 mm. The channel height 

was adjustable so the effect of fall height on the flow regime could also be assessed. For 

each test, the airflow rate was determined from measurements made using a pitot static 

probe traversed across the duct and a differential manometer. The uncertainty associated 

with the measurements made in the experiment is detailed in Appendix A. 

The main intention of this experiment was to examine and characterise the 

behaviour of the water sheet in a crossflow configuration, and therefore, two cameras 

(Nikon D300 and Nikon D3300) were used to capture images of the air and water 

interaction. As seen in Figure 34, the first of these (Camera 1) was mounted to capture a 

side elevation image while the second (Camera 2) was utilised to capture a profile image 

of the water sheet. 

 

Figure 34. Schematic of the experimental apparatus  

In order to understand the behaviour of the water and air interaction, it was decided 

to investigate the behaviour of falling water by itself. Hence, the experiment was 
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conducted in two steps; firstly, by variation of water flow rate in the absence of a crossing 

airflow (quiescent air) and secondly by varying the airflow rates at various water flow 

rates.  

3.3. Results: Water Sheets in Quiescent Air  

The behaviour of water sheets when exposed to quiescent air was investigated for 

two fall heights (36 and 48 mm) with the water flow rate varied from 0.75×10-5 to 5×10-5 

m3/s. This range of flow rates was chosen to demonstrate all the possible flow regimes 

for a falling flow of water in stagnant air. The properties of water were determined at the 

average water temperature. The conditions of the experiment are given in Table 3.  

Table 3. Experimental conditions for the observation of flow regime in quiescent air 

 

It was noted that under these conditions the geometry of the water sheet depended 

on the water flow rate through the nozzle, as well as the fall height in the channel. Gravity 

and drag act in the vertical direction, such that, gravity would accelerate the flow while 

the drag attempts to slow the falling liquid at the walls. Along the width of the nozzle, 

viscosity influences the velocity profile and surface tension acts to minimize the energy 

state of the flow.  

It was noted that in quiescent air, regardless of the water flow rates, the water sheet 

was stable. Depending on the fall height and the flow through the nozzle, the stable sheet 

itself delivered five different geometric forms. In the first instance, as seen in Figure 35a, 

a liquid sheet was developed in the absence of the airflow by providing a high water flow 

  Nozzle width (Wnoz) (m) 0.1 

 Nozzle thickness (Thnoz) (m) 0.0005 

 Water flow rate (V̇w) (m3/s) 0.75×10-5 to 5×10-5 

 Water temperature (Tw) (˚C) 15 

  Fall height (HF) (m) 0.036 ; 0.048 

 



 

49 

 

rate, thus resulting in a stable sheet that spanned the full width of the duct. As the flow 

rate was reduced, for a fixed nozzle width and duct height, the flow transitioned through 

four more regimes, referred to as: ‘trapezoidal’ (Figure 35b, c and d), ‘V sheet’ (Figure 

35e), ’Y sheet’ (Figure 35f) and finally ‘finger flow’ (Figure 35g and h). To capture these 

images a camera (Nikon D3300) was mounted axially along the duct. 

 

Figure 35. Transformation of the water flow regime from a full width sheet to finger flow (at the 

fall height of 0.036 m); a) full width sheet (V̇w=3.9×10-5 m3/s), b) trapezium sheet (V̇w=3.35×10-

5 m3/s), c) trapezium sheet (V̇w=3×10-5 m3/s), d) trapezium sheet (V̇w=2.8×10-5 m3/s), e) V sheet 

(V̇w=2.4×10-5 m3/s), f) Y sheet (V̇w=2×10-5 m3/s), g) finger flow (V̇w=1.2×10-5 m3/s), h) finger 

flow (V̇w=0.75×10-5 m3/s) 

Considering the flow regimes in Figure 35, it is clear that at high flow rates inertia 

of the liquid dominates the flow formation. For these conditions, the higher velocity of 

liquid at the jet exit gives rise to sufficient inertia to hold the edges of the sheet to the 

walls of the channel. At this point adhesion forces, between the liquid and the wall, act to 
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“attach” the flow to the walls. As such, the boundaries of the wall, the fixed nozzle width 

and the duct height, constrain the flow to a sheet spanning the full width of the duct. 

However, as the flow decreases (or the duct height increased at a fixed flow rate) 

the ability of the flow to remain attached to the wall and maintain continuity becomes 

more difficult, particularly as the sheet “thins” due to reducing the water flow rate. As 

continuity must be maintained and the adhesion forces at the wall are relatively weak, 

they are eventually overtaken by the surface tension acting to minimise the perimeter of 

the cross section. This eventually results in the detachment of the flow from the wall and 

gives rise to a ‘trapezoidal’ regime, as illustrated in Figure 36. 

 

Figure 36. Forces acting on the falling liquid 

Decreasing the water velocity even further continues to reduce the momentum 

relative to the surface tension and consequently the sheet width decreases until the edges 

of the sheet meet at the bottom of the duct. This leads firstly to a V shaped sheet and 

eventually a Y shape sheet, in which the edges of the sheet meet before the water lands 

on the bottom of the duct. 

Further decreasing the water velocity, the sheet begins to breakup and forms parallel 

fingers along the width of the nozzle. This again can be explained by the flow maintaining 
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continuity, with the surface tension attempting to minimise the perimeter of the surface 

area. Figure 37 illustrates this, showing that at low water velocities surface tension divides 

the flow into multiple streams. This results in a so-called ‘finger flow‘ regime leaving the 

nozzle, with dry spots along its length. This flow behaviour was previously studied by 

Marston et al. [99].    

 

Figure 37. Velocity profile inside the slot 

3.4. Results: Water Sheets with Air Crossflow 

The behaviour of falling sheets of water in a crossflow configuration was studied at 

various flow rates (2×10-5 to 5×10-5 m3/s) in a range of airflow rates (0.42×10-2 to 2×10-2 

m3/s). The effect of increasing the fall height from 0.036 m to 0.048 m was also evaluated. 

During this series of tests, the same nozzle dimensions were used as in the tests performed 

with quiescent air. Table 4 shows the experimental conditions.  
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Table 4. Experimental conditions for the observation of water sheets in air crossflow 

 

By altering the water flow rate, at various airflow rates, four different modes of 

interaction were found for the conditions tested, as shown in Figure 38. A ’Broken sheet’, 

shown in Figure 38 (a-b), was formed at higher flow rates of air and low flow rates of 

water. At lower airflow rates, regardless of water flow rate, the water sheet was observed 

to be ‘stable’ as seen in Figure 38 (c-d). High flow rates of air and water resulted in 

formation of a ‘flapping sheet’, shown in Figure 38 (e-f). Further increasing the airflow 

at higher flow rates of water caused a ‘stable lifted sheet’ to form, as shown in Figure 38 

(g-h). 

  Nozzle width (m) 0.1 

 Nozzle thickness (m) 0.0005 

 Water flow rate (m3/s) 2×10-5 to 5×10-5 

 Air flow rate (m3/s) 0.42×10-2 to 2×10-2 

 Water temperature (˚C) 15 

 Air temperature (˚C) 20 

 Air humidity (-) 0.50 

  Fall height  (m) 0.036 ; 0.048 
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Figure 38. Water flow regime in air crossflow; a and b) broken sheet (V̇w=2.4×10-5 m3/s and 

V̇a=0.9×102 m3/s); c and d) stable sheet (V̇w=3.9×10-5 m3/s and V̇a=0.71×102 m3/s); e and f) 

flapping sheet (V̇w=3.9×10-5 m3/s and V̇a=0.9×102 m3/s); g and h) broken sheet (V̇w=5×10-5 m3/s 

and V̇a=1.8×102 m3/s); 

Introducing an air crossflow into the channel leads to a pressure difference across 

the sheet, as well as aerodynamic drag forces, that depend on the velocity of the air stream 

and the area of the water sheet. The pressure difference across the sheet causes the sheet 

to bow, pushing out the centre and dragging in the sides. Also, depending on the blockage 

ratio (the ratio of the sheet area to the cross-sectional area of the channel) a portion of the 

air passes by the sheet with no significant effect on the water flow regime as illustrated 

in Figure 39. 
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Figure 39. Behaviour of airflow in contact with a relatively small water sheet 

Increasing the airflow increases the drag forces and this holds the water sheet at an 

angle to the horizontal. The inertia and weight of water on the other hand, attempts to 

“hold” the flow vertical. However, increasing the water flow increases the area and mass 

of the water sheet and as a result increases the weight and drag forces acting on the water 

sheet. Within the water sheet, the surface tension attempts to hold the sheet together, 

however once the drag forces dominate the internal cohesion, the water sheet breaks. It 

was found that if the velocity distribution in the sheet and hence the thickness of the water 

sheet was uniform, the sheet breaks up at the tail end of the sheet, as illustrated in Figure 

38(e-f). Alternatively, as demonstrated in Figure 38(a-b), if the velocity profile is not 

uniform it breaks up vertically. In the following sections, the observed modes are 

discussed in detail.  

3.4.1. Stable Sheet 

Depending on the fall height and the velocity of water at the nozzle, the geometry 

of the stable sheets was seen to be a ‘Y’, triangular or trapezoidal shape, as long as the air 

was not strong enough to break up or flap the water sheet. At relatively low water flow 

rates and higher fall heights, the edges of the sheet meet each other above the bottom of 
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the channel creating a Y sheet, as seen in Figure 35f. By increasing the air crossflow on 

a stable sheet, the drag due to the air initially inclines the falling water sheet and creates 

a concave arch in the middle of the sheet. Further increasing the airflow under these 

conditions increases the concavity of the arch. Figure 40 illustrates this point by showing 

a stable Y sheet.  

 

Figure 40. Stable Y Sheet (V̇w=2×10-5 m3/s and V̇a=0.42×102 m3/s) 

Increasing the water jet velocity increases the inertia of the water stream, which 

increases the sheet area, by holding the edges of the sheet away from the centre. 

Increasing the exiting water velocity also increases the momentum of the water stream, 

which pushes the arch down towards the bottom of air tunnel. At reasonably high 

momenta of the water stream, where the sheet is strong, the arch will turn into a water 

tunnel. The position of the arch at different water flow rates with constant airflow rate, 

and the transformation to water tunnel, are illustrated in Figure 41-a to 41-f. As a 

consequence of the small blockage ratio in Y sheets, the drag forces on these sheets are 

relatively small and therefore higher airflow rates are required to break up the sheet. 

However, the larger blockage ratio for triangular and trapezium geometries results 

in higher drag forces. Therefore, at higher water velocities the sheet will change its mode 

with lower flow rates of air in the duct. In this respect, the inclination angle of the sheet 

depends on the blockage ratio and the drag force, so that at smaller blockage ratios the 

Cam 2
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inclination angle is smaller. On the other hand, increasing the water velocity increases the 

momentum of water in the vertical direction, which attempts to reduce the inclination 

angle. Counter to this, increasing the air velocity in the duct has the effect of thinning the 

sheet due to the drag, thereby increasing the size of the concave arch until it eventually 

breaks up or moves to a flapping mode. 

 

Figure 41. Position and shape of the arch at increased water flow rate and constant airflow of 

0.9×102 m3/s at a fall height of 0.036 m; a) V̇w=3×10-5 m3/s, b) V̇w=3.35×10-5 m3/s, 

 c) V̇w=3.9×10-5 m3/s, d) V̇w=4.35×10-5 m3/s, e) V̇w=4.74×10-5 m3/s, f) V̇w=5×10-5 m3/s                   

3.4.2. Broken Sheet 

Broken sheets can be generated from either flapping or stable sheets by either 

increasing the air velocity at low water flow rates or reducing the water flow at high 

airflow rates. Due to the wall effects, the velocity of air is higher at the centre causing a 

shear stress across the sheet. At the same time, at lower water flow rates thinning occurs 

closer to the jet exit. Hence, once the sheet is relatively thin and the shear stress due to 

the airflow is strong enough to overcome the surface tension and inertia of the water 
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stream, the sheet will break up vertically into fingers or smaller sheets, as shown in Figure 

42 (a-f).  

After break up, surface tension acts to pull the edges of these disjointed flows 

towards their centres, in order to minimise the surface area of the water sheet. This 

eventually thickens each individual flow to form the fingers, which reduce the contact 

area between the air and water sheet. As a consequence, the drag force on the water flow 

will be smaller and result in a smaller inclination angle.  

By further increasing the airflow at a fixed water flow rate or decreasing the water 

flow at a fixed airflow rate, the fingers will break into droplets. This can be explained by 

the water flow accelerating in an inclined direction as a result of the gravitational and 

drag forces. As the water accelerates, the cross section of the water fingers decreases due 

to continuity and eventually, surface tension will break the fingers into droplets in order 

to bring the water flow into its minimum energy state.    
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Figure 42. Break up of a triangular sheet into fingers at a constant water flow 

(V̇w=2.4×10-5 m3/s) by increasing the airflow; a and b) V̇a=0.41×10-2 m3/s,  

c and d) V̇a=0.7×10-2 m3/s, e and f) V̇a=1.21×10-2 m3/s        

3.4.3. Flapping and Stable Lifted Sheets 

Once the velocity of the water stream at the nozzle is high enough, such that the 

sheet thins only slightly as it falls, the sheet tends to resist breaking vertically. Under 

these conditions, if there is sufficient momentum in the air stream, the pressure difference 

across the sheet is able to lift the sheet as a whole, as illustrated in Figure 43 and Figure 

44. Once the sheet is lifted, the tail end of the sheet breaks into droplets, due to the 

continued acceleration of the water in the near horizontal plane. The lifting of the sheet, 

unblocks the channel and thus reduces the pressure drop across the sheet, hence, due to 

gravitational forces, the sheet falls back across the channel and repeats the process. This 

oscillation, named here as a ‘flapping sheet’, shown in Figure 44 (c-d), has the added 
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effect of intermittently breaking off the tail of the sheet as it is flicked from the near 

vertical to horizontal position.  

 

Figure 43. Diagram of the flapping sheet 

The flapping zone illustrated in Figure 43 can be further enlarged by increasing 

either the air or the water velocities. At high enough air velocities, there is sufficient 

momentum in the air to balance the gravity and hold the sheet with an inclination angle 

such that the flapping ceases. As expected, the inclination of the sheet was higher with 

greater airflows. At these conditions, the airflow pushes the edges of the water flow 

towards the centre of the air channel. Hence, this mode is referred to as a ‘stable lifted 

sheet’. Figure 44 (a-f) shows the transformation of the stable sheet (a-b) to flapping sheet 

(c-d), and finally to a stable lifted sheet (e-f) at a constant water flow by altering the 

airflow rate.  
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Figure 44. Transformation of the flow regime from stable sheet to flapping sheet and to stable 

merged flow at the water flow rate of V̇w=3.9×10-5 m3/s and fall height of 0.036 m;  

a and b) V̇a=0.5×10-2 m3/s, c and d) V̇a=0.92×10-2 m3/s, e and f) V̇a=1.8×10-2 m3/s         

3.4.4. Mapping the Flow Regimes 

Flow regime maps are graphical tools to define the boundaries between different 

types of flow regimes in a specific system. These are based on the parameters that best 

describe the system. Many types of flow regime maps have been proposed for various 

geometries and conditions [108-111]. When describing a falling liquid in stagnant gas, 

the Weber number, defined as the ratio of inertia to surface tension, is often used to 

characterise the flow [104, 106, 107]. Considering the gas flow, Reynolds number, 

defined as the ratio of inertia and viscous forces, is commonly used to describe the 

characteristics of gas flow in a channel [79].   

When a horizontal ducted airflow interacts with falling sheets of water, the 

characteristics of the water sheet can be described by its Weber number, and the response 

of the sheet to airflow can be represented by the Reynolds number of the airflow. 
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Therefore, it was decided to map the flow regimes according to the Weber number of the 

water, shown in Equation 33, and the Reynolds number of air, given in Equation 34.  

 𝑊𝑒𝑤 =
𝜌𝑤𝑉𝑐ℎ,𝑤

2𝐿𝑐ℎ,𝑤

ψ
=

𝜌𝑤𝑉𝑐ℎ,𝑤𝑄𝑤

2ψ
 (33) 

 𝑅𝑒𝑎 =
𝜌𝑎𝑉𝑐ℎ,𝑎𝐿𝑐ℎ,𝑎

𝜇𝑎
 (34) 

In order to accommodate the effects of gravity and fall height, the characteristic 

velocity of water was taken to be that of water as it lands on the bottom of the channel in 

stagnant air. This was not measured directly but can be estimated using the Bernoulli 

equation, as shown in Equation 35. The landing velocity was also used to determine the 

Weber number by Kyotoh et al. [100].  

 𝑉𝑐ℎ,𝑤 = √𝑉𝑚,𝑤
2 + 2𝑔𝐻𝐹 (35) 

Knowing the water flow rate and the cross-sectional area of the nozzle, the mean 

velocity of water at the nozzle (Vm,w) can be determined. The characteristic length of a 

water sheet for the “flow” Weber number has previously been chosen to be half the 

thickness of the water sheet at the nozzle exit [97], whereas, in this study, in order to 

accommodate the effects of fall height, the “local” Weber number was considered. For 

this, the sheet thickness at the bottom of the channel was determined, assuming that there 

is no crossing airflow and the water sheet spanned the full width of the duct. Half of this 

thickness, as shown in Equation 36, is taken to be the characteristic length as used in the 

literature [97].  

 𝐿𝑐ℎ,𝑤 =
𝐴𝑙𝑜𝑐,𝑤

2𝑊𝑛𝑜𝑧
 (36) 
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The shape and extent of the sheet of the falling water influences the Reynold’s 

number of the air crossflow, by its effect on the cross-sectional area of the air stream. As 

such, higher water flow rates result in larger blockage ratios, which consequently 

increases the velocity of air by reducing the cross sectional area. Therefore, in the 

determination of the Reynolds number, the average velocity was considered to be a 

characteristic velocity as defined in Equation 37. 

 𝑉𝑐ℎ,𝑎 = 𝑉𝑚,𝑎 − 𝑉𝑅 (37) 

Where, the resultant velocity (VR) is given by Equation 38. 

 𝑉R =
𝑚̇𝑎𝑉𝑚,𝑎

𝑚̇𝑎 + 𝑚̇𝑤
 (38) 

In order to accommodate the influence of fall height and channel width 

simultaneously on the Reynolds number, the characteristic length (Lch,a) of the gas stream 

in Equation 34, was chosen to be the diagonal of the duct. 

A series of experiments were performed in order to characterise and map the 

different flow regimes in a crossflow interaction of ducted air with falling sheets of water. 

In these tests, the airflow rate was varied to provide a range of Reynolds numbers between 

5000 and 25000, and the water flow rate was changed to provide a variety of Weber 

numbers from 1.5 to 7. This would more than cover the range of conditions expected in a 

cascading humidifier.  

Figure 45, illustrates the flow regime map based on the Reynolds number of air and 

the Weber number of water as described. 
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Figure 45. Flow regime map for air and water crossflow interaction based on the Reynolds 

number of air and the Weber number of water. 

It was observed that for the entire range of examined Weber numbers and at lower 

Reynolds number, the sheet of water was stable. The critical Reynolds number for ‘stable 

sheets’ was seen to be around 12500 beyond which, depending on the Weber number of 

water, the stable sheet was transformed to either a ‘broken sheet’ or ‘flapping sheet’. In 

the range examined, the critical Weber number was seen to be around 3.5, below this 

value the flow regime was found to be ‘broken’, and beyond that the ‘flapping sheet’ was 

observed. A second critical Reynolds number of approximately 22500 was also observed, 

beyond which the ‘flapping sheet’ was transformed to a ‘stable lifted sheet’. 
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3.4.5. Discussion of the Experiments 

In considering the flow regimes and their implications on the transfer phenomena, 

there are a number of conclusions that can be drawn. Firstly, under the circumstances of 

a ‘stable sheet’, inertia in the liquid tends to dominate the flow behaviour, which prevents 

the mixing of air and water, and so the transfer area is limited to the area of the liquid 

sheet. Poor coefficients of heat and mass transfer could be expected for this flow regime, 

due to the lack of interaction between air and water.  

Secondly, in the ‘broken sheet’ regime, air inertia dominates the flow behaviour, 

which provides a relatively large transfer area by breaking the sheet of water to droplets. 

This flow regime was observed at high Reynolds numbers, which enhances the turbulence 

of the bulk stream and may lead to improvements to the transfer processes. However, the 

gas flow had less interaction with the liquid sheet due to the large amount of air able to 

bypass the water sheet.  

Thirdly, in a ‘flapping sheet’, the flow behaviour changes repeatedly, with 

intermittent domination of the inertia of air and water, which provides a well-mixed flow 

that one may expect to strongly assist in the transfer process. This flow regime provides 

a large transfer area by breaking the tail end of the sheet into droplets as it flicks in the 

near horizontal position.  

Finally, for a ‘stable lifted sheet’, the inertia of air dominates the behaviour of the 

flow by holding the sheet at a stable angle. This would reduce the mixing of the two 

streams but due to continuous acceleration along the horizontal plane, the tail end of the 

sheets breaks into droplets, which provides a relatively large transfer area. Furthermore, 

in this flow regime, both velocities are high, which is likely to enhance the transfer 
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processes. Based on these observations, it is highly probable that among the different 

modes of interaction, the ‘flapping sheet’ and the ‘stable lifted sheet’ would provide the 

highest heat and mass transfer coefficients.  

3.5. Conclusions of the Experiments 

A series of experiments on the behaviour of falling sheets of water in a crossflow 

ducted air stream was performed in order to identify and map the different flow regimes. 

In order to develop an understanding of the phenomena, the behaviour of falling 

water in quiescent air was initially investigated. It was found that for the constant nozzle 

dimensions and depending on the water flow rate and the fall height, five modes of falling 

water can be formed, namely; rectangular, trapezoidal, V shape, Y shape and finger flows. 

These flow regimes were detailed with respect to the inertia of the falling water as well 

as the cohesion and adhesion forces.  

Followed by the experiment in stagnant air, the existing modes of interaction in a 

range of water flow rates at various air flow rates were identified as; ‘stable sheets’, 

‘broken sheets’, ‘flapping sheets’ and ‘stable lifted sheet’. These were then mapped based 

on the Reynolds number of the air stream and the Weber number of water. 

These modes were explained by the relative intensities of the momentum of the air 

and water flows, surface tension forces and the blockage ratio. At lower airflow rates and 

regardless of the water flow rate, the trajectory of the falling water was observed to be 

stable. This stable sheet was transformed to a broken sheet at increased airflow rates and 

low water flow rates, whereas at higher water flow rates, increasing the airflow rate 
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caused the formation of flapping sheets. It was observed that further increase in the 

airflow rate would cease the flapping, which forms the stable lifted sheet.  

The intensities of heat and mass transfer in these flow regimes were briefly 

discussed based on the characteristics of each flow regime. It is most likely that among 

the observed modes of interaction, the ‘flapping sheet’ and ‘stable lifted sheet’ would 

have the highest heat and mass transfer coefficients.  
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Chapter 4 : FALLING WATER SHEETS IN A CROSSFLOW 

DUCTED AIR STREAM-HEAT AND MASS TRANSFER 

4.1. Introduction 

It was shown in Chapter 2 that improving the heat and mass transfer in the 

humidifier leads to significant improvement of the performance of a solar HDH 

desalination system. In this regard, a crossflow interaction between air and falling sheets 

of water was proposed in Chapter 3. Considering that the nature of the flow and the 

interaction of the phases has a significant influence on the transfer processes, a series of 

experiments were performed to identify and map the different flow regimes. The flow 

regime map developed in the previous chapter can now be used to direct the investigation 

into the heat and mass transfer processes. To address this, another experimental study was 

designed to measure the rates of heat and mass transfer in the identified flow regimes. 

4.2. Formulating the Transfer Processes 

In order to be able to generalise heat and mass transfer processes to the design of 

heat and mass exchangers they should be formulated in dimensionless terms. Nusselt and 

Sherwood numbers are the representative dimensionless numbers used to describe the 

heat and mass transfer phenomenon, respectively. In consideration of the mass transfer 

process, the Sherwood number is defined by Equation 39.  

 𝑆ℎ =
𝑗𝐿𝑐ℎ

𝜆𝑎−𝑤
 (39) 

Where, the mass transfer coefficient (j) can be found from Equation 40.  
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 𝑗 =
𝑚̇𝑒𝑣

𝐴(𝜌𝑣,𝑓 − 𝜌𝑣,∞)
 (40) 

The rate of evaporation (ṁev) in Equation 40 is determined from the change in 

specific humidity in Equation 41.  

 𝑚̇𝑒𝑣 = 𝑚̇𝑎(𝜔𝑎,𝑜𝑢𝑡 − 𝜔𝑎,𝑖𝑛) (41) 

And assuming water vapour as an ideal gas, the vapour density (ρv) can be 

calculated from Equation 42. 

 𝜌𝑣 =
𝑃𝑣

𝑅𝑣𝑇
 (42) 

On the heat transfer side, the experimental value of Nusselt number is defined by 

Equation 43.  

 𝑁𝑢 =
ℎ𝐿𝑐ℎ

𝑘𝑎,𝑓
 (43) 

Where the heat transfer coefficient (h) can be determined from Equation 44.  

 ℎ =
𝑄̇𝑐𝑜𝑛𝑣

𝐴(𝑇𝑓 − 𝑇∞)
 (44) 

 The film temperature (Tf ) is the mean temperature of air and water streams. As 

mentioned earlier, the effect of radiation heat transfer is neglected, therefore, the rate of 

convective heat transfer (Q̇conv) can be determined from Equation 45. 

 𝑄̇𝑐𝑜𝑛𝑣 = 𝑄̇𝑡 − 𝑄̇𝑒𝑣 (45) 

Where, the rate of total heat transfer (Q̇t) and the rate of evaporative heat transfer 

(Q̇ev) are given in Equations 46 and 47, respectively.  
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 𝑄̇𝑡 = 𝑚̇𝑎(ℏ𝑎,𝑜𝑢𝑡 − ℏ𝑎,𝑖𝑛) (46) 

 𝑄̇𝑒𝑣 = 𝑚̇𝑒𝑣ℏ𝑓𝑔 (47) 

4.2.1. Dimensional Analysis  

For many simple forced convection processes, the Nusselt number is a function of 

the Reynolds number and the Prandtl number as given in Equation 48 [79],  

 𝑁𝑢 = 𝑓(𝑅𝑒, 𝑃𝑟)  (48) 

Similarly, the Sherwood number is governed by the Reynolds and Schmidt 

numbers, as given in Equation 49 [79]. 

 𝑆ℎ = 𝑓(𝑅𝑒, 𝑆𝑐)  (49) 

In circumstances where the thermal and concentration boundary conditions are of 

the same type, the mathematical function is similar for both Nusselt and Sherwood 

numbers [79]. In more complex conditions, the Nusselt number might be governed by 

some other dimensionless groups in addition to the Reynolds and Prandtl numbers [112-

115]. Similarly, the Sherwood number might be characterised by dimensionless groups 

other than Reynolds and Schmidt numbers [116, 117]. Therefore, in order to develop the 

correlations of heat and mass transfer in terms of Nusselt and Sherwood numbers, the 

dimensionless groups that describe the heat and mass transfer phenomena, should be 

identified in advance.  

To this end, the Buckingham π theorem was employed in order to identify the 

effective dimensionless groups in the particular circumstances of a falling sheet of water 
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crossed by a ducted airflow. This analysis, detailed in Appendix B, delivered eight 

independent dimensionless groups, as shown in Table 5.  

Table 5. Independent dimensionless groups 

 

Traditional dimensionless groups were identified as follow: π1 is the Nusselt 

number (Nu), π2
-1 is the Reynolds number (Re), π3 is the Peclet number (Pe), π5

-1 is the 

Bodenstein (Bd) or mass Peclet (Pem) number and π7
-1 is the Evaporation number (Nev). 

Grouping π2 and π3 delivers the Prandtl number (Pr) and combination of π2 and π5 gives 

the Schmidt number (Sc).    

As seen in Table 5, some new dimensionless group were also identified as follow: 

π4 is the ratio of sensible heat transfer to the inertia of the air stream and π6 is the ratio of 

the mass transfer coefficient to the characteristic velocity. π8 is the ratio of the enthalpy 

content of water at film condition to the kinetic energy of the air stream, which can be 

considered as both a heat and mass transfer related dimensionless groups.  

It should be noted that the Weber number used for mapping the flow regime does 

not feature in this analysis as it characterises the mechanics of the fluids but not the heat 

and mass transfer. 

4.2.2. Experimental Method 

An experimental approach was chosen to characterise and develop the correlations 

of heat and mass transfer in a crossflow configuration for each mode of interaction. The 

apparatus used in this experiment, shown in Figure 46, was the same as the one detailed 
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in Chapter 3. In this case, the intention of the experiment was to measure the heat and 

mass transfer. To determine the heat and mass transfer coefficients, a set of three 

humidity/temperature sensors, (Sensirion SHT71) with an accuracy of ±0.3% for relative 

humidity and ±0.4°C for temperature at standard room condition were used. Two of these 

sensors were placed across the sheet measuring the change in humidity and temperature 

of the air stream as it crossed the water sheet, and the third one was placed outside the 

equipment to monitor the room conditions. The first sensor was placed just before the 

nozzle in order to record the air condition before contacting the water sheet. The sensor 

recording the conditions of the air after contact was placed 300 mm downstream from the 

nozzle, so the air and water interaction would be completed before reading. The data from 

the sensors was logged using a Sensirion evaluation kit (EK-H4). Additionally, a set of 

two thermocouples (type T) with an accuracy of ±0.3˚C accompanied with a PicoLog 

(TC08) data logger were used to record the water temperature before and after contact 

with the air stream. An auxiliary water heater was used to control the inlet water 

temperature.  

 

Figure 46. Experimental apparatus 

During the experiment, the effects of air and water flow rates, as well as inlet water 

temperature and channel height were evaluated. The air and water flow rates were 

determined as previously described in section 3.2. The air temperature and humidity were 
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not controlled in the experiment, but carefully monitored. The system pressure was also 

not controlled, but the atmospheric pressure was measured by a mercury barometer 

(Griffin & Sons). Table 6 shows the conditions of the experiment. The uncertainty 

associated with these measurements is analysed in Appendix A. 

Table 6. Experimental conditions for heat and mass transfer measurements 

 

4.3. Results: Heat and Mass Transfer Correlation 

From the measurements made during the experiment and the dimensionless 

parameters previously defined, the heat and mass transfer coefficients were determined 

for each condition tested.  

The analogy between the heat and mass transfer for crossflow interaction was also 

tested. In this respect, it was noted that, due to the low temperature conditions of the 

experiments, a significant amount of the heat energy supplied would be used to overcome 

the latent heat. On this basis, it is reasonable to expect that the analogy between the heat 

and mass transfer would account for this. In this regard, by performing a least squares 

analysis on the dimensionless parameters identified by the Buckingham π theorem, a 

modified version of the Chilton-Colburn analogy was developed, as shown in Equation 

50.   

  Nozzle width (Wnoz) (m) 0.1   

 Nozzle thickness (Thnoz) (m) 0.0005  

 Air flow rate (V̇a) (m3/s) 0.42×10-2 to 2×10-2 
 

 Water flow rate (V̇w) (m3/s) 2×10-5 to 5×10-5  
 Water temperature (Tw) (˚C) 30 ; 35 ; 40 ; 45  

  Fall height (HF) (m) 0.036 ; 0.048   
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 ℎ𝑡 = 𝑗𝜌𝑎𝑐𝑝𝑎 (𝐿𝑒
ℏ𝑓𝑔

ℏ𝑓
)

0.575

 (50) 

This analysis on the “analogy” between heat and mass transfer are detailed in 

Appendix C, however was not used in this study, as both heat and mass transfer data were 

determined from the experimental measurements.  

With regard to the heat and mass transfer, correlations of the Nusselt and Sherwood 

numbers are typically reported in the form of power functions [79]. Based on this, it was 

attempted to deliver the Nusselt and Sherwood numbers as power functions including the 

effective dimensionless parameters. In order to define these correlations, a least squares 

analysis was performed for the Nusselt and Sherwood numbers determined from the 

experimental data. The following sections detail the analysis undertaken for the different 

modes of interaction as identified in Chapter 3.  

4.3.1. Stable Sheet 

A stable sheet of water can be formed in air crossflow if the airflow is not strong 

enough to break the sheet. Increasing the water flow rate at constant airflow rates, 

enhances the area of the water sheet, which increases the blockage ratio and consequently 

the air velocity as it passes the sheet. Under the conditions of a stable sheet, this increase 

in blockage ratio is likely to improve the heat and mass transfer processes. In this respect, 

the “water to air mass flow ratio” was considered as an effective dimensionless parameter 

to describe the mass transfer coefficients of a ‘stable’ sheet. With this, the correlation for 

Sherwood number was defined as being a function of mass transfer related dimensionless 

groups, identified by the Buckingham π theorem and the mass flow ratio, as given in 

Equation 51. 
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 𝑆ℎ = 𝑎𝑅𝑒𝑥𝑆𝑐𝑦𝑁𝑒𝑣
𝑧𝜋8

𝑡 (
𝑚̇𝑤

𝑚̇𝑎
)
𝑘

 (51) 

Performing the least squares analysis on Equation 51, determines the coefficients 

of the correlation shown in Equation 52.  

  𝑆ℎ = 3.95 × 10−6𝑅𝑒1.88𝑆𝑐0.43𝑁𝑒𝑣
0.43𝜋8

−0.43 (
𝑚̇𝑤

𝑚̇𝑎
)
0.88

 (52) 

From this correlation, shown in Figure 47, it can be seen that more that 85% of the 

predicted data from the correlation lies within 25% of the experimental values determined 

by Equation 39.   

 

Figure 47. The experimental Sherwood number versus calculated value 

In Equation 52 it was found that the exponent of Schmidt and Evaporation numbers 

are equal and the exponent of π8 holds the negative value of the exponents of Schmidt 

and Evaporation numbers. Thus, Equation 52 can be simplified as shown in Equation 53. 

0 1000 2000 3000 4000
0

1000

2000

3000

4000

Shcorrelation  

S
h

ex
p

er
im

en
ta

l

Stable Sheets

5000<Re<12500

1.5<We<7

+25%

-25%



 

75 

 

 𝑆ℎ = 3.95 × 10−6 𝑅𝑒1.88 (
𝑆𝑐𝑁𝑒𝑣

𝜋8
)
0.43

(
𝑚̇𝑤

𝑚̇𝑎
)
0.88

 (53) 

The ratio of Evaporation number and π8 is in fact the ratio of the enthalpy of 

evaporation of water to the enthalpy content of air at the film condition, where the air is 

saturated at the mean temperature of air and water. This ratio will be referred to as the 

enthalpy ratio in this context, and the product of this ratio and the Schmidt number forms 

a new dimensionless number. From hereon this will be referred to as the Schmidt Number 

of Evaporation, as defined in Equation 54. 

 𝑆𝑐𝑒𝑣 =
𝑆𝑐𝑁𝑒𝑣

𝜋8
=

𝜇𝑎

𝜌𝑎𝜆𝑎−𝑤

ℏ𝑓𝑔

𝑉𝑐ℎ
2

ℏ𝑓

𝑉𝑐ℎ
2

=
𝜈𝑎 

𝜆𝑎−𝑤

ℏ𝑓𝑔

ℏ𝑓
= 𝑆𝑐

ℏ𝑓𝑔

ℏ𝑓
 (54) 

By examination, it is concluded that this Schmidt Number of Evaporation expresses 

the viscous diffusion and mass diffusion with respect to the required heat of evaporation 

and the enthalpy content of the bulk stream at the film conditions. This new dimensionless 

number characterises the mass transfer in a low temperature evaporation process.  

Now, the correlation for the Sherwood number given in Equation 53 can be 

simplified to Equation 55.  

 𝑆ℎ = 3.95 × 10−6 𝑅𝑒1.88𝑆𝑐𝑒𝑣
0.43 (

𝑚̇𝑤

𝑚̇𝑎
)
0.88

 (55) 

As the Nusselt number is the heat transfer equivalent of the Sherwood number, and 

since the mechanism of heat and mass transfer are functionally similar, the correlation for 

Nusselt number is expected to be similar to Sherwood correlation. Therefore, the 
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correlation of Nusselt number was set as a function of heat transfer-related dimensionless 

groups from the Buckingham π theorem and the mass flow ratio as given in Equation 56. 

 𝑁𝑢 = 𝑎𝑅𝑒𝑥𝑃𝑟𝑦𝑁𝑒𝑣
𝑧𝜋8

𝑡 (
𝑚̇𝑤

𝑚̇𝑎
)
𝑘

 (56) 

  Performing the least square analysis on the Nusselt number given in Equation 56, 

determines the constants for the correlation as given in Equation 57. 

 𝑁𝑢 = 3.95 × 10−6𝑅𝑒1.88𝑃𝑟0.43𝑁𝑒𝑣
0.43𝜋8

−0.43 (
𝑚̇𝑤

𝑚̇𝑎
)
0.88

 (57) 

As illustrated in Figure 48 more that 85% of data from this correlation are within 

25% of the experimental values of the Nusselt number.  

 

Figure 48. Comparison of Nusselt number with its experimental values 
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Analogous to the correlation of Sherwood number, the dimensionless groups; π8, 

Prandtl and Evaporation numbers can be combined, which reduces Equation 57 to 

Equation 58.  

  𝑁𝑢 = 3.95 × 10−6 𝑅𝑒1.88 (
𝑃𝑟𝑁𝑒𝑣

𝜋8
)
0.43

(
𝑚̇𝑤

𝑚̇𝑎
)

0.88

 (58) 

The product of Prandtl number and the ratio of π8 and Evaporation number, as 

presented in Equation 59, form a new dimensionless group, hereafter called the Prandtl 

Number of Evaporation. 

 𝑃𝑟𝑒𝑣 =
𝑃𝑟𝑁𝑒𝑣

𝜋8
=

𝑐𝑝𝑎𝜇𝑎

𝑘𝑎

ℏ𝑓𝑔

𝑉𝑐ℎ
2

ℏ𝑓

𝑉𝑐ℎ
2

=
𝑐𝑝𝑎 𝜇𝑎

𝑘𝑎

ℏ𝑓𝑔

ℏ𝑓
= 𝑃𝑟

ℏ𝑓𝑔

ℏ𝑓
 (59) 

The Prandtl Number of Evaporation expresses the ratio of viscous diffusion to 

thermal diffusion relative to the enthalpy of vaporization and the enthalpy content of the 

air stream at its film condition. Hence, higher values indicate that viscous diffusion is the 

dominant mechanism. The ratio of latent heat of vaporization to the heat capacity of the 

bulk fluid, characterizes the low temperature evaporation processes where the enthalpy 

of evaporation is significantly higher than that delivered to the system.  

Following from this, Nusselt number has a similar functional form to the Sherwood 

number and is determined to be a function of Reynolds number and Prandtl Number of 

Evaporation, as well as the water to air mass flow ratio. Equation 60 shows the empirical 

relation for Nusselt number found from this work.  
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 𝑁𝑢 = 3.95 × 10−6 𝑅𝑒1.88𝑃𝑟𝑒𝑣
0.43 (

𝑚̇𝑤

𝑚̇𝑎
)

0.88

 (60) 

4.3.2. Broken Sheet 

A broken sheet was formed at relatively low flow rates of water and high airflow 

rates. When compared to stable sheets, the water sheet has a very small effect on the 

cross-sectional area of air stream. Due to the narrow range of water flow rates that led to 

broken sheets, the mass flow rate of water and consequently mass flow ratio was found 

to be practically ineffective on the mass transfer. Therefore, the functional form of the 

Sherwood number was taken to be a function of the mass transfer related dimensionless 

groups from the Buckingham π theorem, as given in Equation 61. 

 𝑆ℎ = 𝑎𝑅𝑒𝑥𝑆𝑐𝑦𝑁𝑒𝑣
𝑧𝜋8

𝑡 (61) 

By performing the least squares analysis, the coefficients of the correlation were 

determined that defined the Sherwood number as shown in Equation 62.  

 𝑆ℎ = 0.00035 𝑅𝑒2.9𝑆𝑐2.9𝑁𝑒𝑣
0.91𝜋8

−0.000335 (62) 

As illustrated in Figure 49, more that 80% of the calculated results from the 

empirical correlation are within  25% of the experimental values of the Sherwood number.  
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Figure 49. Experimental Sherwood number versus the corresponding values from the empirical 

correlation 

The exponents of the Reynolds and Schmidt numbers, in Equation 62, are equal and 

are combined to form the Bodenstein Number (mass transfer Peclet number). The very 

small exponent of π8 suggests that, in the range tested, this number does not affect the 

value of Sherwood number and can be excluded from the correlation. Hence, Equation 

62 can be simplified as Equation 63. 

 𝑆ℎ = 0.00035 𝐵𝑑2.9𝑁𝑒𝑣
0.91 (63) 

This can be explained by the fact that in a broken sheet, the water sheet breaks into 

smaller fingers or droplets, and since the airflow is considerably higher than the water 

flow rate, the water temperature drops rapidly to the wet bulb temperature of air as a result 

of evaporative cooling. Under these circumstances, the film temperature would be the wet 

bulb temperature of the air stream. Therefore, the main mechanism of mass transfer would 

be through advection, which can be described by the Bodenstein number. On the other 
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hand, some of the mass transfer is taking place as a result of sheet breakup by the air 

stream through viscous diffusion, where the driving force is the kinetic energy of the air 

stream.  

Analogous to the Sherwood number, the Nusselt number was determined to be a 

function of the Peclet number, which is the equivalent of the Bodenstein number in heat 

transfer, and the Evaporation number. Due to the heat and mass transfer analogy, the 

functional form of the Nusselt number is similar to that describing Sherwood number and 

is given by Equation 64. 

 𝑁𝑢 = 0.00035 𝑃𝑒2.9N𝑒𝑣
0.91 (64) 

As shown in Figure 50, more that 80%  of the calculate data are within 25% of the 

experimental values of the Nusselt number.  

 

Figure 50. Experimental Nusselt number versus the corresponding calculated values 
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4.3.3. Flapping Sheet 

Increasing the airflow at high water flow rates results in the formation of flapping 

sheets of water. As a result of high flow rates of water, the mechanism of heat and mass 

transfer under the conditions of flapping sheets is similar to stable sheets. However, due 

to the flapping nature of this flow regime, the blockage ratio changes continuously. This 

makes the cross sectional area of the airflow independent of the water flow rate and as a 

consequence, the mass flow ratio was found to have little influence on the Sherwood 

number. Therefore, the initial correlation of Sherwood number was written as a function 

of mass transfer related dimensionless groups from the Buckingham π theorem, as shown 

in Equation 65. 

 𝑆ℎ = 𝑎𝑅𝑒𝑥𝑆𝑐𝑦𝑁𝑒𝑣
𝑧𝜋8

𝑡 (65) 

A least squares analysis was used to determine the coefficients of the correlation, 

which resulted in Equation 66. 

 𝑆ℎ = 4.78 × 10−8𝑅𝑒2.23𝑆𝑐1.17𝑁𝑒𝑣
1.17𝜋8

−1.17 (66) 

Similar to the correlation of the Sherwood number for the stable sheets, the 

exponent of Schmidt and Evaporation numbers are equal and the exponent of π8 holds the 

negative value of the exponents of Schmidt and Evaporation numbers. Therefore, the 

Sherwood number correlation for flapping sheets can be represented as a function of the 

Reynolds and Schmidt Number of Evaporation as given in Equation 67.  

 𝑆ℎ = 4.78 × 10−8 𝑅𝑒2.23𝑆𝑐𝑒𝑣
1.17

 (67) 
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A comparison of the predicted and measured values of the Sherwood number is 

shown in Figure 51, where it is seen that more that 80% of the predicted values, are within 

a range of 30% of the experimental values.  

 

Figure 51. Experimental Sherwood versus the correlation for flapping sheet 

In consideration of the heat transfer in flapping sheets, analogous to Sherwood 

number, the correlation for Nusselt number was initially set to be a function of the heat 

transfer-related dimensionless groups from the Buckingham π theorem as given in 

Equation 68. 

 𝑁𝑢 = 𝑎𝑅𝑒𝑥𝑃𝑟𝑦𝑁𝑒𝑣
𝑧𝜋8

𝑡 (68) 

The coefficients of the correlation, determined by performing a least squares 

analysis, are given in Equation 69.  

 𝑁𝑢 = 4.78 × 10−8𝑅𝑒2.23𝑃𝑟1.17𝑁𝑒𝑣
1.17𝜋8

−1.17 (69) 
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The comparison of the predicted and experimental values of Nusselt number, 

Plotted in Figure 52, shows that more that 80% of the calculated data, are within 30% of 

the experimental values. 

 

Figure 52. Comparison of the correlation of Nusselt number with the experimental values 

It was seen in Equation 69 that the exponents of Prandtl and Evaporation numbers 

are equal and the exponent of π8, holds the negative value of the exponent of Prandtl and 

Evaporation numbers. Therefore, the correlation for Nusselt number of flapping sheets 

can be defined as a function of the Reynolds number and the Prandtl Number of 

Evaporation, as given by Equation 70. 

 𝑁𝑢 = 4.78 × 10−8 𝑅𝑒2.23𝑃𝑟𝑒𝑣
1.17 (70) 

0 2000 4000 6000 8000 10000 12000 14000
0

2000

4000

6000

8000

10000

12000

14000

Nucorrelation  

N
u

ex
p

er
im

en
ta

l

+30%
Flapping Sheets

12500<Re<22500

3.5<We<7

-30%



 

84 

 

4.4. Conclusions of the Experiment 

An experimental investigation was performed in order to formulate the intensities 

of heat and mass transfer in different flow regimes in a crossflow interaction of air and 

falling sheets of water. Correlations for the Nusselt and Sherwood numbers were 

determined for the stable, broken and flapping sheets, using the Buckingham π theorem 

and a least squares analysis. Table 7 shows a summary of the derived correlations with 

their range of occurrence.   

Table 7. Experimental correlation of Sherwood and Nusselt numbers for crossflow liquid and 

gas interaction 

 

From these analyses, new dimensionless parameters were identified to characterise 

the transfer phenomena for low temperature evaporation processes. One of these 

parameters was defined as the ratio of the enthalpy of evaporation to the enthalpy of the 

air at film condition, which was referred to as the enthalpy ratio. In considering the heat 

transfer process, the product of this parameter and the Prandtl number gave rise to a new 

dimensionless number, which was named the Prandtl Number of Evaporation. Similarly, 
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with regard to mass transfer, the Schmidt Number of Evaporation was defined as the 

product of the Schmidt number and the enthalpy ratio. 

For ‘stable’ sheets, as a consequence of the weak inertia of the airflow, the two 

stream cannot be mixed effectively and hence the transfer area is limited to the area of 

the water sheet. This leads to the weakest intensities of heat and mass transfer. It was 

noted that the mass flow ratio was an additional dimensionless parameter to describe the 

correlation of heat and mass transfer. This was explained by the effect of mass flow rate 

of water on the relative velocity of air as it passes the water sheet. Therefore, the 

correlation of Sherwood number was defined as a function of the Reynolds number and 

the Schmidt Number of Evaporation as well as the mass flow ratio. Analogous to mass 

transfer, the Nusselt number was determined to be a function of the Reynolds number, 

Prandtl Number of Evaporation and the mass flow ratio of air and water. 

For ‘broken’ sheets, as a consequence of droplet formation, a large transfer area 

was provided, which led to higher intensities of heat and mass transfer. However, due to 

the comparatively low mass flow rate of water, the water temperature drops quickly in 

the air stream, which reduces the transfer phenomena. It was found that on the mass 

transfer side, the Sherwood number is a function of the Bodenstein and the Evaporation 

numbers. Similarly, on the heat transfer side, the Nusselt number was described based on 

the Peclet and Evaporation numbers.       

For ‘flapping’ sheets, due to oscillation of the water flow, the airflow continuously 

changes around the water, which significantly improves the transfer processes. 

Furthermore, the droplet formation at the tail end of the sheet provides a large transfer 

area, which also aids the heat and mass transfer. Therefore, as expected, higher intensities 

of heat and mass transfer were observed for flapping sheets. In consideration of mass 
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transfer, the correlation of Sherwood number was presented as a function of the Reynolds 

number and the Schmidt Number of Evaporation, similarly for heat transfer the Nusselt 

number was defined as a function of the Reynolds number and the Prandtl Number of 

Evaporation. 

In the proposed humidifier in Chapter 2, the air and water interaction was a simple 

counter-flow contact that provided no mixing of the fluids. Compared to the interaction 

modes in a cascading humidifier illustrated in this chapter, this seems to be less effective. 

Therefore, the performance of the cascading humidifier is expected to be significantly 

higher than the simple long channel, that was modelled in Chapter 2. This would justify 

an attempt to mathematically model a cascading humidifier based on the heat and mass 

transfer correlations that have been developed in this chapter.    
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Chapter 5 : MATHEMATICAL MODELLING OF AN 

ADVANCED HDH DESALINATION SYSTEM WITH 

CASCADE HUMIDIFIER 

5.1. Introduction 

As mentioned earlier, it appears that the application of a cascading humidifier in 

HDH desalination systems has not been investigated. Based on the relationships of the 

heat and mass transfer, gained in Chapter 4, and with respect to the flow regime map, 

developed in Chapter 3, one would be able to develop a cascading humidifier that can be 

used to improve the efficiency of the simple HDH Desalination system that was proposed 

in Chapter 2.  

5.2. Model Development: Cascading Humidifier 

In the proposed cascading humidifier, water enters the humidifier from top and 

flows over the first tray. At the tail end of the tray, water falls to the underneath tray and 

then flows over the second tray. Air is blown into the humidifier from the bottom in the 

opposite direction to the water stream, which forms a counter current flow pattern over 

the trays. Once the air reaches the tail end of the tray, it passes through the falling water, 

which makes a crossflow pattern at the tail ends of trays. In Chapter 2 the air stream 

flowing over the trays, was modelled for flow in an asymmetric heated rectangular duct. 

The Nusselt number for turbulent conditions was given in Equation 30, which is repeated 

in Equation 71. 
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 𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟1/3 (71) 

Analogous to heat transfer, the Sherwood number for laminar flow was 3.39, and 

for turbulent flow was determined from Equation 32, which is repeated in Equation 72. 

 𝑆ℎ = 0.023𝑅𝑒0.8𝑆𝑐1/3 (72) 

 Adding the crossflow to this system, the correlations for Sherwood and Nusselt 

numbers given in Table 8 were determined for stable (Equations 55 and 60), broken 

(Equations 63 and 64) and flapping sheets (Equations 67 and 70). 

Table 8. Experimental correlation of Sherwood and Nusselt numbers for crossflow liquid and 

gas interaction 

 

Once the Nusselt number was calculated, the heat transfer coefficient was 

calculated from Equation 73. 

 ℎ =
𝑁𝑢 𝑘𝑎

𝐿𝑐ℎ
 (73) 

Subsequently, the convective heat transfer rate was determined from Equation 74. 
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 𝑄̇𝑐𝑜𝑛𝑣 = ℎ𝐴(𝑇𝑓 − 𝑇𝑎,𝑖𝑛) (74) 

Knowing the experimental Sherwood number, the coefficient of mass transfer was 

calculated from Equation 75. 

 𝑗 =
𝑆ℎ 𝜆𝑎−𝑤

𝐿𝑐ℎ
 (75) 

Similarly, the rate of mass transfer was determined from Equation 76. 

 𝑚̇𝑒𝑣 = 𝑗𝐴(𝜌𝑎,𝑠 − 𝜌𝑎,∞) (76) 

Knowing the rates of heat and mass transfer, and applying the energy balance, the 

conditions of air and water at both ends of humidifier was predicted.  

5.2.1. Computational solution 

Engineering Equation Solver (EES) was employed to model this cascading 

humidifier. An iterative algorithm, illustrated in Figure 53, was designed to calculate the 

temperature and humidity of the outlet air as well as the outlet temperature of water based 

on the inlet flow rates and conditions of each stream and the characteristics of the 

humidifier.  

The model first assumes the outlet temperature of water to be the wet-bulb 

temperature of the inlet air, as the lowest possible temperature of the system. In the second 

step, it calculates the conditions of air after the first crossflow contact with water, using 

the equations given in Table 8 and considering that the enthalpy of air remains constant 

due to evaporative cooling below saturation conditions. Applying the energy balance 

across the water sheet, the enthalpy and consequently temperature of water at the tail end 

of the last tray can be determined. Thereafter, if the air is not saturated, the model 
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calculates the conditions of air after counter-current interaction, based on Equations 71 

and 72.  

 

Figure 53. Flow chart of the humidifier model 
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considering heating and humidification process. Successively solving for each tray, the 

water temperature at the front end of the top tray as well as the condition of the exhaust 

air can be determined. 

Once the inlet temperature of the top tray is determined, the program compares it 

with the given inlet water temperature to the humidifier, based on a pre-defined 

convergence limit. If the error is in an acceptable range (< 0.01 °C), the model reports the 

outlet water temperature as well as the humidity and temperature of the exhaust air. 

Otherwise, the initial guess value would be refined according to the value of the calculated 

error. 

5.2.2. Results: The Humidifier 

The performance of a humidifier can be evaluated based on the total amount of 

evaporation as well as the conditions of the exhaust air. A sensitivity analysis was 

performed on the evaporation rate as well as the temperature of exhaust air by changing 

the operating parameters and fluid conditions. Table 9 shows the variables examined, 

their range of variation and their nominal values.   

Table 9. Range of the operating parameters in the cascading humidifier 

 

Considering the overall performance of the HDH desalination system, it was also 

shown in Chapter 2, that the temperature of the water stream leaving the humidifier has 

an effect on the yield of the system. Therefore, in addition to the conditions of the air 

Variable Unit Range Nominal value 

Evaporation area (Ahmd) (m2) 0.12 to 0.75 0.36 

Air flow rate (V̇a) (m3/s) 0.003 to 0.032 0.005 , 0.03 

Water flow rate (V̇w) (m3/s) 2×10-5 to 5×10-5 3.5×10-5 , 2.8×10-5 

Inlet water temperature (Tw,in) (˚C) 25 to 45 37 

Inlet air temperature (Ta,in) (˚C) 10 to 30 20 
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stream leaving the humidifier, the temperature of the outlet water was also considered in 

sensitivity analysis.  

As shown in Figure 54 and Figure 55, preheating the air stream, has a significant 

effect on increasing the temperature of the discharge brine, but a poor effect on increasing 

the exhaust air temperature and thus evaporation rate. However, increasing the 

temperature of inlet water to the humidifier showed a striking effect on the outlet 

conditions of both air and water streams. 

 

Figure 54. Variation of the moist air temperature leaving the humidifier with changing the inlet 

air and water temperatures 
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Figure 55. Variation of the outlet water temperature from  the humidifier with changing the 

inlet air and water temperatures 
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enhances the heat and mass transfer processes. This results in a higher rate of evaporation 

and consequently larger temperature drop of the water stream.  

Increasing the airflow rate increases the Reynolds number of air as well as the 

moisture carrying capacity of the air stream and improves the transfer phenomena. These 

enhance the total rate of evaporation, and consequently increase the temperature change 

of the water stream in the humidifier. On the other hand, increasing the airflow rate 

reduces the temperature change of the air stream in the humidifier due to larger mass of 

air supplied. Once the exhaust air temperature reaches its maximum possible temperature 

at around 0.015 m3/s (for a given evaporation area, water and air inlet temperature and 

water flow rate), increasing the airflow rate reduces the exhaust air temperature due to 

larger quantities of air supplied.   

 

 

Figure 56. The effect of airflow rate on the evaporation rate and the outlet air and water 

temperatures from the humidifier at high water flow rate 
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temperature of air reduces whereas the discharge water temperature increases with change 

of flow regime at an airflow rate of approximately 0.014 m3/s. However, the broken flow 

regime occurs at higher flow rates of air where the Reynolds number of air is larger. 

Therefore, while the flow regime is broken, increasing the airflow rate enhances the 

intensities of heat and mass transfer. This would initially increase the temperature of 

exhaust air, however as illustrated in Figure 57 the temperature of exhaust air drops for 

flow rates of above approximately 0.03 m3/s. This can be explained by the fact that the 

extracted heat from the water stream is transferred to a larger mass of air. 

 

 

Figure 57. The effect of airflow rate on the evaporation rate and the outlet air and water 

temperatures from the humidifier at low water flow rate  
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consequence, the temperature of the exhaust air and the evaporation rate increase with 

increasing the water flow rate, whereas the temperature of the discharge water tends to 

decrease. Increasing the water flow rate however, reduces the temperature drop across the 

water stream as a larger mass of water loses heat to the air stream.  

 

 

Figure 58. The effect of increasing water flow rate on the evaporation rate and exiting 

temperature of air and water (stable mode) 

Now, considering the effects of water flow rate, it can be outlined that increasing 

the water flow rate, improves the transfer processes by influencing the Reynolds number 

of the air stream on one hand and on the other hand by increasing the input heat to the 

system. Hence, as shown in Figure 59 the temperature of the discharge water decreases 

whereas the exhaust air temperature increases with increasing the water flow rate.  

Further increasing the water flow rate transforms the flow to flapping mode, which 

enhances the transfer process significantly. Therefore, as illustrated in Figure 59, at a 

water flow rate of around 2.65×10-5 m3/s, marked increases were seen in the outlet air 

temperature and the evaporation rate.  

x 10-5
1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

x 10-4

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

27

28

29

30

31

32

33

34

35

36

Water Flow Rate, mw (m
3/s)

E
v
a
p

o
r
a
ti

o
n

 R
a
te

, 
m

ev
 (

k
g
/s

)

T
e
m

p
e
r
a
tu

r
e
, 

T
 (

°C
)

Outlet Water Temperature

Evaporation Rate

Outlet Air Temperature

Va,evap= 0.005 m
3
/s

Aevap=0.36 m
2

Tw,in=37 °C

Ta,in=25 °C

Stable



 

97 

 

At higher water flow rates, a larger mass of water loses heat to the airflow, hence, 

the discharge water temperature increases when the water flow rate is increased beyond 

approximately 3.1×10-5 m3/s. However, the temperature of inlet water constrains the 

temperature of the exhaust air, and as a result, the moisture carrying capacity and the 

evaporation rate. Hence, the exhaust air temperature and the evaporation rate increase 

only slightly by increasing the water flow rate above 3.1×10-5 m3/s.  

 

 

Figure 59. The effect of water flow rate on the outlet temperatures of air and water from the 

humidifier  

(broken and flapping modes) 
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a significant increase in the evaporation rate and hence, the outlet temperatures of air and 

water change only slightly.   

 

 

Figure 60. Effect of evaporation area on the rate of evaporation and the temperature of exiting 

air and water 
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temperature is assumed to be 15 °C and the ambient air temperature is 20 °C with a 

relative humidity of 50%.  

In this section, the performance of the modelled cascading humidifier in the solar 

desalination system modelled in Chapter 2, is examined and compared with a system 

using a long channel humidifier. The design parameters for the cascading humidifier and 

the other parts of the system are given in Table 10. 

Table 10. Design parameters of the HDH desalination with cascading humidifier 

 

 

In order to be able to design and develop a HDH desalination system for a particular 

location, the sensitivity of the climatic and operational parameters on the rate of 

production needs to be evaluated. Table 11 show the range and the nominal values of the 

examined parameters.  

Table 11. Range of the independent variables for sensitivity analysis 

 

As shown in Figure 61, increasing the radiation received on the absorber plate, puts 

extra energy into the water stream, and consequently increases the evaporation in the 

humidifier, which eventually increases the production of the system. As shown in Figure 

61, for the same radiation received, the system with a cascading humidifier produces more 

fresh water compared to a system with a long channel humidifier.  

N g,col 2 [-] A hmd 0.49 [m
2

] N τ ,cond 20 [-] N τ ,econ 20 [-]

N τ ,col 20 [-] L Tr,hmd 0.35 [m] N bf,cond 19 [-] N bf,econ 19 [-]

D o,τ ,col 0.0127 [m] W Tr,hmd 0.1 [m] D o,τ ,cond 0.0127 [m] D o,τ ,econ 0.0127 [m]

D i,τ ,col 0.01181 [m] H ch,hmd 0.05 [m] D i,τ ,cond 0.01181 [m] D i,τ ,econ 0.01181 [m]

Water Collector Humidifier Condenser Economizer

Variable Unit Range Nominal value 

Evaporation area (Ahmd) (m2) 0.14 to 0.49 0.49 

Air flow rate (V̇a) (m3/s) 0.003 to 0.03 0.025 

Water flow rate (V̇w) (m3/s) 2×10-5 to 5×10-5 3.3×10-5  

Total radiation (Gt) (W/m2) 300 to 1300 1000 
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Figure 61. Variation of production versus radiation 
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enhances the intensities of heat and mass transfer and consequently the potable water 

production. 

 

 

Figure 62. Variation of production versus airflow rate 
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Figure 63. Variation of production versus water flow rate 
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Figure 64. Variation of production versus the number of trays and surface area in the 

humidifier 

That said, compared to the long duct humidifier, the cascade humidifier is a 

significant improvement in the production for a given humidifier area. As shown in Figure 

65, employing a cascading evaporator can increase the yield of the system at lower 

evaporation areas.  

 

Figure 65. Comparison of the HDH systems with cascading and multi-channel humidifiers 
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5.3. Chapter Conclusions 

A cascading humidifier, with two main types of air and water interaction; crossflow 

and counter flow, was modelled in this chapter. The simple counter flow interaction was 

modelled based on the standard correlations for heat and mass transfer in a rectangular 

duct, described in Chapter 2. Whereas, the crossflow interaction was modelled based on 

the correlations of heat and mass transfer determined in Chapter 4, for different flow 

regimes, which were identified in Chapter 3. The sensitivity of the modelled humidifier 

to the environmental conditions as well as the operating parameters was evaluated and 

the performance of the system was explained with respect to characteristics of heat and 

mass transfer in the conditions of the model. It was found that the transition of the flow 

regime in crossflow interaction would significantly influence the rate of evaporation as 

well as the outlet temperature of air and water streams.  

Thereafter, in order to evaluate the performance of cascading humidifiers in HDH 

desalination systems, the model of the solar HDH desalination system, introduced in 

Chapter 2, was modified to include a cascading evaporator. The sensitivity of the new 

HDH desalination system with a cascading humidifier was tested against different 

operational and climatic conditions and the performance of the system was explained with 

respect to its characteristics. A linear relation between the total radiation received on the 

absorber and the rate of production was observed. Whereas, at the lower range of air flow 

rates, increasing the airflow rate increased the production to an optimum point, beyond 

which the production was reduced due to ineffective humidification and dehumidification 

processes. The rate of production, however, increased by further increasing the air flow 

rate due to transition of the flow regime from stable to flapping. As a consequence of 

antithetical effects of increasing the water flow rate on the production, it was seen that 
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water flow rate has a small effect on the rate of production. It was also found that 

enlarging the humidification area by increasing the number of cascading trays, increases 

the yield of the system to a maximum point. Further increasing the production requires 

additional energy input to the system.  

It was seen that using a cascading humidifier can significantly improve the yield of 

HDH desalination system, and appears to be a simple solution.  
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Chapter 6 : CONCLUSIONS AND FUTURE WORK 

6.1. Conclusions 

It was found that improving the heat and mass transfer processes in the humidifier 

has the potential to increase the yield of the system. In view of that, a novel cascading 

humidifier that mixes air with falling sheets of water in a crossflow interaction was 

introduced. 

Experiments on falling sheets of water showed that in the absence of airflow, five 

different shapes of water sheet were observed and detailed: ‘rectangular’, ‘trapezoidal’, 

‘V shape’, ‘Y shape’ and ‘finger flow’ sheets. In presence of crossing airflow, four 

distinct flow regimes were identified and characterised: ‘stable sheet’, ‘broken sheet’, 

‘flapping sheet’ and ‘stable lifted sheet’. These were then mapped with respect to the 

Reynolds number of air and the Weber number of water. 

This work identified the dimensionless parameters describing the heat and mass 

transfer phenomena in the crossflow interaction of air and water streams and three new 

dimensionless parameters were formulated: the Prandtl Number of Evaporation, the 

Schmidt Number of Evaporation and the Lewis Number of Evaporation. These 

dimensionless groups are used to describe the transfer phenomena in low temperature 

evaporation process in a crossflow interaction.  

A series of correlations for the Nusselt and Sherwood numbers were developed, that 

describe the transfer phenomena for different flow regimes.  

Additionally, a modified version of the Chilton-Colburn relationship was developed 

to describe the analogy between heat and mass transfer. 



 

107 

 

Using the formulated correlations of the Nusselt and Sherwood numbers, a 

cascading humidifier was mathematically modelled. From a sensitivity analysis, it was 

found that the transition of the flow regime in crossflow interaction would significantly 

influence the rate of evaporation as well as the outlet temperature of air and water streams. 

Analysis on the yield of an HDH system with a cascading humidifier has shown 

that a cascading humidifier can reduce the evaporation area to nearly a quarter of that 

needed in a long channel humidifier, and increases the yield of the system by 

approximately 15%. 

6.2. Future work 

Over and above the knowledge delivered in this thesis, there is still work to be done 

in the area in the future. Most importantly, to be able to design a heat and mass transfer 

device that involves the crossflow interaction of air with falling sheets of water, an 

understanding of the pressure drop of the airflow across the falling sheets of water is 

required. This would also enable one to analyse the operational cost of such devices and 

compare it with other technologies. On this basis, further evaluating the effect of the sheet 

thickness could be beneficial as it directly affects the Weber number of the water flow 

and the pressure drop in the air stream. 

There is also a need to further develop the flow regime map by performing more 

visualization experiments, especially around the transition lines. This would provide a 

more accurate flow regime map. To this end, examination of the flow regimes at different 

fall heights with different sheet thicknesses could be advantageous.   
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Additionally, the conditions of the velocity, temperature and concentration 

boundary layers were not studied in this thesis. This would provide a better understanding 

of the correlations of heat and mass transfer and the modified Chilton-Colburn analogy.  

Finally, concerning the design and development of the components of the simple 

HDH desalination system, there are still possibilities to improve the yield and efficiency 

of the system. For instance, design and analysis of a cascading humidifier with multiple 

air injection could enhance the transfer process by continuously supplying unsaturated 

air. In such a humidifier, the discharged water can be cooled to the wet bulb temperature 

of the air stream. This would eliminate the need for the economizer, and consequently the 

costs of the system can be reduced. Furthermore, developing the solar water heater and 

the dehumidifier can also improve the fresh water production and the efficiency of the 

system.      
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APPENDICES  

Appendix A Uncertainty Analysis 

All the thermocouples used in the experiment were T-type thermocouples. These 

thermocouples were calibrated to a secondary standard, with freezing and boiling point 

of water at the local pressure, in which the uncertainty of these were determined to be 

±0.3 °C which was conservatively taken to be ±0.4 °C. The local pressure was measured 

using a mercury barometer (Griffins & sons).  

A PicoLog TC-08 data acquisition system with 8 channels, which was connected to 

a computer through a USB interface, was used to monitor and log the temperatures.  

The humidity and temperature sensors used in this study were, Sensirion SHT71, 

according to the manufacturer the uncertainty of these sensors is ±0.4 °C for the 

temperature readings and 0.3% for the humidity measurements. A Sensirion EK-H4 

evaluation kit, connected to a computer via a USB interface, was used to monitor and log 

the humidity and temperature of the air stream.  

The mass flow rate of water was calibrated by manually measuring the time taken 

for a known mass of water pass through the nozzle. The standard deviation of the mass 

flow readings was found to be ±1.4%, which was conservatively taken to be ±3% of the 

readings. The volumetric flow rate of air was determined as a product of the cross 

sectional area of the channel and the velocity of air stream, which was determined using 

a pitot tube and a 2080P Digitron manometer with an accuracy of 

0.15%reading+0.15%full scale+1. For the range of air velocity in this experiment, the 
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standard deviation of mass flow rate of air from its reading was found to be ±2.4%, which 

was conservatively taken to be ±4%.     

To determine the uncertainty of the coefficients of heat and mass transfer, the 

method proposed by Kline and McClintock [118], as cited by Holman [119], was used. 

In this method, the result of the target parameter that we wish to determine the uncertainty 

of its measurements is a function of the independent variables x1, x2, x3, . . . , xn, as given 

in Equation 77. 

 𝑅 = 𝑅(𝑥1, 𝑥2, 𝑥3, . . . , 𝑥𝑛) (77) 

   Knowing the uncertainties in each of these variables (w1, w2, w3, . . . ,wn), the 

uncertainty of the target parameter (wR), can be determined from Equation 78. 

   𝑤𝑅 = [(
𝜕𝑅

𝜕𝑥1
𝑤1)

2

+ (
𝜕𝑅

𝜕𝑥2
𝑤2)

2

+ ⋯+ (
𝜕𝑅

𝜕𝑥3
𝑤3)

2

]

1 2⁄

 (78) 

The coefficient of heat transfer is a function of the convective heat transfer rate, 

area, film temperature and the inlet temperature of air, as given in Equation 79.  

 ℎ =
𝑄̇𝑐𝑜𝑛𝑣

𝐴(𝑇𝑓−𝑇𝑎,𝑖𝑛)
 (79) 

 Where the rate of convective heat transfer itself is a function of the mass flow rate 

of air, enthalpy of the inlet air and the enthalpy of outlet air as given in Equation 80. 
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 𝑄̇𝑐𝑜𝑛𝑣 = 𝑚̇𝑎(ℏ𝑎,𝑜𝑢𝑡 − ℏ𝑎,𝑖𝑛) (80) 

Therefore, the uncertainty of the convective heat transfer rate can be determined by 

Equation 81. 

 

𝑤𝑄̇𝑐𝑜𝑛𝑣

= √(
𝜕𝑄̇𝑐𝑜𝑛𝑣

𝜕𝑚̇𝑎
𝑤𝑚̇𝑎

)

2

+ (
𝜕𝑄̇𝑐𝑜𝑛𝑣

𝜕ℏ𝑎,𝑜𝑢𝑡
𝑤ℏ𝑎,𝑜𝑢𝑡

)

2

+ (
𝜕𝑄̇𝑐𝑜𝑛𝑣

𝜕ℏ𝑎,𝑖𝑛
𝑤ℏ𝑎,𝑖𝑛

)

2

 

 

(81) 

Where: 

𝜕𝑄̇𝑐𝑜𝑛𝑣

𝜕𝑚̇𝑎
= (ℏ𝑎,𝑜𝑢𝑡 − ℏ𝑎,𝑖𝑛)                                                                                              

𝜕𝑄̇𝑐𝑜𝑛𝑣

𝜕ℏ𝑎,𝑜𝑢𝑡
= 𝑚̇𝑎                                                                                                                 

𝜕𝑄̇𝑐𝑜𝑛𝑣

𝜕ℏ𝑎,𝑖𝑛
= −𝑚̇𝑎                                                                                                               

 Substituting the values of the measurements and the associated uncertainty of each 

of them, the uncertainty associated with the rate of convective heat transfer is found to be 

13%. Where 93.96% of this uncertainty is due to the uncertainty of the temperature 

readings, 2.47% is due to humidity readings and 3.58% is due to air velocity 

measurements.  

Similarly, the uncertainty of the coefficient of convective heat transfer can be 

estimated from Equation 82. 
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 𝑤ℎ = √(
𝜕ℎ

𝜕𝑄̇𝑐𝑜𝑛𝑣

𝑤𝑄̇𝑐𝑜𝑛𝑣
)

2

+ (
𝜕ℎ

𝜕𝑇𝑓
𝑤𝑇𝑓

)

2

+ (
𝜕ℎ

𝜕𝑇𝑎,𝑖𝑛
𝑤𝑇𝑎,𝑖𝑛

)

2

 (82) 

Substituting the measured values and their uncertainties, results in an uncertainty 

of 12%. Where 93.3% of this uncertainty is due to temperature measurements and 2.74% 

is due to humidity measurements and 3.96% is due to uncertainty of air velocity 

measurements. 

On the mass transfer side, the coefficient of mass transfer, as given in Equation 83, 

is a function of the evaporation mass flow rate, area and vapour densities at film and free 

stream conditions. 

 𝑗 =
𝑚̇𝑒𝑣

𝐴(𝜌𝑣,𝑓 − 𝜌𝑣,∞)
 (83) 

Where the rate of evaporation is a function of mass flow rate of air and specific 

humidity of air before and after contact with the water stream, as given in Equation 84.  

 𝑚̇𝑒𝑣 = 𝑚̇𝑎(𝜔𝑎,𝑜𝑢𝑡−𝜔𝑎,𝑖𝑛) (84) 

 Therefore, the uncertainty in the evaporation rate can be calculated from Equation 

85. 

 𝑤𝑚̇𝑒𝑣
= √(

𝜕𝑚̇𝑒𝑣

𝜕𝑚̇𝑎
𝑤𝑚̇𝑎

)
2

+ (
𝜕𝑚̇𝑒𝑣

𝜕𝜔𝑎,𝑜𝑢𝑡
𝑤𝜔𝑎,𝑜𝑢𝑡

)

2

+ (
𝜕𝑚̇𝑒𝑣

𝜕𝑇𝜔𝑎,𝑖𝑛

𝑤𝑇𝜔𝑎,𝑖𝑛
)

2

 (85) 
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Which results in an uncertainty of 9% in the evaporation rate. 

The uncertainty of the mass transfer coefficient can be determined from Equation 

86. 

 𝑤𝑗 = √(
𝜕𝑗

𝜕𝑚̇𝑒𝑣
𝑤𝑚̇𝑒𝑣

)
2

+ (
𝜕𝑗

𝜕𝜌𝑣,𝑓
𝑤𝜌𝑣,𝑓

)

2

+ (
𝜕𝑗

𝜕𝜌𝑣,∞
𝑤𝜌𝑣,∞

)

2

 (86) 

This, results in an uncertainty of 10%, where 49.49% of this uncertainty is due to 

temperature readings, 44.54% is due to humidity readings and 5.97% is due to air velocity 

measurements.  
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Appendix B Dimensional Analysis 

This appendix details the formulations of heat and mass transfer processes into 

dimensionless terms. The Nusselt and Sherwood numbers are the representative 

dimensionless number to describe the heat and mass transfer phenomenon, respectively. 

For many of simple forced convection processes, the Nusselt number is a function of the 

Reynolds number and the Prandtl number as given in Equation 87 [79], whereas the 

Sherwood number is governed by the Reynolds and Schmidt numbers, as given in 

Equation 88 [79]. 

 𝑁𝑢 = 𝑓(𝑅𝑒, 𝑃𝑟)  (87) 

 𝑆ℎ = 𝑓(𝑅𝑒, 𝑆𝑐)  (88) 

In circumstances where the thermal and concentration boundary conditions are of 

the same type, the functional form of f is similar for both Nusselt and Sherwood numbers 

[79] and varies for different conditions. In this regard, many investigations have been 

performed to ascertain the functional forms of the Nusselt number with respect to the 

Reynolds and Prandtl numbers, and also the Sherwood number as a function of the 

Reynolds and Schmidt numbers in simple geometries [120-123]. In more complex 

geometries however, the Nusselt number might be governed by some other dimensionless 

groups in addition to the Reynolds and Prandtl numbers, and similarly the Sherwood 

number might be defined with some other dimensionless groups besides the Reynolds 

and Schmidt numbers. In order to develop the generalised correlations of heat and mass 

transfer, the dimensionless groups that describe the system are identified using the 

Buckingham π theorem [124]. This theorem states that a physically meaningful equation, 

which involves “n” number of physical variables with “m” number of basic physical unit, 
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exists, in which this equation can be rewritten in terms of “n - m” number of dimensionless 

groups that are made from the physical variables.   It was noted that for the low 

temperature evaporation processes in a cascading crossflow configuration, the physical 

variables that best describe the problem are the air velocity, characteristic length, enthalpy 

of evaporation, thermal conductivity of air, density of air, viscosity of air, specific heat 

of air, rate of diffusion, enthalpy content of air stream at film condition and temperature 

difference between two phases. Such that a general relation as given in Equation 89 can 

be formed.  

 𝑓 (𝜌𝑎 , 𝑘𝑎,𝑉𝑐ℎ, 𝐿𝑐ℎ, ℎ, , 𝜇𝑎, 𝑐𝑝𝑎
, ∆𝑇, 𝜆𝑎−𝑤, 𝑗, ℏ𝑓 , ℏ𝑓𝑔) = 0 (89) 

Where f is an unknown function. The dimensions of these variable are listed in 

Table 12, based on four basic physical units of mass (M), temperature (T), time (t) and 

length (L). 

Table 12. Dimensions of variables 

 

As there are twelve quantities and four basic units, according to the Buckingham π 

theorem, eight dimensionless groups can be predicted. Thus, Equation 89 can be rewritten 

as Equation 90.  

 𝑓′(𝜋1, 𝜋2, 𝜋3, 𝜋4, 𝜋5, 𝜋6, 𝜋7,𝜋8) = 0 (90) 
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Where f′ is also an unknown function. Choosing the air density, thermal 

conductivity, characteristic length and characteristic velocity as the repeating parameters, 

the first original independent dimensionless groups, which must include the heat transfer 

coefficient as well as repeating parameters, can be represented as Equation 91: 

 𝜋1 = 𝜌𝑎
𝑎𝑘𝑎

𝑏𝐿𝑐ℎ
𝑐𝑉𝑐ℎ

𝑑ℎ (91) 

Where the exponents of each physical variable represent the exponent of the 

corresponding variable such that the result is a dimensionless group. Therefore, 

substituting the units of each physical variable in Equation 91, Equation 92 can be 

achieved. 

 𝜋1 = (𝑀. 𝐿−3)𝑎(𝑀. 𝐿. 𝑡−3𝑇−1)𝑏(𝐿)𝑐(𝐿. 𝑡−1)𝑑(𝑀𝑡−3𝑇−1) (92) 

   Solving for each of the basic units, a set of equation can be constructed as given 

in Equation 93. 

 

𝑓𝑜𝑟 𝑀:
𝑓𝑜𝑟 𝑡:
𝑓𝑜𝑟 𝐿:
𝑓𝑜𝑟 𝑇:

{

𝑎 + 𝑏 + 1 = 0
−3𝑏 − 𝑑 − 3 = 0

−3𝑎 + 𝑏 + 𝑐 + 𝑑 = 0
−𝑏 − 1 = 0

 

 

(93) 

Solving these equations simultaneously will result in:  

{

𝑎 = 0
𝑏 = −1
𝑐 = 1
𝑑 = 0
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Therefore, substituting these exponents in Equation 91, π1 can be determined from 

Equation 94.   

  𝜋1 = 𝜌𝑎
0𝑘𝑎

−1𝐿𝑐ℎ
1𝑉𝑐ℎ

0ℎ =
𝐿𝑐ℎℎ

𝑘𝑎
 (94) 

In the same way, the other dimensionless groups were determined, as shown in 

Table 13.  

Table 13. Independent dimensionless groups 

 

The dimensionless groups from the Buckingham π theorem can be presented 

individually or can be combined to form other dimensionless groups. The first 

dimensionless number, π1, is the Nusselt number (Nu) or the ratio of convective to 

conductive heat transfer coefficients, and in a forced convection process expresses the 

dimensionless thermal transference. π2
-1 is the Reynolds number (Re) which is the ratio 

of fluid inertia to viscous forces and in forced convection heat transfer processes 

characterises the role of advection. π3 is the Peclet number (Pe) which is the ratio of heat 

transferred by advection to that transferred by conduction and characterises the 

convective-diffusive heat transfer processes. π5
-1 is the Bodenstein (Bd) or mass Peclet 

(Pem) number, which expresses the mass transfer rate by forced convection to the 

diffusive mass transfer rate and characterizes the convective-diffusive mass transfer 

processes. π7
-1 is the Evaporation number (Nev), which is the ratio of the kinetic energy of 

the flow to the fluid latent heat of evaporation and characterises the role of kinetic energy 

of the bulk fluid in providing the heat of evaporation.  
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The product of π6 and π5
-1 forms the Sherwood number given in Equation 95, which 

is the equivalent of the Nusselt number in mass transfer. 

 
𝜋6

𝜋5
=

𝑗

𝑉𝑐ℎ

𝑉𝑐ℎ𝐿𝑐ℎ

𝜆𝑎−𝑤
=

𝑗𝐿𝑐ℎ

𝜆𝑎−𝑤
= 𝑆ℎ (95) 

As shown in Equation 96, the product of π2 and π3 delivers the Prandtl number (Pr), 

which is the ratio of viscous diffusion to thermal diffusion and characterises the physical 

properties of the fluid with convective and diffusive heat transfer. 

 𝜋2𝜋3 =
𝜇𝑎

𝜌𝑎𝑉𝑐ℎ𝐿𝑐ℎ

𝜌𝑎𝑉𝑐ℎ𝐿𝑐ℎ𝑐𝑝𝑎

𝑘𝑎
=

𝑐𝑝𝑎𝜇𝑎

𝑘𝑎
=

𝜈𝑎

𝛼
= 𝑃𝑟 (96) 

 Similarly, in Equation 97, the product of π2 and π5
-1

 gives the Schmidt number (Sc), 

which is the ratio of viscous diffusion to mass diffusion and characterises the relation 

between mass and momentum transfer in mass transfer processes. 

 
𝜋2

𝜋5
=

𝜇𝑎

𝜌𝑎𝑉𝑐ℎ𝐿𝑐ℎ

𝑉𝑐ℎ𝐿𝑐ℎ

𝜆𝑎−𝑤
=

𝜇𝑎

𝜌𝑎𝜆𝑎−𝑤
=

𝜈𝑎

𝜆𝑎−𝑤
= 𝑆𝑐 (97) 

The product of π2, π3, π7 and π8
-1, as given in Equation 98 has resulted in another 

dimensionless group, here called the Prandtl Number of Evaporation (Prev). 

 𝑃𝑟𝑒𝑣 =
𝜋2𝜋3𝜋7

𝜋8
=

𝜇𝑎

𝜌𝑎𝑉𝑐ℎ𝐿𝑐ℎ

𝜌𝑎𝑉𝑐ℎ𝐿𝑐ℎ𝑐𝑝𝑎

𝑘𝑎

ℏ𝑓𝑔

𝑉𝑐ℎ
2

ℏ𝑓

𝑉𝑐ℎ
2

=
𝑐𝑝𝑎 𝜇𝑎

𝑘𝑎

ℏ𝑓𝑔

ℏ𝑓
= 𝑃𝑟

ℏ𝑓𝑔

ℏ𝑓
 (98) 
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The Prandtl Number of Evaporation expresses the ratio of viscous diffusion to 

thermal diffusion relative to the enthalpy of vaporization and the enthalpy content of the 

air stream at film conditions. Hence, higher values indicate that viscous diffusion is the 

dominant mechanism. This number characterizes low temperature evaporation processes 

where the enthalpy of evaporation is significantly higher than that delivered to the system.  

The Schmidt number is the equivalent of the Prandtl number in mass transfer, 

therefore we can replace the Prandtl number with the Schmidt number in Equation 98 to 

determine the Schmidt Number of Evaporation, given in Equation 99.  

 𝑆𝑐𝑒𝑣 = 𝑆𝑐
ℏ𝑓𝑔

ℏ𝑓
 (99) 

 The Schmidt Number of Evaporation can also be derived from the Buckingham π 

theorem by combing π2, π5, π7 and π8 as given in Equation 100. 

 𝑆𝑐𝑒𝑣 =
𝜋2𝜋7

𝜋5𝜋8
=

𝜇𝑎

𝜌𝑎𝑉𝑐ℎ𝐿𝑐ℎ

ℏ𝑓𝑔

𝑉𝑎
2

𝜆𝑎−𝑤

𝑉𝑐ℎ𝐿𝑐ℎ

ℏ𝑓

𝑉𝑎
2

=
𝜇𝑎 

𝜌𝑎𝜆𝑎−𝑤
=

𝜈𝑎 

𝜆𝑎−𝑤

ℏ𝑓𝑔

ℏ𝑓
 (100) 

The Schmidt Number of Evaporation expresses the ratio of viscous diffusion over 

the mass diffusion with respect to the required heat of evaporation and the enthalpy 

content of the bulk stream at the film conditions. This number characterises the mass 

transfer in a low temperature evaporation process.  

Finally, combination of π2, π4 and π7 will form a new dimensionless group, here 

called Omega (Ω), as given in Equation 101. 
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𝜋2𝜋7

𝜋4
=

𝜇𝑎

𝜌𝑎𝑉𝑐ℎ𝐿𝑐ℎ

ℏ𝑓𝑔

𝑉𝑎
2

𝑘𝑎∆𝑇

𝜌𝑎𝑉𝑐ℎ
3𝐿𝑐ℎ

=
𝜇𝑎ℏ𝑓𝑔

𝑘𝑎∆𝑇
= Ω (101) 

This dimensionless group characterises the role of convective heat transfer in 

providing the latent heat of vaporization, relative to the conductive heat transfer. Such 

that the higher values indicate that the convective heat transfer dominates. This 

dimensionless group is also the product of the Prandtl and Jakob numbers.
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Appendix C Analysis of the Heat and Mass Transfer Analogy 

This appendix details the use of the experimental results to determine the 

correlation between the heat transfer and the mass transfer, in a crossflow configuration 

in which a ducted airflow passes through a planar water jet. The Buckingham-π theorem 

was applied to this process to identify critical dimensionless groups. From this, a modified 

version of the Chilton-Colburn analogy is developed between the coefficient of total heat 

transfer and the mass transfer coefficient. 

C.1 Introduction 

Heat and mass transfer devices involving a liquid interacting with a gas flow have 

a wide range of applications including distillation plants, cooling towers, aeration 

processes and desiccant drying [125-129]. Many studies have been made to characterise 

the heat and mass transfer in such configurations [112, 130-132]. The mechanisms of heat 

and mass transfer are similar and analogical. Therefore, in some cases where, either the 

heat or mass transfer data are not reliable or may not be available, the heat and mass 

transfer analogy can be used to determine the missing or unreliable set of data. In this 

regards, the Reynolds analogy is the simplest correlation and is applicable only for the 

special case where the Prandtl and Schmidt numbers are both equal to unity. Chilton and 

Colburn in 1934 [81] introduced a correlation to predict the coefficient of mass transfer 

from the experimental data of heat transfer and fluid friction, which is applicable for fully 

developed flow inside the tubes or between parallel plates with; 0.6 < Prandtl <60 and 0.6 

< Schmidt <3000.  

However, both of these analogies characterise the “convectional” transport 

phenomena and may not be applicable for some special cases and geometries. Therefore, 
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a number of studies have examined the applicability of these analogies to other 

configurations [133-135]. Steeman et al. [134] employed CFD to investigate the validity 

of the heat and mass transfer analogy for a particular case of indoor airflows and when 

the analogy conditions are not met. Similarly, Tsilingiris [136] experimentally developed 

a heat and mass transfer analogy model in solar distillation systems based on the Chilton-

Colburn analogy. 

This study investigates the analogy between the intensities of heat and mass transfer 

in low temperature evaporation processes with crossflow configuration, in which a ducted 

stream of air passes through a falling sheet of water.  

C.2 Experimental Setup 

In this experiment, a planar jet of water was directed across a ducted crossing 

airflow, as shown in Figure 66. A water tank with adjustable height was used to provide 

a constant pressure head to drive the water flow at different flow rates and a variable 

speed fan was employed to drive airflow at various steady flow rates. The flow rates of 

water were determined by measuring the time taken for a known volume of water to pass 

through the nozzle, and the exact airflow rate was determined from measurements made 

using a pitot static probe traversed across the duct and a differential manometer. 

 

Figure 66. Experimental apparatus 
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In order to measure the humidity and temperature, a set of 3 humidity/temperature 

sensors, (Sensirion SHT71) with an accuracy of ±3% for humidity and ±0.3°C 

temperature at standard room condition were used. Two sensors were placed across the 

sheet measuring the change in humidity and temperature of the air stream as it crossed 

the water sheet, as seen in Figure 66. A third sensor was placed outside the experiment to 

monitor the room conditions. A set of two thermocouples (type T) with an accuracy of 

±0.3 °Cwere used to record the water temperature before and after contact with the air 

stream. An auxiliary water heater was used to maintain the inlet water temperature at a 

constant temperature.  

C.3 Dimensional analysis 

The Buckingham-π theorem was employed in order to define the dimensionless 

parameters describing the heat and mass transfer phenomenon in this crossflow 

configuration. It was considered that the air velocity, characteristic length, enthalpy of 

evaporation, thermal conductivity of air, density of air, viscosity of air, specific heat of 

air, rate of diffusion, the enthalpy content of air stream at film conditions and temperature 

difference between two phases are the describing variable for heat and mass transfer, such 

that a general relation as given in Equation 89, which is repeated in Equation 102, can be 

formed.  

 𝑓 (𝜌𝑎 , 𝑘𝑎,𝑉𝑐ℎ, 𝐿𝑐ℎ, ℎ, , 𝜇𝑎, 𝑐𝑝𝑎
, ∆𝑇, 𝜆𝑎−𝑤, 𝑗, ℏ𝑓 , ℏ𝑓𝑔) = 0 (102) 

Where f is an unknown function. The dimensions of these variable are based on four 

basic physical units of mass (M), temperature (T), time (t) and length (L). 
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As there are twelve quantities and four basic units, according to Buckingham-π 

theorem [124], eight dimensionless groups can be predicted, as shown in Equation 90, 

which is repeated in Equation 103. 

 𝑓′(𝜋1, 𝜋2, 𝜋3, 𝜋4, 𝜋5, 𝜋6, 𝜋7, 𝜋8) = 0 (103) 

Where f′ is also an unknown function. Choosing ρa, ka, Va and La as the repeating 

parameters, the eight independent dimensionless group can be determined as given in 

Table 13, which are presented again in Table 14.  

Table 14. Independent dimensionless groups 

 

Where, π1 is the Nusselt number (Nu) and product of π6 and π5
-1 forms the Sherwood 

number (Sh), π2
-1 is the Reynolds number (Re), π3 is the Peclet number (Pe) and π7

-1 is 

the Evaporation number (Nev). Grouping π2 and π3 delivers the Prandtl number (Pr) and 

combination of π2 and π5 gives the Schmidt number (Sc). The Lewis number (Le) can also 

be determined as a ratio of Prandtl to Schmidt number, which is the ratio of thermal to 

mass diffusivity. The Buckingham π analysis is detailed in Appendix B. 

C.4 Testing the Chilton-Colburn Analogy 

The total rate of heat transfer (Q̇t) is the sum of convective, evaporative and 

radiative rates of heat transfer. Assuming that the radiation heat transfer is negligible this 

can be determined from Equation 104. 
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 𝑄̇𝑡 = 𝑄̇𝑐𝑜𝑛𝑣 + 𝑄̇𝑒𝑣 = 𝑚̇𝑎(ℏ𝑎,𝑜 − ℏ𝑎,𝑖) (104) 

Where Q̇cv is the convective rate of heat transfer and Q̇ev is the rate of heat transfer 

through evaporation. ṁa is the mass flow rate of air and ℏa,i and ℏa,o are the enthalpies of 

the air at the inlet and outlet conditions, respectively. The rate of evaporation can be 

determined from Equation 105. 

 𝑄̇𝑒𝑣 = 𝑚̇𝑒𝑣ℏ𝑓𝑔 (105) 

Where ℏfg is the enthalpy of vaporization and ṁev is the rate of evaporation, which 

can be calculated by measuring the specific humidity (ω) of air at inlet and outlet 

conditions and the mass flow rate of the air stream as given in Equation 106. 

 𝑚̇𝑒𝑣 = 𝑚̇𝑎(𝜔𝑎,𝑜𝑢𝑡 − 𝜔𝑎,𝑖𝑛) (106) 

On the mass transfer side, the experimental value of the coefficient of mass transfer 

can be determined from Equation 107. 

 𝑗 =
𝑚̇𝑒𝑣

𝐴𝑐,𝑎(𝜌𝑣,𝑓 − 𝜌𝑣,𝑏)
 (107) 

Where, ρv,∞ is the density of vapour at the free stream conditions and ρv,f is the 

vapour density at film condition, which is considered to be saturated air at the average 

temperature of the two phases. 
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The experimental value of the coefficient of convective heat transfer can be 

calculated from Equation 108. 

 ℎ =  
𝑄̇𝑐𝑜𝑛𝑣

𝐴𝑐,𝑎(𝑇𝑓 − 𝑇∞)
 (108) 

Where Ac,a is the cross sectional area of air stream, T∞ is the bulk stream temperature 

and Tf  is the film temperature. The convective heat transfer rate can be determined from 

Equation 104. 

The existence of an analogy was first assessed by examining the relationship 

between the heat transfer coefficient determined from Equation 108 and the mass transfer 

coefficient calculated by Equation 107, as shown in Figure 67.  

 

Figure 67. The experimental values of convective heat transfer coefficient versus experimental 

values of mass transfer coefficient 
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As seen in Figure 67, the experimental values of the heat and mass transfer 

coefficients are correlated with a reasonable accuracy, with a coefficient of determination 

(R2) of 0.72. The heat and mass transfer are analogues, in circumstances where the 

thermal and concentration boundary layers are of the same type [79]. For the conditions 

tested by Chilton and Colburn, the empirical correlations of Nusselt and Sherwood 

numbers were determined as given in Equations 109 and 110 [137]. 

 𝑁𝑢 = 𝑎 𝑅𝑒𝑚 𝑃𝑟1/3 (109) 

 𝑆ℎ = 𝑎 𝑅𝑒𝑚 𝑆𝑐1/3 (110) 

Based on the Reynolds analogy the heat transfer Stanton number is equivalent to 

the mass transfer Stanton number. Where the heat transfer Stanton number is the ratio of 

the Nusselt number to the product of the Reynolds and Prandtl numbers, and the mass 

transfer Stanton number is the ratio of the Sherwood number to the product of the 

Reynolds and Schmidt numbers, as given in Equations 111 and 112 [79]. 

 𝑆𝑡ℎ𝑒𝑎𝑡 =
ℎ

𝜌𝑉𝑐𝑝
=

𝑁𝑢

𝑅𝑒 𝑃𝑟
 (111) 

 𝑆𝑡𝑚𝑎𝑠𝑠 =
𝑗

𝑉
=

𝑆ℎ

𝑅𝑒 𝑆𝑐
 (112) 

Now, substituting the empirical correlation for the Nusselt and Sherwood numbers, 

results in Equations 113 and 114. 
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      𝑆𝑡ℎ𝑒𝑎𝑡 =
ℎ

𝜌𝑉𝑐𝑝
=

𝑎 𝑅𝑒𝑚 𝑃𝑟1/3

𝑅𝑒 𝑃𝑟
 (113) 

      𝑆𝑡𝑚𝑎𝑠𝑠 =
𝑗

𝑉
=

𝑎 𝑅𝑒𝑚 𝑆𝑐1/3

𝑅𝑒 𝑆𝑐
 (114) 

From these, Chilton and Colburn had derived a “J” factor for heat and mass transfer 

as given in Equations 115 and 116 [81]. 

      𝐽ℎ𝑒𝑎𝑡 = 𝑎 𝑅𝑒𝑚−1 =
ℎ

𝜌𝑉𝑐𝑝
 𝑃𝑟2/3 (115) 

      𝐽𝑚𝑎𝑠𝑠 = 𝑎 𝑅𝑒𝑚−1 =
𝑗

𝑉
 𝑆𝑐2/3 (116) 

Since the “J” factor is equal for both heat and mass transfer, the Chilton-Colburn 

analogy was determined as given in Equation 117 [81]. 

 

 

or      

ℎ

𝜌𝑉𝑐𝑝
 𝑃𝑟

2
3 =

𝑗

𝑉
 𝑆𝑐

2
3 

ℎ

𝑗
= 𝜌𝑐𝑝 (

𝑆𝑐

𝑃𝑟
)
2/3

= 𝜌𝑐𝑝 𝐿𝑒2/3 

 

 

(117) 

As mentioned earlier the Chilton-Colburn analogy, seen in Equation 117, is valid 

for a fully developed flow inside a pipe, and for flow parallel to plane surfaces, when 0.6 

< Prandtl <60 and 0.6 < Schmidt <3000.  
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The applicability of the Chilton-Colburn analogy to other configurations and 

conditions may be validated for the particular geometry and conditions of the experiment.  

Figure 68 shows the experimental values of the convection heat transfer coefficient 

from Equation 108 compared to the calculated value from the Chilton-Colburn analogy, 

given in Equation 117 using the experimental mass transfer data. This figure shows some 

correlation for predicting the heat transfer coefficient from the mass transfer data, but 

with quite a large scatter.  

 

Figure 68. Comparison of experimental heat transfer coefficient with the calculated values from 

the Chilton-Colburn analogy 
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evaporation processes a considerable fraction of the supplied energy will be consumed to 

overcome the latent heat of vaporization, it is reasonable to expect that the relationship 
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an analogy between the overall heat transfer coefficient and mass transfer coefficient, in 

that it accounts for both convection and evaporation. 

C.5 Analogy between the Coefficient of Total Heat Transfer and Mass 

Transfer Coefficient  

As mentioned earlier, the Chilton-Colburn analogy characterises only the 

convectional transfer phenomenon. Since in low temperature evaporation processes a 

significant fraction of the entire heat transfer is through evaporation, it is logical to present 

a correlation to predict the overall heat transfer coefficient from the mass transfer data. In 

this respect, the experimental value of the overall heat transfer coefficient can be 

calculated by substituting Q̇cv in Equation 108 with Q̇t as shown in Equation 118. 

 ℎ𝑡 = 
𝑄̇𝑡

𝐴𝑐,𝑎(𝑇𝑓 − 𝑇∞)
 (118) 

In order to assess the existence of any analogy between the coefficient of total heat 

transfer and the mass transfer coefficient, the calculated values from Equation 118 were 

plotted against the experimental values of mass transfer coefficient from Equation 107, 

as shown in Figure 69.  
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Figure 69. The coefficent total heat transfer versus the mass transfer coefficient 

In Figure 69, it can be seen that the mass transfer coefficient is analogous with the 

coefficient of total heat transfer with a coefficient of determination (R2) of 0.95. This is a 

far better correlation than that seen previously in Figure 67.  

On this basis, the overall heat transfer coefficient can be expressed as a function of 

the density and the specific heat of the air stream as well as the dimensionless groups 

derived from the Buckingham π theorem, as given in Equation 119. 

 ℎ𝑡 =  𝑗 𝜌 𝑐𝑝 × 𝑃𝑒𝑏𝐵𝑑𝑐 𝜋4
𝑑𝜋7

𝑒𝜋8
𝑓 (119) 

In order to define the exponent of the dimensionless groups in Equation 119, the 

least squares analysis was performed, resulting in Equation 120. 

 ℎ𝑡 =  𝑗 𝜌 𝑐𝑝 × 𝑃𝑒−0.575𝐵𝑑0.575 𝜋4
0.00012𝜋7

0.575𝜋8
−0.575 (120) 
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The exponents of the Peclet and Bodenstein numbers are identical but with different 

sign and therefore, can be presented in a fractional form. As mentioned earlier the 

Bodenstein is the product of the Reynolds and Schmidt numbers and similarly, the Peclet 

number is the product of the Reynolds and Prandtl numbers. Therefore, the ratio of 

Bodenstein to Peclet numbers is in fact the ratio of Schmidt to Prandtl number, or the 

Lewis number (Le), as given in Equation 121. 

 
𝐵𝑑

𝑃𝑒
=  

𝑅𝑒 𝑆𝑐

𝑅𝑒 𝑃𝑟
=

𝑆𝑐

𝑃𝑟
= 𝐿𝑒 (121) 

Similarly, the exponents of π7 and π8 are identical with opposite sign and can be 

presented in a fractional form, as given in Equation 122.  

 
𝜋7

𝜋8
=

ℏ𝑓𝑔/𝑉𝑐ℎ
2

ℏ𝑓/𝑉𝑐ℎ
2 =

ℏ𝑓𝑔

ℏ𝑓
 (122) 

The ratio of π7 to π8 is in fact the ratio of enthalpy of vaporization to the enthalpy 

content of the air stream at the film conditions, which in this context is referred to as the 

enthalpy ratio. The enthalpy ratio characterises the low temperature evaporation 

processes with respect to required heat of evaporation and the energy supplied by the bulk 

stream. 

It can be seen that the exponents of the Lewis number and the enthalpy ratio are 

equal and hence, Equation 120 can now be rewritten as Equation 123. 
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 ℎ𝑡 = 𝑗𝜌𝑎𝑐𝑝𝑎
(𝐿𝑒

ℏ𝑓𝑔

ℏ𝑓
)

0.575

 (123) 

The product of Lewis number and the enthalpy ratio can be referred to as the Lewis 

Number of Evaporation (Leev) and Equation 123 can be rewritten as Equation 124. 

 ℎ𝑡 = 𝑗𝜌𝑎𝑐𝑝𝑎
𝐿𝑒𝑒𝑣

0.575 (124) 

Shown in Figure 70 is the coefficient of total heat transfer calculated by Equation  

124 versus the experimental values calculated from Equation 118. 

 

Figure 70. Corrected Chilton-Colburn Analogy for heat and mass transfer with phase change 

This figure clearly shows a much stronger correlation, with a coefficient of 

determination (R2) of 0.98, when accounting for the phase change process.  
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C.6 Conclusion 

An experimental study was performed in order to examine the relationship between 

heat and mass transfer coefficients in a low temperature crossflow evaporation process. 

In this regard, the Buckingham-π theorem as well as the least squares analysis were 

employed. Eight dimensionless group were determined from the Buckingham-π analysis. 

Performing the least squares analysis on these dimensionless parameters, showed a strong 

correlation between the overall heat transfer coefficient and the Lewis Number of 

Evaporation. This led to the correlation of a modified Chilton-Colburn analogy that 

includes the Lewis Number of Evaporation to account for the low temperature 

evaporation processes. As a result of this work, the heat and mass transfer can now be 

quantified by the measurement and determination of only one of these parameters. 


