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ABSTRACT 

of thesis submitted by Salome M. S. Shokri-Kuehni for the Degree of Doctor of Philosophy 

and entitled “Dynamics of Saline Water Evaporation from Porous Media” on 21st March 2018. 

Saline water evaporation from porous media with the associated salt precipitation patterns is 

frequently observed in a number of industrial and environmental applications and it is important 

in a variety of topics including, but not limited to, water balance and land-atmosphere 

interaction, terrestrial ecosystem functioning, geological carbon storage, and preservation of 

historical monuments. The excess accumulation of salt in soil is a global problem and is one of 

the most widespread soil degradation processes. Thus, it is important to understand the dominant 

mechanisms controlling saline water evaporation from porous media. 

This process is controlled by the transport properties of the porous medium, the external 

conditions, and the properties of the evaporating fluid. During saline water evaporation from 

porous media, the capillary induced liquid flow transports the solute towards the evaporation 

surface while diffusive transport tends to spread the salt homogeneously thorough the porous 

medium. Therefore, the solute distribution is influenced by the competition between the diffusive 

and convective transport. As water evaporates, salt concentration in the pore space increases 

continually until it precipitates. The formation of precipitated salt adds to the complexity of the 

description of saline water evaporation from porous media. 

In this dissertation, the effects of salt concentration, type of salt, and the presence of precipitated 

salt, on the evaporation dynamics have been investigated. The obtained results show that the 

precipitated salt has a porous structure and it evolves as the drying progresses. The presence of 

porous precipitated salt at the surface causes top-supplied creeping of the evaporating solution, 

feeding the growth of subsequent crystals. This could be visualized by thermal imaging in the 

form of appearance and disappearance of cold-spots on the surface of the porous medium, 

brought about by preferential water evaporation through the salt crust. My results show that such 

a phenomenon influences the dynamics of saline water evaporation from porous media. 

Moreover, a simple but effective tool was developed in this dissertation capable of describing the 

effects of ambient temperature, relative humidity, type of salt and its concentration, on the 

evaporative fluxes. 

Additionally, pore-scale data obtained by synchrotron x-ray tomography was used to study ion 

transport during saline water evaporation from porous media in 4D (3D space + time). Using 

iodine K-edge dual energy imaging, the ion concentration at pore scale with a high temporal and 

spatial resolution could be quantified. This enabled us to reveal the mechanisms controlling 

solute transport during saline water evaporation from porous media and extend the corresponding 

physical understanding of this process. Within this context, the effects of particle size 

distribution on the dispersion coefficient were investigated together with the evolution of the 

dispersion coefficient as the evaporation process progresses.  

The results reported in this dissertation shed new insight on the physics of saline water 

evaporation from porous media and its complex dynamics. The results of this dissertation have 

been published in 3 peer-reviewed journal papers together with one additional manuscript which 

is currently under review. 
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Chapter 1   

INTRODUCTION

 

Evaporation from porous media is an important topic relevant to many environmental, 

engineering, and hydrological processes including land-atmosphere interactions, drying of 

powders, foods, and building materials, evaporative cooling and water management which 

influences crop production, vegetation and plant growth. Thus, it is important to understand the 

mechanisms controlling drying of porous media under a given boundary condition.  

The evaporation process is controlled by the transport properties of porous media, the properties 

of the evaporating liquid, and the external conditions (e.g. ambient temperature and relative 

humidity, wind, radiation). In most environmental and hydrological applications the evaporating 

liquid is either pure water or saline water. Therefore, in the following a brief introduction about 

pure water evaporation and saline water evaporation from porous media is presented. 

1.1. Pure water evaporation from porous media 

Early stages of evaporation from porous media saturated with pure water are marked by a 

relatively high and rather constant evaporation rate, the so-called stage-1 evaporation. This 

period of evaporation is controlled by the external conditions. During stage-1, liquid water is 

transported by capillary induced liquid flow from a receding drying front (i.e. the interface 

between saturated and unsaturated zone) to the surface of the porous medium where the liquid 

vaporization occurs. At a certain drying front depth (which is controlled by the pore size 

distribution of the porous medium), the capillary connection between the wet zone at the bottom 

of the porous medium and the surface is disconnected due to the interaction between capillary, 

viscous and gravity forces. At this point, the liquid meniscus recedes from the surface to a level 
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below the surface of the porous medium forming a new vaporization plane. When all continuous 

liquid pathways are disconnected from the surface, this marks the onset of the so-called stage-2 

evaporation. During this period, liquid water is transported by capillary induced liquid flow from 

the wet zone at the bottom to this new vaporization plane followed by the liquid evaporation and 

then vapour diffusion through the overlying dry surface. The vapour diffusion through porous 

media during stage-2 reduces the evaporation rate significantly compared to the stage-1 

evaporation. Figure 1.1 shows qualitatively the processes occurring during stage-1 and stage-2 

evaporation. 

 

 

Figure 1.1. A conceptual picture illustrating the mechanisms occurring during (left) stage-1 and (right) stage-2 

evaporation from porous media (after Shokri and Or [2011]). During stage-1, liquid vaporization occurs at the 

surface and the process is controlled by the external conditions (e.g. relative humidity and ambient temperature). 

During stage-2, a new vaporization plane is formed below the surface and the process is influenced by the vapour 

diffusion from the newly formed vaporization plane to the surface of porous media.  

 

Although the evaporation process from porous media saturated with pure water is a relatively 

well-understood process [Laurindo and Prat, 1998; Saravanapavan and Salvucci, 2000; Yiotis et 
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al., 2006; Lehmann et al., 2008; Smits et al., 2012; Or et al., 2013; Haghighi et al., 2013], much 

less is known when the porous medium is saturated with saline solution, which is the main focus 

of this dissertation. 

1.2. Saline water evaporation from porous media 

Salt transport and precipitation during evaporation from porous media is of major concern in 

many processes such as soil salinity, terrestrial ecosystem functioning, durability of building 

materials and preservation of historical monuments, CO2 sequestration and crop production 

[Scherer, 1990, 2004; Rodriguez-Navarro and Doehne, 1999; Prasad et al., 2001; Il'Ichev et al., 

2008; Nachshon et al., 2011a; Derluyn et al., 2011]. High salinity in the root zone severely 

impeded normal plant growth and development, resulting in reduced crop productivity. Salt-

affected land is considered as an ecosystem under stress, where decreases in the nutrient cycling, 

and increases in the dominance of exotic biota are evident. Such effects can adversely change 

disease prevalence in plant, animal, and human populations [Jardine et al., 2007]. Therefore, it is 

very important to understand the saline water evaporation from porous media with the associated 

precipitation patterns.  

During saline water evaporation, the ions are transported by convection toward the vaporization 

plane via capillary induced liquid flow while diffusion tends to spread the ions homogenously 

across the entire space. Therefore, the ion distribution is controlled by the competition between 

the convective and diffusive transport. When convective transport is dominant, the ions are 

preferentially deposited close to the surface of porous media. As water evaporates, salt 

concentration in the pore space increases continually. When the salt concentration at the surface 

substantially exceeds the solubility limit, it precipitates [Desarnaud et al., 2014; Shokri-Kuehni 

et al., 2017]. This is called efflorescence, and it refers specifically to evaporative driven soluble 
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salt from the interior of the porous medium to the surface where evaporation occurs [Guglielmini 

et al., 2008].  

In addition to the parameters influencing the pure water evaporation from porous media (some 

mentioned above), the saline water evaporation is influenced by the type of salt, salt 

concentration, as well as the complex dynamics of precipitation during evaporation. Within this 

context, various aspects of saline water evaporation from porous media have been investigated in 

recent years. For example the effects of parameters such as particle size distribution (Norouzi 

Rad et al., 2015), relative humidity and temperature (Gupta et al., 2014; Shokri-Kuehni et al., 

2017), mixture of salt (Jambhekar et al., 2016), wettability (Chapuis and Prat, 2007; Bergstad 

and Shokri, 2016), structure of porous media (Nachshon et al., 2011a, 201b, Bergstad et al., 

2017) have been studied.  

The majority of previous studies investigated how different parameters influence the salt 

precipitation patterns, but much less is discussed in literature about how the precipitated salt 

influences the evaporation rates and dynamics. According to the classical description, one would 

expect to observe reducing evaporation rate as the salt concentration increases in the evaporating 

liquid because the presence of salt reduces the saturated vapour pressure (thus reducing the 

difference between the saturated vapour pressure and the relative humidity which is the driving 

force for the evaporation) but several recent papers showed that this is not necessarily the case 

(Eloukabi et al., 2013). In other words, increasing salt concentration may not result in decreasing 

evaporation rate which is a counter-intuitive finding and requires further attention and 

investigation. 

Another important aspect of saline water evaporation is to understand how ions are transported 

during evaporation. This influences the ion distribution, precipitation patterns and ultimately the 
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evaporation rate. Accurate pore-scale information will be helpful to extend the physical 

understanding of the mechanisms controlling ion transport during evaporation. Such information 

will be useful to develop predictive models capable of describing saline water evaporation at 

micro- and macro-scale. Without such knowledge, the modelling efforts will rely on adjusting 

parameters.  

1.3.  Aim and Objectives 

Motivated by the importance of the saline water evaporation from porous media in various 

environmental and engineering applications, the key objectives of the present dissertation were 

to enhance our physical understanding of the processes controlling saline water evaporation from 

porous media. One of our key objectives was to determine how the presence of salt influences 

the evaporation rate from porous media. To address this question, we investigated this process at 

pore- and macro-scale using state-of-the-art technologies such as synchrotron X-ray tomography 

and high resolution thermal imaging combined with well-controlled laboratory experiments.  

Within this context, the specific objectives of this research were to determine: 

1- How the presence of precipitated salt influences the drying process. 

2- How the type of salt and concentration influences the evaporation rate. 

3- How ions are transported and distributed at the pore scale during saline water evaporation 

and how the pore-scale behaviour influences the macroscopic observations. 

In addition to the above objectives focused on saline water evaporation, I looked into the drying 

of sand layers saturated with pure water for potential applications in evaporative cooling. This is 

explained in Chapter 2. 
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1.4. Overview of the dissertation  

This PhD research was started with exploring the possibility of using porous layers saturated 

with pure water for evaporative cooling purposes and how the transport properties of porous 

media may impact the performance of such layers. The next step was to use saline water instead 

of pure water in the evaporating layers. However, switching the evaporating liquid from pure to 

saline water raised several interesting questions about how the presence of ions and in particular 

the precipitated salt at the surface influences the evaporation dynamics. Due to the lack of 

knowledge on this topic, the rest of this PhD research was focused on describing the dynamics of 

saline water evaporation from porous media with a particular focus on how the presence of ions, 

their concentration as well as the precipitated salt influences the drying dynamics. Moreover, the 

link between the pore-scale processes occurring during saline water evaporation and the 

macroscopic behaviour was investigated. Therefore this PhD dissertation is structured as 

following: 

Chapter 1 provides a brief introduction about the pure water and saline water evaporation from 

porous media.  

Chapter 2 is about potential application of evaporating sand layers saturated with pure water for 

evaporative cooling practices. In this chapter, the effects of particle size distribution on the 

drying dynamics and its cooling potentials are discussed. This chapter was published in “Energy 

and Buildings”.  

Chapter 3 is about the dynamics of saline water evaporation from porous media. In this chapter, 

the contribution of the precipitated salt at the surface to the saline water evaporation is discussed. 

Thermal imaging is used in this chapter to provide experimental evidence for contribution of 

precipitated salt at the surface to the evaporation process. Additionally, a conceptual picture is 
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proposed to describe the drying curve during saline water evaporation from porous media. This 

chapter was published in “Geophysical Research Letters”.  

Chapter 4 is about the effects of salt concentration and type of salt on the saline water 

evaporation from porous media. An equation is proposed in this chapter that enables us to 

quantify the effects of various parameters such as type of salt, salt concentration, relative 

humidity and ambient temperature on the evaporation dynamics. The proposed tool is validated 

using comprehensive series of experimental data. This chapter was published in “Advances in 

Water Resources”.  

Chapter 5 is about ion transport in porous media during evaporation. In this chapter, pore-scale 

analysis is performed using data obtained by synchrotron X-ray tomography to delineate the 

mechanisms controlling ion transport during saline water evaporation from porous media. This 

information is useful to describe the saline water evaporation process with the associated 

precipitation patterns at the macro-scale. Moreover, in this chapter, using the obtained pore-scale 

information we could investigate effects of particle size on the dispersion coefficient and how it 

varies over time during saline water evaporation from porous media. This chapter is currently 

under review for publication.  

Chapter 6 consists of a summary of the research undertaken, reviews the conclusions reached, 

and offers recommendations on future work to be undertaken. 
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Chapter 2 

ROOF COOLING BY DIRECT EVAPORATION FROM A POROUS ROOF LAYER 

 

In this chapter, the evaporation process from porous media saturated with pure water is 

investigated. The idea is to explore the potential of a layer of drying porous media for 

evaporative cooling practices and to create an effective system for reducing heat flux through 

roofs into buildings by utilizing their evaporation capabilities. Within this context, the effects of 

particle size distribution on the drying behaviour of the porous medium as well as on its cooling 

potential for evaporative cooling were investigated.  

Evaporation experiments using three samples of sand differing in particle size distribution were 

conducted. Customized rectangular columns were used to pack sand particles saturated by pure 

water. The sand columns were equipped with thermocouples at top and bottom of the column 

designed to measure soil temperature. Metal halide lamps and pyranometers were used to boost 

the evaporation and record the shortwave radiation, respectively. Moreover, a thermal camera 

was used to record the temperature dynamics at the surface of the sand columns. In addition to 

the container packed with sand grains, in each round of the experiment, an empty column was 

used whose bottom was covered by roofing felt and the temperature at the bare roof was 

recorded during the experiment. The columns sat on top of a table and were exposed to the same 

negligible heat flux from below. This setup enabled us to evaluate the potential and performance 

of evaporating sand layers for evaporative cooling practices. 

The obtained results illustrate a strong correlation between the temperature dynamics and the 

evaporative mass losses. During stage-1 evaporation (when the liquid water is transported to the 

surface where liquid vaporization takes place), the surface is partially wet.  This reduces the 
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temperature compared to the bare roof. During this period the temperature remains relatively 

constant. Our results show that the end of stage-1 evaporation marks the time when temperature 

begins to rise at the surface and bottom of the drying porous media due to the loss of liquid 

continuity with the surface, which eventually reduces the surface water content. Our results show 

that as long as the evaporation process is during stage-1 evaporation, the temperature at the 

surface of the “treated roof” (i.e. the roof with the overlying drying porous media) is lower than 

the bare roof. Since the sand sample with smaller particle size illustrates longer stage-1 

evaporation, the low temperature period lasts longer in the case of fine-textured porous media. 

This result confirms the importance of transport properties of porous media on the performance 

of such a roofing system. An efficient porous medium for this application should present 

relatively long stage-1 evaporation otherwise the influence of the presence of the porous medium 

will be minor.  
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2.1. Abstract 

As the world continues to urbanise, significant challenges are arising to environment, energy and 

water sustainability in cities. One of the most challenging consequences of increased 

urbanisation is increased energy consumption adversely affecting the quality of life, environment 

and public health. This motivated many researchers to find innovative methods to reduce energy 

consumption in buildings for cooling practices. In this paper, a series of experiments was 

conducted to investigate the performance of an evaporative layer of porous media and the effects 

of its particle size on reducing the roof surface temperature. To do so, customised rectangular 

Plexiglas columns were packed with three types of sand with well-defined particle size 

distribution saturated with water with all boundaries closed except the top, which was exposed to 

air for evaporation. The obtained results revealed the great potential of drying porous media to 

reduce the heat flux through roof via utilising a part of the energy for liquid vaporisation. As 

particle size decreased the temperature of roof remained lower than the bare roof for a longer 

time as a result of the presence of more liquid pathways connecting the receding drying front to 

the evaporation surface, which kept the surface wet for a longer time. Our results present new 

insights about the physical mechanisms controlling the performance of drying porous media to 

regulate roof surface temperature.  



 

 

24 
 

2.2. Introduction 

Increasing energy efficiency is an immediate priority to cut carbon emissions, secure energy as 

well as save on energy bills. Over the past few decades, the improvement of living standards and 

the affordability of air conditioning have led to a considerable increase in the energy 

consumption related to space cooling. Additionally, the so-called urban heat island effect, 

resulting from increased urbanisation, contributes to making cities several degrees hotter than 

their rural surroundings [1-3]. This increases energy consumption for cooling of residential and 

commercial buildings. Therefore, developing novel approaches to improve cooling energy 

efficiency of buildings is essential to meet our low carbon economy targets. This will become 

even more important in the near future with the increase in climate change, not only in hot, but 

also in temperate climates such as in the UK [4,5].  

Traditionally, roofs in some mid and high latitude locations consist of envelope materials (such 

as clay and asphalt) with a relatively high absorption coefficient, transferring large amounts of 

heat to the building. This leads to warmer indoor spaces in the summer and as a result higher 

demands for air conditioning. Roofs can represent up to 32% of the horizontal surface of built-up 

areas [6] and are important determinants of energy flux and heat transfer through the building 

envelopes. The roof offers the greatest opportunities for improving the cooling of buildings. It is 

the building element that is most exposed to the sky. Therefore, significant efforts have been 

made to reduce this heat load by improving roof design [7,8]. As a result of such efforts, several 

methods have been proposed. The so-called ‘green roof’ is an example of such a design [9,10]. A 

green roof is a roof that contains a soil (growing media) and vegetation layer as its outermost 

surface, allowing better regulation of building temperatures [9]. Although use of green roofs 

provides significant benefits, not only in energy consumption but also in urban 
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microclimatological and environmental terms [11], some disadvantages have been noted as well. 

Installation cost is elevated and maintenance of the green roof system, i.e. watering and replacing 

the old plants, is required regularly at additional cost. Besides, in terms of building structure, 

enhanced structural support is required to accommodate green roof systems to ensure sufficient 

capacity to resist weight load under the soil and vegetation and avoid collapse [12], further 

adding to the cost. 

Other examples of alternative roofs include roof ponds and evaporation-based roof cooling 

systems [7, 13]. While no porous medium is used in these evaporative roof systems, latent heat 

of evaporation remains the main mechanism used to cool the building roof [14], as with green 

roofs. Crawford and da Silva [13], among many others, studied the capability of a roof-based 

evaporative pumping system to lower thermal loadings imposed on the interior of a building to 

reduce energy consumption as a result of air conditioning. Jain [15] presented thermal models to 

evaluate the performance of various passive cooling roof systems including bare roof, wetted 

roof surface, and evaporative cooling using water pond with movable insulation and concluded 

that a roof pond with movable insulation offers an efficient method for roof cooling.  

There are many papers that investigated evaporation-based (green or otherwise) roof cooling 

systems and a comprehensive review is beyond the scope of the present paper. But in general, the 

effectiveness and viability of these types of roofs depend very strongly on the local settings such 

as local climate, native vegetation, and water availability [1, 16, 17]. It should be also noted that 

the very concepts of these types of roofs are designed for regions with abundant rainfall and 

water resources, and with native vegetation species that produce high cooling by 

evapotranspiration (in the case of green roofs). Considering the rising temperature trends even in 
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temperate cities (e.g. London), it is important to develop innovative, sustainable and cost-

effective approaches capable of cooling buildings under a variety of conditions.  

Recently, there have been some efforts to evaluate the performance of porous materials to be 

used on roofs (without vegetation) to create an effective system for reducing heat flux through 

buildings by utilizing their moisture absorption and evaporation capabilities [12]. A robust 

explanation and quantitative tool to predict the performance of a given drying porous media on 

reducing the heat flux through buildings are still missing due to a lack of deep physical 

understanding of how the thermal performance of drying porous media is affected by their 

transport properties, the properties of the evaporating fluid, and the external boundary conditions 

[18-22].  

Typically the evaporation rate from initially saturated porous media is relatively high and is 

controlled by the atmospheric condition, the so-called stage-1 evaporation. During this period, 

liquid water is transported toward the evaporation surface via the capillary induced liquid flow 

connecting a receding drying front, marking the interface between the saturated and unsaturated 

zone [23], to the evaporation surface where liquid vaporization takes place supporting the 

evaporative demand. At a certain drying front depth or surface water content, the liquid 

continuity between the drying front and the evaporation surface is ruptured as a result of the 

interplay among the upward capillary force and the downward gravity and viscosity forces. 

Consequently the liquid meniscus recedes from the surface to a level below the surface forming 

an overlying thin dry layer. This marks the end of stage-1 evaporation [24]. When all liquid 

meniscuses are disrupted, a new vaporization plane forms very close to the surface which marks 

the onset of the so-called stage-2 evaporation. During this period, liquid is transported from the 

saturated zone to the new vaporization plane formed inside the porous medium followed by 
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liquid vaporization at that level and vapour diffusion through the overlying dry layer [25]. Stage-

1 and stage-2 evaporation are limited by the atmospheric conditions and the transport properties 

of porous media, respectively [26-28].  

In the present paper, a novel approach was proposed to reduce the energy consumed for cooling 

buildings by utilizing drying porous materials (with no vegetation) on roofs. By consuming a 

part of the radiative energy received at the roof surface for liquid vaporization, the evaporative 

porous layer reduces the heat flux through the roof, as well as the convective heating of the 

outdoor space that results in the urban heat island effect [29]. The main appeal of this approach 

compared to green roofs is that brackish or salt water can be used for evaporation (it can thus be 

used in dry coastal areas), no maintenance of vegetation is required, and the roof depth can be 

quite small since it does not need to support a root layer (posing lesser constraints on the built 

structure). Therefore, motivated by the importance of developing low-energy methods for 

cooling buildings, the specific objectives of the present paper are a) to evaluate the application of 

drying porous media on moderating the temperature of irradiated surfaces under laboratory 

conditions and b) to investigate the effects of particle size on the performance of the drying 

porous media for this purpose. This paper is a first step in a larger effort aimed at developing 

such evaporative roofs. 

2.3. Experimental Considerations 

All experiments were conducted in the Multiphase Flow and Porous Media research laboratory 

in the School of Chemical Engineering and Analytical Science at The University of Manchester. 

An experimental setup was developed to investigate the thermal performance of drying porous 

media, in terms of moderation of the roof surface temperature and reducing heat fluxes towards 

the indoor space. The experimental station is shown in Figure 2.1.  
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Figure 2.1. Experimental setup. The container filled with dyed water was used to measure the potential evaporation 

rate. The container packed with sand particles (labelled as “Roof with sand”) was used to investigate the 

performance of drying porous media in reducing the surface temperature compared to the bare roof (the middle 

column). A thermal camera was fixed on top of the roof covered with drying porous media. Metal halide lamps were 

used to heat the containers. Two pyranometers were used to measure the radiation flux (they were positioned 

parallel to the roofing surfaces to capture the flux normal to these surfaces). The column packed with sand grains 

was equipped with thermocouples at the surface and bottom of the column. Additionally, a heat flux sensor was 

buried in the middle of the sand column. The data measured by the thermocouples, heat flux sensors and the 

pyranometers were recorded using a datalogger connected to a PC.  

Three samples of quartz sand differing in particle size distribution referred to as coarse, medium 

and fine sand were used to pack the customized Plexiglas containers (150 mm in height, 250 mm 

in width and 250 mm in length). Figure 2.2 shows the particle size distribution of the sand 

samples used in our experiments (provided by the manufacturer).  
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Figure 2.2. Particle size distribution of different sands used in the experiments. 

The container was packed with sand grains saturated with deionised water following the 

procedure described in Grapsas and Shokri [30]. To measure the evaporation rate, the containers 

were mounted on digital balances (with accuracy of 0.1 g) connected to a computer to record the 

mass every 5 minutes during the experiments. The container was closed to mass transfer from all 

boundaries except the top, which was exposed to air for evaporation. The container packed with 

sand grains was equipped with thermocouples specifically designed to measure soil temperature 

(105E Type E Thermocouple, Campbell Scientific) with the accuracy of 0.5ºC. The 

thermocouples were placed at the surface and bottom of the sand pack to measure the 

temperature at these two locations every 5 minutes during the course of the experiment. The data 

were recorded using a datalogger (CR1000, Campbell Scientific). In addition, a thermal camera 

(FLIR T650sc, FLIR Systems, Inc.) with a thermal sensitivity (at 30 °C) of less than 30 mK and 

a resolution of 640×480 pixels was fixed above the packed sand to record the dynamics of 

temperature evolution at the surface every 30 minutes. A square heat flux sensor (35.1 mm by 

35.1 mm) with a thickness of 2.8 mm (Wuntronic GmbH, Germany) and accuracy of 5% 
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connected to the datalogger was placed in the middle of the sand pack to measure the heat flux 

during the evaporation process every 5 minutes.  

In addition to the container packed with sand grains, in each round of the experiment two more 

containers (with the same dimensions as mentioned above) were used to measure the potential 

evaporation rate and the temperature at the bare roof as illustrated in Figure 2.1. A thermocouple 

was placed on the surface of the bare roof (covered by roofing felt) to record the dynamics of the 

roof temperature during the experiment. To measure the potential evaporation rate, the 3
rd

 

container was mounted on a digital balance (to record the mass every 5 minutes), filled with 

dyed water (3 mL per litre), and connected to a Mariotte siphon (also mounted on the same 

balance) that maintained the water surface in the container at a fixed height [31].  

To simulate the solar radiation, three metal halide bulbs were used (EYE Color Arc PAR36, 

Iwasaki Electronic Co., Japan), which were fixed on customized stands facing toward the 

containers as illustrated in Figure 2.1. Two pyranometers (Hukseflux, The Netherlands) were 

used to measure the shortwave radiation from the bulbs. The pyranometers were connected to the 

datalogger to record the data every 5 minutes during the course of the experiment. Special 

attention was given to establish equal radiation to the containers by adjusting the position and 

height of the solar lights, until similar radiation data were recorded by the two pyranometers.  

Using the described experimental station, three rounds of experiments were conducted with the 

fine, medium, and course sand. The obtained results are explained next. 
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2.4. Results and discussions 

2.4.1. Evaporative mass losses 

The data measured by the balance were used to calculate the cumulative mass loss and the 

evaporation rate during each round of the experiment. Figure 2.3 illustrates the obtained results. 

 

Figure 2.3. (a) The measured cumulative evaporative losses during the experiments with the roofs filled with the 

coarse, medium and fine sand. The finer the particles, the longer the duration of stage-1 evaporation. (b) The 

evaporation rates measured during drying of the coarse, medium and fine sands placed over the roofs. Note that the 

drying rate was scaled by the measured potential evaporation rate from the container filled with water. This 

dimensionless rate is referred to as “Relative evaporation rate”.  
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During the experiments, we did not control the air speed, ambient temperature, or relative 

humidity. The average ambient temperature during the experiments with the coarse, medium, 

and fine sand was 27.8, 29.4 and 30.1 ºC, respectively and the average relative humidity during 

the experiment with the medium and fine sand was 20% and 17%, respectively (unfortunately 

due to a technical problem, we could not continuously measure the ambient relative humidity 

during the experiment with the coarse sand, but we expect it to be in the same range and the 

differences have minimal impact on our results). The measured ambient temperature and relative 

humidity were obviously different from the outdoor values as the experiments were conducted in 

the laboratory.  

As mentioned earlier, the stage-1 evaporation is controlled by the external conditions. The slight 

differences and fluctuations observed in the measured evaporation rates during stage-1 in our 

experiments are due to the fluctuation in air speed, ambient temperature and relative humidity. 

Also, this implies that when extrapolating to the performance in the outdoors, the influence of 

higher air speeds would be to increase evaporation and further boost the effectiveness of the 

evaporative roofs. One can estimate this increase to be about 25% based on the relation between 

the Penman and Priestly-Taylor evaporation models, where a factor of 0.25 is used to model the 

contribution of the wind advection term. 

According to Figure 2.3(a), in all cases the slopes of the cumulative mass loss curves were 

initially high and equal (indicating a high evaporation rate which corresponds to the stage-1 

evaporation). As mentioned earlier, during this period the drying process is dominated by 

capillary induced liquid flow from the drying front (the interface between saturated and 

unsaturated zone) to the surface maintaining a high evaporation rate despite the receding drying 

front. As shown in Figure 2.3, in all three cases investigated in the present work, the stage-1 
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evaporation is followed by a transition period and stage-2 evaporation. This figure clearly 

illustrates the effect of the texture of the porous medium on the drying behaviour such that the 

medium with finer pores exhibits longer stage-1 evaporation. The relative evaporation rate in 

Figure 2.3(b) was calculated by scaling the measured evaporation rate in each case by the 

potential evaporation rate measured from the container filled with water.   

Similar behaviour was observed in other studies [24, 25]. Stage-1 evaporation ends when the 

upward capillary force transferring the liquid to the surface for vaporization is balanced by the 

downward gravity and viscous forces. The latter is negligible in sandy media due to the large 

pore sizes [24]. In porous media with finer pores such as clay, the upward capillary force 

maintains the hydraulic continuity over longer distances, prolonging the stage-1 evaporation (for 

more discussions about the effects of pore size distribution on the prolongation of stage-1 

evaporation see Or et al. [30] and references therein). Figure 2.3 illustrates the influence of the 

pore size on the dynamics of the transition from stage-1 to stage-2 evaporation. The results show 

a sharper and shorter transition period as particle size (and probably the width and tale of the 

pore size distribution) decreases.  

Different drying dynamics, as influenced by the particle size distribution, reflect different liquid 

phase distribution through the drying porous media. This will influence the temperature 

distribution as well as heat flux through the drying porous media, as will be discussed in the next 

section.  

2.4.2. Thermal signatures during drying of porous media   

Figure 2.4(a) presents the recorded radiation flux by the pyranometer located in front of the bare 

roof in each round of the experiment and Figure 2.4(b) shows the radiation flux recorded by the 



 

 

34 
 

pyranometer placed in front of the container packed with sand grains, scaled by the radiation flux 

received by the bare roof. The recorded radiation flux is not similar to the values typically 

observed in outdoor spaces. In our experiments the radiative flux was limited by the capacity of 

the metal halide lamps used in our experiments. However, this difference in the radiative fluxes 

does not influence the process and physics explained in this paper. Although slight differences 

were observed between the radiation flux toward the bare roof in each round of the experiment 

(due to the slightly different environmental conditions), the scaled radiation flux in Figure 2.4(b) 

is very close to 1 in all cases. This indicates an equal amount of radiation to the two containers 

used in each round of the experiment and enables us to accurately evaluate the effects of the 

presence of a drying porous medium, together with the effect of its particle size distribution on 

the roof surface temperature.  
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Figure 2.4. (a) Radiation flux toward the bare roofs measured by the pyranometers during the experiments with the 

coarse, medium and fine sand as illustrated in the legend. (b) The radiation flux toward the roof filled with sand 

particles scaled by the radiation flux received by the bare roof. The closeness of the value of this relative radiation 

flux to 1 indicates equal radiation toward the two containers (i.e. bare roof and the one filled with drying porous 

media). 

Although the radiation flux in each round of the experiment was relatively constant (as shown in 

Figure 2.4), the ambient temperature, air speed, relative humidity, and also potentially ambient 



 

 

36 
 

radiation, were not constant in our experiments, causing some fluctuations in the recorded bare 

roof temperature by the thermocouple as illustrated in Figure 2.5. The attribution of the 

fluctuations to environmental conditions is supported by the clear diurnal cycle in the 

temperature plots. 

 

Figure 2.5. Evolution of the surface temperature of the bare roof measured during the experiments with coarse, 

medium, and fine sand. The observed temperature fluctuation is due to the fluctuation of the ambient conditions. 

The temperature of the bare roof in each round of the experiment served as a reference, to 

evaluate the performance of the drying porous media with a given particle size distribution in 

moderating the surface temperature. In other words, the measured temperature profiles through 

the drying porous media are scaled by the recorded temperature of the bare roof in each round of 

the experiment, enabling us to evaluate the influence of the particle size distribution on the 

performance of the drying porous media.  

The temperature profiles through each drying container were different due to the different drying 

behaviour of porous media as influenced by the particle size distribution. Figure 2.6 shows the 

spatial and temporal distribution of temperature at the surface of the drying porous media during 
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evaporation under the same cumulative evaporative mass losses (hence at different times for the 

different experiments).  

 

Figure 2.6. Surface temperature of the coarse (top row), medium (middle row), and fine sand (bottom row) at 

different times from the onset of the experiments. The numbers at the top indicate the evaporative mass losses. The 

colour map indicates the temperature (ºC). Results show that after the same amount of mass loss from the coarse, 

medium, and fine sand (1.4 Kg), the surface of the coarse sand is warmer due to the earlier transition from stage-1 to 

stage-2 evaporation(see Figure 2.3). 

Figure 2.6 shows that as the particle size distribution increases the surface temperature increases 

after less mass was lost, as a result of the earlier transition from stage-1 to stage-2 of 

evaporation. In other words, as particle size distribution increases, the capillary length sustaining 

the hydraulic connections between the receding drying front and the surface (where evaporation 

occurs during stage-1) shortens, which results in an earlier disconnection of the hydraulic 
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pathways between the saturated zone at the bottom and the surface. When the liquid connections 

are disrupted, the evaporation surface dries out resulting in higher temperatures, and this 

disconnection happens earlier in coarser sand both in terms of time and in terms of accumulated 

evaporative loss. This is why under the same cumulative evaporative water losses, the surface 

temperature of the container packed with coarse sand has increased, while medium and fine sand 

after 1.4 Kg mass loss still are in stage-1 of evaporation and thus the surface temperature is 

significantly cooler, as illustrated in Figure 2.6.  

Figure 2.7 shows the evolution of the temperature at top and bottom of the container packed with 

the drying porous media together with the associated temperature of the bare roof. 
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Figure 2.7. The measured temperature at top and bottom of the container packed with drying coarse (a), medium (b) 

and fine (c) sand referred to as “treated roof” in the legend. Also presented is the measured temperature at the 

surface of the bare roof (i.e. the container without porous media). 
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The results show that in all cases, the temperature at the roof underlying drying sand packs is less 

than the bare roof up to a certain time, after which the presence of the porous medium has a 

negligible effect on reducing the roof temperature. Additionally, Figure 2.7 shows that the finer 

the particle size of the drying porous medium, the longer is the period over which the surface 

temperature is less compared to the bare roof. This result can be interpreted in the light of the 

drying curves shown earlier.  

Another interesting feature to note in Figure 2.7 is that for the evaporative roofs the temperature 

at the top of the roof is lower than the temperature at the bottom. This indicates that evaporation 

in this case in fact manages not only to reduce the inward heat flux, but also to reverse the flux 

such that the roof exterior would be cooling the building. An indication of this cooling is that the 

temperature at the bottom is slightly lower than the measured room air temperature (which varied 

from about 28 to 30 ºC); the bottom surface does not receive radiation and any deviation of its 

temperature from the ambient air would be related to the heat flux through the roof. A 

temperature lower than the ambient air at that surface indicates it is being cooled from above. 

This is not surprising in view of the low ambient relative humidity. Under such dry conditions, 

the wet bulb temperature (which one can simply define as the minimum temperature that a 

surface can cool to due to evaporation from its surface into the ambient environment) is 

significantly lower than the ambient air temperature (for our experimental conditions the wet 

bulb temperature can be computed from the air temperature and relative humidity and is ≈ 15ºC). 

An evaporating surface can cool to temperatures below those of the air, even when the surface is 

being heated by incoming radiation. It is clear that these conditions prevail in our experiment, 

and this reveals the potential of evaporative roofs not only to mitigate cooling loads (reduce 
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inward heat flux), but furthermore to act as passive building coolers (create an outward heat 

flux). 

Figure 2.8 shows the dimensionless temperature at the surface and bottom of the drying porous 

media together with the associated measured drying curves. 

 



 

 

42 
 

Figure 2.8. Evolution of the temperature at the surface and bottom of the treated roof filled with coarse, medium 

and fine sand presented in (a), (b) and (c), respectively. The temperature was scaled by the temperature of the bare 

roof (using the values in ºC). Results show that the temperature of the treated roof (the roof filled with the drying 

porous media) is lower than the bare roof as long as the evaporation process remains during stage-1 evaporation. 

Due to the longer stage-1 evaporation in the case of fine sand, the effectiveness of the fine-textured material to 

moderate the roof surface temperature is improved. 

Figure 2.8 shows that as long as the evaporation process is during stage-1, the temperature at the 

surface of the “treated roof”, i.e. the roof with the overlying drying porous media, is lower than 

the bare roof. As discussed earlier and shown in previous studies [32], during stage-1 

evaporation the surface remains partially wet. This reduces the temperature compared to the bare 

roof. Figure 2.8 clearly shows that the end of stage-1 evaporation marks the time when 

temperature begins to rise at the surface and bottom of the drying porous media due to the loss of 

liquid continuity with the surface, which eventually reduces the surface water content. This 

Figure confirms the importance of the drying characteristics of porous media on the performance 

of such a roofing system. An efficient and effective porous media for such a system should 

present a relatively long period of stage-1 evaporation, otherwise the influence of the presence of 

the porous medium will be minor.  

Additionally, Figure 2.8 shows that as the particle size decreases, the prolongation of stage-1 

evaporation increases. Therefore, the application of a finer-textured medium will be more 

effective compared to the coarse-textured porous medium. It should be noted that in the range of 

the particle sizes used in our experiments, all three sandy media contain relatively large grains. If 

the drying porous medium were from a very fine-textured material, such as clay, the 

prolongation of stage-1 evaporation could be limited by viscous forces, which reduce the 

evaporation rate and also may cause desiccation cracking [24, 33]. However, these effects are 
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negligible in our study. In any case, Figure 2.8 shows that the application of drying porous media 

on the roof reduces the roof temperature by about 5 ºC relative to the bare roof. Such a reduction 

has the potential to reduce cooling loads and carbon footprint, as well as energy bills by 

requiring less energy to cool the building.  

Moreover, Figure 2.8 again shows that in all cases the temperature at the bottom of the drying 

porous media was higher than the one at the surface, which as discussed earlier illustrates the 

high potential of evaporative roofs to act as passive cooling systems. This potential is further 

exhibited in Figure 2.9, which depicts the measured heat flux by the sensor buried in the middle 

of the drying porous media during each round of the experiment. 

 

Figure 2.9. The measured heat flux through the coarse, medium and fine sand. Positive heat flux indicates upward 

heat transfer. 

In Figure 2.9, positive values indicate upward heat flux (note that the absolute values reported in 

Figure 2.9 might have been influenced by the threshold used in the working range of the heat 

flux sensor). Since the temperature at the bottom of the drying porous media was higher than the 
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temperature at the surface during stage-1 evaporation in all experiments conducted in this study 

(Figure 2.7 and 2.8), upward heat flux was observed in all cases during stage-1. Again this is 

related to the low relative humidity that results in low wet bulb temperature and stronger 

evaporative cooling at the top surface to temperatures below the ambient air. If the roof surface 

is below the outdoor ambient air temperature and below the indoor desirable temperatures, the 

evaporation latent energy would be contributed to by the upward heat flux in the roofs as well as 

by a negative convective heat flux from the outdoor air towards the roof surface.  

This shows the potential of such a method (i.e. adding drying porous media above the roof to 

moderate roof surface temperature) to reduce the roof temperatures, the building cooling loads, 

and the convective heat flux to the exterior air that causes the urban heat island effect, potentially 

cooling the city [34, 35] for analyses of the influence of surface wetness and evaporation on the 

outdoor urban microclimate). However, since the temperature difference between top and bottom 

of the drying porous media reduces at the end of stage-1 evaporation, the heat flux (driven by the 

temperature gradient) approaches to values close to zero and the cooling effect of the roof would 

become insignificant in the absence of rainfall or irrigation. 

Combining the results presented in Figure 2.7, 2.8 and 2.9, it can be concluded that (i) the 

effectiveness of applying porous media can be improved if the stage-1 evaporation is extended 

over a long period because it keeps the roof surface temperature lower for a longer time and may 

induce upward heat flux, and (ii) strong evaporation can very effectively cool the roof surface 

and provide benefits in terms of building energy consumption and the local microclimate. These 

are important considerations in designing evaporative roofs with porous media for real world 

applications.  
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2.5. Summary and conclusions 

We have conducted carefully-controlled experiments to evaluate the application of drying porous 

media to reduce the roof surface temperature, with a focus on the design considerations that 

would control the performance of such roofs. The results showed the ability of porous materials 

to regulate the roof surface temperature, which eventually influences the building energy 

efficiency via reducing energy consumptions for cooling of buildings. Reducing the surface 

temperature would also have positive implications for mitigating urban heat islands since it 

would reduce the convective heat flux from the roof surface to the outdoor air. Several factors 

including fluctuating temperature and humidity, radiation, wind velocity, rain fall, structure of 

porous media, wettability of the grains, and the physical and chemical properties of the 

evaporating fluid influence the drying behaviour of porous media. In this paper, we investigated 

how the particle size distribution of a layer of porous medium affects its drying behaviour and 

thermal performance.  Our results showed that finer-textured porous media are more appropriate 

for such an application because of the prolonged stage-1 evaporation due to the efficient 

capillary flow connecting the wet zone at the bottom of the drying system to the surface. The 

thermal images, together with the data recorded by the thermocouples, established the direct 

connection between the drying behaviour, the recorded temperature profiles and the limit of the 

efficiency of the drying porous media. The end of stage-1 evaporation coincides with the time 

when temperature at the treated roof begins to rise making the influence of the presence of the 

drying porous media negligible. This result shows the need to design porous materials that result 

in longer stage-1 evaporation if this method is to be used to reduce roof surface temperature. 

Application of the drying porous media lowered the irradiated laboratory surface temperature by 

about 5 ºC, but reductions on real roofs where the incoming radiation is about 10 times higher 
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than in our laboratory experiments will be greater. The experiments also illustrated that 

evaporation can cool the surface to temperatures below ambient air (the theoretical limit would 

be the wet bulb temperature), thus reversing the heat flux and effectively extracting heat from the 

roof (not only reducing heat influx to the roof). 

Although this study is still at an early stage, it clearly illustrates that this method has a potential 

to contribute toward reducing the energy consumption by buildings especially in places with hot 

climates. Further investigations are underway to evaluate the effects of the evaporating fluids 

(specifically saline water), as well as the heterogeneity of porous media on the efficiency of this 

method. More work is also needed, and is currently underway, to assess the performance of such 

roofs under real world conditions. To that end, we will implement a model of the evaporative 

roofs in the Princeton ROof Model (PROM, [16, 17]) and the Princeton Urban Canopy Model 

(PUCM, [29]), run PROM under the same experimental conditions we tested in this paper to 

validate our methods, and then apply the model under a wide range of real-world condition to 

assess the potential of evaporative roofs.  

The development and use of evaporative roofs would significantly contribute towards the 

reduction of energy as well as water use in cities (since we could use non-fresh water), weaken 

the coupling of economic development and resource use, and facilitate the emergence of more 

sustainable cities in the future 
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Chapter 3 

NEW INSIGHTS ON EFFECTS OF NACL CONCENTRATION AND PRECIPITATION 

ON SALINE WATER EVAPORATION FROM POROUS MEDIA  

 

In this chapter, the interaction between the precipitated salt at the surface and the evaporative 

mass losses is investigated. A series of laboratory evaporation experiments using sand particles 

saturated with NaCl solutions differing in concentration was conducted. The sand columns are 

placed under evaporation conditions and the drying behaviour is recorded using digital balances 

controlled by a computer. Moreover, a thermal camera is used to record the dynamics of 

temperature at the evaporation surface. 

Our results show that increasing salt concentration does not necessarily reduce the evaporation 

rate correlatively (although the saturated vapour pressure above the surface decreases as salt 

concentration increases). Sand columns with different NaCl concentrations presented relatively 

similar evaporation dynamics. This counter-intuitive behaviour is attributed to the effect of the 

presence of precipitated salt at the surface. Our microscopic imaging reveals that the precipitated 

salt at the surface is porous causing liquid supply to the surface via capillary flow. This keeps the 

precipitated salt wet at the surface which contributes to the evaporation process. High resolution 

thermal imaging illustrates a rapid temperature fluctuation at the surface of precipitated salt 

resulting in the appearance and disappearance of “cold-spots”. This fluctuation causes 

temperature changes of ~2ᵒC every minute. This confirms the contribution of the precipitated salt 

to the evaporation process. The temperature fluctuation is associated with the preferential 

evaporation at different locations through the precipitated salt where some of the incoming 

energy is consumed for liquid vaporization. 
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Using the obtained experimental data, we could propose a conceptual evaporation curve 

describing saline water evaporation from porous media taking into account the contribution of 

the precipitated salt to the evaporation process as long as the salt crust is wet. Different phases of 

the saline water evaporation with the corresponding governing mechanisms are discussed.   
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3.1. Abstract 

Understanding salt transport and deposition patterns during evaporation from porous media is 

important in many engineering and hydrological processes such as soil salinization, ecosystem 

functioning and land-atmosphere interaction. As evaporation proceeds, salt concentration 

increases until it exceeds solubility limits, locally, and crystals precipitate. The interplay between 

transport processes, crystallization and evaporation influences where crystallization occurs. 

During early stages, the precipitated salt creates an evolving porous structure affecting the 

evaporation kinetics. We conducted a comprehensive series of experiments to investigate how 

the salt concentration and precipitation influence evaporation dynamics. Our results illustrate the 

contribution of the evolving salt crust to the evaporative mass losses. High-resolution thermal 

imaging enabled us to investigate the complex temperature dynamics at the surface of 

precipitated salt, providing further confirmation of salt crust contribution to the evaporation. We 

identify different phases of saline water evaporation from porous media with the corresponding 

dominant mechanisms in each phase and extend the physical understanding of such processes.  
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3.2. Introduction 

Evaporation of saline water from porous media is important in many environmental, engineering 

and hydrological processes including vegetation and plant growth, soil salinization, land-

atmosphere interaction, functioning of the eco-system and crop production [Rodriguez-Navarro 

and Doehne, 1999; Suweis  et al., 2010; Ott et al., 2015; Bergstad and Shokri, 2016]. This has 

motivated many researchers to investigate various aspects of this process including the effects of 

grain size, wettability, heterogeneity and external conditions [Huinink et al., 2002; Guglielmini 

et al., 2008; Nachshon et al., 2011a, 2011b; Eloukabi  et al. 2013; Norouzi Rad et al., 2015; 

Jambhekar et al., 2015; Börnhorst et al., 2016; Dai et al., 2016; Shokri-Kuehni et al., 2017].  

Saline water evaporation is influenced by the transport properties of the porous medium, 

properties of the evaporating solution, external conditions (wind, radiation, ambient temperature 

and relative humidity), and by the precipitation of salt crystals [Norouzi Rad et al., 2013; Shokri, 

2014; Jambhekar et al., 2015; Shokri-Kuehni et al., 2017]. During evaporation, solute is 

transported, via capillary induced liquid flow, from a wet zone to the evaporation surface 

resulting in increasing solute concentration close to the vaporization plane [Guglielmini et al., 

2008]. At the same time diffusion tends to spread the salt homogenously through the entire 

space. This competition between advection and diffusion (quantified by the Peclet number Pe) 

determines the solute distribution during the evaporation process [Guglielmini et al., 2008; 

Shokri, 2014] when no salt crystallization occurs.  

When the salt concentration substantially exceeds the solubility limit (i.e., supersaturation 

exceeds a critical value) [Desarnaud et al., 2014], crystals will precipitate by first nucleating and 

then growing. When advection dominates (i.e., when Pe>>1), the concentration of salt in the 

liquid phase is the highest at the surface of the porous medium and hence precipitation occurs 
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preferentially at this surface which is called efflorescence. Depending on external conditions, 

temperature and humidity, the crystals formed at the surface create complex, branching 

structures (originating from epitaxial growth and the formation of dendrites), which can 

substantially increase the surface area available for evaporation. Furthermore, evaporation and 

crystallization give rise to heat effects: the crystallization of common salts releases heat, while 

evaporation of water requires heat. This can therefore lead to hot or cold spots at the surface of 

porous media depending on the rate of heat transfer with the surroundings. How exactly the 

precipitated salt at the surface or within the pores of porous media modifies the capillary liquid 

flow supplying the evaporative demand is not well understood.  

One of the key factors influencing the evaporation process is the salt concentration [Norouzi Rad 

and Shokri, 2012; Gupta et al., 2014] . When the porous media surface is wet, the evaporation 

rate 𝑒 is related to the difference between the saturated vapour pressure 𝑃𝑠 above the surface and 

the vapour pressure in air 𝑃∞ (𝑃∞ = 𝑅𝐻 × 𝑃𝑠 where RH indicates relative humidity). One would 

expect the evaporation rate to decrease correlatively, as initial salt concentration increases, owing 

to the impact of salt concentration on lowering 𝑃𝑠 in accordance to Raoult’s law. However, some 

recent experimental studies show that increasing salt concentration does not necessarily reduce 

the evaporation rate [Sghaier and Prat, 2009; Norouzi Rad and Shokri, 2012; Gupta et al., 2014]. 

A commonly used scenario to describe this paradoxical behaviour is to (qualitatively) relate the 

evaporation rate to the increased surface area due to efflorescence [Sghaier and Prat, 2009].    

Despite advances in analysis of saline water evaporation from porous media, the understanding 

of how exactly efflorescence and salt concentration influences the drying rate and dynamics is 

surprisingly not very advanced. This aspect has rarely been elaborated in the literature partly due 

to the complexity of the processes involved. Without such knowledge, our modelling efforts will 
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be largely dependent on adjusting parameters. Motivated by their importance in various 

applications, the specific objectives of the present study were to investigate how salt 

concentration and efflorescence influence the drying curve and illustrate some of the challenges 

involved in describing saline water evaporation from porous media.  

3.3. Experimental considerations 

The influence of initial salt concentration and surface salt precipitation on drying rate and the 

corresponding surface temperature dynamics were investigated by conducting a series of 

evaporation experiments. Cylindrical glass columns (150 mm in height, 80 mm diameter with all 

boundaries closed to mass transfer except the top, which was exposed to air) were packed with 

quartz sand grains with average particle size of 0.27 mm. The sand packs were wetted with NaCl 

solutions of different concentrations ranging from 0.05 to 3.5 M. Additionally, one column was 

packed with solid NaCl grains and wetted with saturated NaCl solution. The columns were 

mounted on digital balances (accuracy of 0.01 g) to record the mass loss due to evaporation over 

time. Moreover, one column was filled with deionised water to measure the potential evaporation 

rate in the absence of any salt in each round of experiments. The ambient temperature and 

relative humidity were measured using two standard relative humidity and temperature sensors 

(HygroClip HC2-S, Rotronic Instrument Corp.). Metal halide lamps (EYE Color Arc PAR36, 

Iwasaki Electronic Co., Japan) were directed onto the surface of the packed columns (with an 

arrangement similar to that illustrated in Shokri-Kuehni et al. [2016]) to boost the evaporation 

process. To obtain the temporal and spatial evolution of the surface temperature [Aminzadeh and 

Or, 2014; Haghighi and Or, 2015], a thermal camera (FLIR T650sc, FLIR Systems, Inc.) was 

fixed above the sand columns and set to record an image every minute. Additionally, an imaging 

system was set up to take visual snapshots of the surface of sand columns every 30 min. 
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Furthermore, growth dynamics and structure of salt crust forming on the surface during the 

evaporation process was investigated in a separate experiment, using an optical microscope 

(LeiCaM205C, 20.5:1 zoom, 0.952 mm resolution) equipped with a high-resolution digital 

camera (LeiCaDFC 3000G) set to record an image every minute.  

3.4. Results and discussions 

3.4.1. Challenges of describing saline water evaporation from porous media  

Figure 3.1 (a) shows the evaporative mass losses at different times as a function of the initial salt 

concentration. In Figure 3.1 (b) typical examples of precipitation patterns at the surface of the 

columns are shown at different times from the onset of the experiments. 



 

 

60 
 

 

Figure 3.1. (a) Measured cumulative evaporative losses at different times from the start of experiments as a function 

of the initial salt concentration. (b) Typical examples of precipitation patterns at various stages, for solutions with 

initial salt concentrations of 0.05, 0.2, 1.5 and 3.5 M. 

There are a few features in Figure 3.1 that illustrate the complexity of saline water evaporation 

from porous media. The first puzzling behaviour is the relationship between evaporative mass 
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losses and the initial salt concentrations. According to Raoult’s law, one would expect to observe 

decreasing evaporative mass losses as the solute concentration increases especially when the 

surface is still wet (thus the evaporation rate is dependent on the saturated vapour pressure and 

controlled by the external conditions). However, a correlative decrease is not the general trend 

observed in Figure 3.1(a) across the wide range of concentrations studied. Similar behaviour has 

recently been reported in other studies [Sghaier and Prat, 2009; Norouzi Rad and Shokri, 2012; 

Gupta et al., 2014].  

The formation of salt crusts at top of sand columns as detailed in Figure 3.1 (b), e.g. for the 3.5 

M salt concentration, does not stop, or even slow down the evaporation shown in Figure 3.1 (a). 

In fact, the cumulative mass loss almost doubled, in this case, from 58.1g at 3 days to 112.0 g 

after 8 days. This observation exemplifies the complex interplay of effects and, clearly, the 

question of what is controlling the evaporation rate, in addition to the salt concentration or the 

atmospheric conditions, is paramount for any accurate predictions of the process.  

 Figure 3.2 shows the measured evaporation rates from the sand columns saturated with varying 

initial salt concentrations versus time (the evaporation rate was scaled by the potential 

evaporation rate, i.e., the one observed in the drying experiment carried out in the absence of salt 

and sand). The observed fluctuation in the measured evaporation rate from the sand column 

saturated with pure water at the early stage might be due to the fluctuation of the external 

conditions (ambient temperature and relative humidity). Figure 3.2 shows the columns with 

notably different initial concentrations and surface precipitation patterns may have very close 

evaporative fluxes. For example, sand columns saturated with 0.5 and 2.5 M experience 

essentially similar drying rate after ~3.5 days from the onset of the experiment which is not an 

intuitive result. Next, we will discuss about the possible reason behind this behaviour.  



 

 

62 
 

 

Figure 3.2. Relative evaporation rate (defined as the evaporation rate divided by the potential evaporation rate) 

versus time as influenced by the initial salt concentrations indicated in the legend. Also presented is the evaporation 

curve measured from the columns saturated with pure water (H2O in the legend) as well as the column packed with 

salt grains saturated by salt solution (NaCl-H2O in the legend). The observed fluctuations in the early stages might 

be due to the fluctuations in ambient temperature and relative humidity. 

3.4.2. Effects of the precipitated salt at the surface on the evaporative fluxes 

Closer inspection of drying curves in Figure 3.2 and surface precipitation patterns presented in 

Figure 3.1 (b) indicates that precipitated salt covering the surface of the column does not 

necessarily lead to diffusive-controlled evaporation through a dry salt layer. For example, in the 

case of the column wetted with 0.2 M NaCl solution, although the surface of the sand column is 

covered by salt after ~5 days, for a long time after this the evaporation rate remains much higher 

than expected from a diffusive-controlled flux through the dry salt crust. Comparing the 

measured evaporation rates with the recorded dynamics of the precipitation patterns at the 

surface confirms the significant contribution of the precipitated salt to the evaporative fluxes (see 

for example Figure 3.1(b) at 3.5 M and the corresponding curve in Figure 3.1(a)). Interestingly, 
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the evaporation rate measured from the column packed with salt grains saturated with salt 

solution is very similar to the evaporation rate measured from the sand columns saturated with 

salt solutions with varying initial concentrations. This is an important result, because it shows 

that the evaporation rates might be controlled by the porous structure and dynamics of the 

precipitated salt formed at the surface. This explains why the measured rates in the early stages 

of the evaporation process from the sand columns saturated with 0.5, 1.0, 1.5 and 2.5 M are 

almost the same (because in all cases crust forms at the surface controlling the drying process). 

This conclusion is in-line with the results presented recently by Bergstad and Shokri [2016]. 

They showed that the evaporative mass losses from porous media saturated with salt solutions 

with varying wettability conditions were nearly the same regardless of the wettability condition 

due to the effect of the presence of precipitated salt at the surface. 

To have a closer look at the precipitation dynamics, we visualized salt precipitation at the surface 

during drying of sand pack at the micro-scale with typical results presented in Figure 3.3(a). 
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Figure 3.3. (a)  Microscopic images illustrating precipitation dynamics at the surface of sand grains saturated with 

saline solution. Numbers at top indicate the elapsed time from the onset of the experiment. As time passes, salt 

crystals appear at the surface (distinguished by the bright colour). (b) The schematic illustrates conceptually the 

typical trend of the saline water evaporation from porous media with the following stages: Phase A-B: Increase in 

salt concentration and formation of salt crust govern the initial decrease in the evaporation rate. Phase B-C: Drying 

rate is largely controlled by liquid transport through the evolving porous salt crust. During this phase, the 
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precipitated salt remains wet. Phase C-D: Gradual drying of the precipitated salt at the surface significantly 

decreases the evaporation rate. Phase D-onward: Vapour diffusion through the sand and the dry precipitated salt 

limits the evaporation rate. 

The microscopic images reveal that the salt crust formed at the surface of porous media is itself 

porous and evolves in a highly dynamic way due to the complex interplay of crystallization and 

evaporation at the crystal-liquid, crystal-crystal, liquid-air, and the crystal-air interfaces 

[Shahidzadeh et al., 2015]. This is in agreement with the results reported recently by Dai et al. 

[2016] showing that NaCl “preferentially precipitates in cubic-shaped crystals that are packed 

heterogeneously to form a very porous structure”. The recorded images also indicate that 

formation of salt does not necessarily clog the pores; the continued growth of salt crystals above 

the precipitated salt indicates further water evaporation with vaporization occurring at the salt 

surface. Microscopic analysis suggests that the presence of porous salt at the surface causes top-

supplied creeping of the solution, feeding the growth of subsequent crystals. Our results suggest 

that the precipitated salt at the surface is an ever changing porous medium with its own unique 

properties and chemical interactions as long as the surface of the underlying porous sand packing 

remains wet.  

In the literature, the drying curve from porous media saturated with salt solutions is normally 

described in terms of three stages [Jambhekar et al., 2015]: The first stage includes a decreasing 

drying period (as a result of increasing salt concentration at the surface) when the drying rate is 

relatively high followed by a transition period (second stage) to a stage when the evaporative 

flux is much smaller than the first stage limited by the vapour diffusion through the salt crust 

(third stage). However, our observations suggest that this description needs revising: an 

additional stage should be included (at least for the cases studied in this article) in which the 
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evaporation rate is largely controlled by liquid transport and evaporation through the evolving 

porous salt layer formed at the surface.  

3.4.3. Evolving precipitated salt layers at the surface and their effect on the 

evaporation rate 

Based on our observations and the results presented in Figure 3.1 and 3.2, we propose a 

characteristic curve (presented in Figure 3.3(b)) to describe the various stages of saline water 

evaporation from porous media. Phase 1, A-B represents the stage during which the evaporation 

rate is largely dependent on external conditions (e.g. ambient temperature, relative humidity, 

radiation) and the saturated vapour pressure of the solution. The decreasing evaporation rate 

during this stage is due to the increasing salt concentration close to the surface (which reduces 

the vapour pressure and thus the driving force for evaporation). Furthermore, the formation of 

the salt crust is initially causing an increased mass transfer resistance for the liquid to reach the 

evaporation surface. However, when the evolving salt layer covers a substantial portion of the 

surface of the sand column, the steady decrease in the evaporation rate ceases. This marks the 

end of phase 1. During Phase 2 (B to C in Figure 3.3 (b)), the evaporation rate is dependent on 

the properties and dynamics of this new formed surface (the salt layer). The rate remains 

relatively constant, as long the precipitated salt is porous and remains wet (fed by capillary 

flow). Further precipitation onto this salt layer and the formation of complex dendritic structures 

increase the surface area available for evaporation. While the driving force for evaporation 

continues to decrease, it is approximately counterbalanced by this increased surface area, hence 

the relatively constant rate. In most cases (Figure 3.2), this phase is observed from about 4 days 

until about 8 days and is quite similar to the so-called stage-1 evaporation from porous media 

saturated by pure water [Shokri and Or, 2011]. During this phase, the salt crust does not 
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disconnect the liquid pathways from the saturated zone to the surface and the evaporative 

demand is largely met by the liquid transport through the evolving porous salt crust; Phase 3 (C-

D in Figure 3.3 (b)) represents a stage during which the capillary liquid supply through the salt 

crust becomes disrupted, resulting in gradual drying of the salt layer, which in turn reduces the 

evaporation rate. This phase can be considered as a transition phase from evaporation controlled 

by the wet crust to evaporation controlled by the dry crust (Phase 4, D-onward) during which the 

flux is limited by the vapour diffusion through the dry precipitated salt. Similar transition periods 

are commonly observed from the stage-1 evaporation (a period when the surface of porous media 

remains wet) to stage-2 evaporation (a period when the porous media surface is dried and the 

process is controlled by vapour diffusion through a dry surface layer [Shokri and Or, 2011]).  

3.4.4. Thermal signature of the contribution of precipitated salt to the evaporative 

rate 

One of the key messages of the present work is the significant role of water evaporation through 

the wet precipitated salt during evaporation; a process that must be taken into account for a 

reliable description and prediction of saline water evaporation from porous media. As discussed 

in other studies (e.g. Veran Tissoires et al. [2014]), salt crystallization in drying porous media is 

a dynamic process in which a growing crystal can consume the supersaturation which may lead 

to dissolution of nearby crystallites. This influences the dynamics of surface temperature during 

evaporation which is investigated in this section. To do so, high resolution thermography was 

used to delineate the thermal signature of saline water evaporation from porous media. Figure 3.4 

(a) shows the evolution of surface temperature by the minute, starting at 2.6 day after 

commencing the experiment alongside a photograph of the salt crust within this period (where 

the surface is entirely covered by the precipitated salt).  
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Figure 3.4.  (a) Fluctuation of salt crust temperature at the surface of a sand column. The visualized salt crust has an 

area of 24 cm
2
. The temperature of the surface was recorded every minute. The colormap indicates temperature in 

centigrade. The closer to blue (darker colour) the lower the temperature. The initial NaCl concentration was 2.5 M 

and t stands for time = 2.6 day from the start of the experiment. The last image shows the actual salt crust for which 

the temperature fluctuations were recorded. (b) Average surface temperature at different stages of the experiment 
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(indicated in the legend) as a function of the initial salt concentration. Temperature was scaled by a reference 

temperature measured at the surface of the bench in each round of experiments. 

Rapid surface temperature fluctuations were found to be a characteristic behaviour coinciding 

with phase 2 of the saline water evaporation in all cases examined in our experiments. As 

explained earlier, during this period, the surface is visibly covered by a salt crust but the 

evaporation rate is relatively constant and higher than the flux expected if it were controlled by 

the vapour diffusion through the dry crust. During phase 2, the surface temperature changes 

rapidly, as shown in Figure 3.4(a) resulting in the appearance and disappearance of “cold-spots”. 

The figure shows temperature changes as much as ~2ºC every minute. Such a rapid fluctuation 

was not observed when the sand column was saturated by pure water; see Figure 3.S1 in the 

supporting information. Additionally, it should be noted that the rapid temperature fluctuation at 

the surface was only observed during phase 2 of saline water evaporation and it was not observed 

during phase 1, 3 and 4 proposed in Figure 3.3 (see Figures 3.S2, 3.S3 and 3.S4 in the supporting 

information).  

The appearance of localized cold spots (a phenomenon that is not observed during pure water 

evaporation from porous media) is associated with preferential evaporation at different locations 

through the precipitated salt where some of the incoming energy is consumed for liquid 

vaporization. Preferential evaporation increases the concentration of salt locally, which in turn 

leads to an increased rate of salt precipitation shortly after the occurrence of the cold spot. Since 

precipitation releases heat, the temperature at the cold spot should subsequently increase at this 

locus. This complex interplay between evaporation and precipitation leads to the observed 

temperature oscillations in Figure 3.4 (a). This experimental data provides additional 

confirmation for the contribution of precipitated salt to the evaporative mass losses. This analysis 
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reveals the need to develop more sophisticated models to describe the evolution of porous salt 

crust at the surface and its contribution to the evaporation process (Malmir et al., 2016). 

In addition to the microscopic analysis of the salt effects on surface temperature dynamics with 

the associated preferential evaporation from the evolving crust, we studied the impact of the 

presence of salt on the surface temperature at the macroscopic scale. To do so, we calculated the 

average surface temperature at different times as a function of the initial salt concentration. 

Figure 3.4 (b) shows that in the early stages of the process, the average surface temperature 

increases with initial salt concentration. This correlates well with the reduced evaporation rates 

shown in Figure 3.2 and schematically depicted in Figure 3.3 (b). This finding shows that the 

presence of salt influences the surface temperature, which is not normally considered in 

hydrological modelling or water and energy balance analysis. Higher temperature as a result of 

the presence of salt may impact biological activities and biodiversity in soil.  

3.5. Summary and conclusions 

Our results confirm that precipitation of salt at the surface does not necessarily clog the pores 

and evaporation continues via water flow through the evolving porous crust structure. This 

mechanism plays a central role in defining the evaporative fluxes from porous media saturated 

with NaCl solutions. Without clear understanding of how the structure of the crystalized salt 

evolves at the surface during evaporation and how it limits the corresponding water flow, 

modelling efforts will largely rely on adjusting parameters which oversimplifies this process and 

masks the true physics governing saline water evaporation from porous media. Thermal imaging 

together with simultaneous imaging of the surface precipitation patterns and recording the drying 

dynamics enabled us to extend our physical understanding of the process. We have proposed a 

conceptual evaporation curve that highlights different phases with the corresponding dominant 
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mechanisms in each phase. Additionally, we discussed the complex temperature fluctuations at 

the surface due to efflorescence, which has rarely been illustrated in the past. Also, our results 

confirmed higher surface temperatures in the case of higher initial salt concentrations. This 

finding suggests that soil salinity not only affects crop production, vegetation etc. but also 

influences surface temperature, which may be relevant to biological activities in soil. 

This study highlights the importance of the role of the precipitated salt on water flow and 

subsequent evaporation dynamics and we believe that future research must be directed toward 

further analysis and characterisation of how exactly the structure of the precipitated salt evolves 

during drying. This ultimately determines the dynamics of the evaporative water losses and will 

be relevant to modelling of many hydrological processes, land-atmosphere interaction and water 

management. 
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Figures 3.S1, 3.S2, 3.S3, 3.S4  

Introduction  

Figure 3.S1 illustrates the surface temperature of sand saturated with pure water at the similar 

elapsed time and location used in Figure 3.4. Additionally, Figures 3.S2, 3.S3 and 3.S4 illustrate 

the surface temperature of the sand column illustrated in Figure 3.4 at different times 

corresponding to different phases proposed in Figure 3.3. These supporting Figures confirm that 

the rapid and complex temperature fluctuation was observed only during phase 2 of saline water 

evaporation from sand (as illustrated in Figure 3.4) and such a rapid temperature changes was 

neither present in the case of sand saturated with pure water nor during phase 1, phase 3 and 

phase 4 (illustrated conceptually in Figure 3.3) of evaporation of NaCl solution from sand.  
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Figure 3.S1. A typical example of temporal and spatial distribution of temperature at the surface 

of sand saturated with pure water during evaporation. The temperature of the surface was 

recorded every minute. The colormap indicates temperature in centigrade. The closer to blue 

(darker colour) the lower the temperature. t stands for time = 2.6 day from the start of the 

experiment (similar to the elapsed time used in Figure 3.4). The last image shows the actual 

surface for which the temperature dynamics were recorded. In contrary to Figure 3.4, no rapid 

temperature change was observed in this case. 

 
 

 

Figure 3.S2. A typical example of temporal and spatial distribution of temperature at the surface 

of sand saturated with 2.5 M NaCl solution after 0.95 day from the onset of experiment 

(corresponding to “phase 1” of the process conceptually presented in Figure 3.3). The colormap 

indicates temperature in centigrade. The last image shows the actual surface for which the 

temperature dynamics were recorded. In contrary to Figure 3.4, no rapid temperature change was 

observed in this case. 
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Figure 3.S3. A typical example of temporal and spatial distribution of temperature at the surface 

of sand saturated with 2.5 M NaCl solution after 7.9 day from the onset of experiment 

(corresponding to “phase 3” of the process conceptually presented in Figure 3.3). The colormap 

indicates temperature in centigrade. The last image shows the actual surface for which the 

temperature dynamics were recorded. In contrary to Figure 3.4, no rapid temperature change was 

observed in this case. 
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Figure 3.S4. A typical example of temporal and spatial distribution of temperature at the surface 

of sand saturated with 2.5 M NaCl solution after 10.4 day from the onset of experiment 

(corresponding to “phase 4” of the process conceptually presented in Figure 3.3). The colormap 

indicates temperature in centigrade. The last image shows the actual surface for which the 

temperature dynamics were recorded. In contrary to Figure 3.4, no rapid temperature change was 

observed in this case. 
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Chapter 4 

IMPACT OF TYPE OF SALT AND AMBIENT CONDITIONS ON SALINE         

WATER EVAPORATION FROM POROUS MEDIA  

 

In this chapter, saline water evaporation from porous media under different boundary conditions 

was investigated. A simple but effective model was proposed enabling us to quantify the effects 

of several parameters such as salt concentration, relative humidity, ambient temperature and type 

of salt on the saline water evaporation rates. To evaluate the proposed model, a comprehensive 

series of evaporation experiments were conducted under well-controlled conditions using sand 

packs saturated with saline solutions. An environmental chamber was used to evaluate the effects 

of ambient temperature and relative humidity on the saline water evaporation from porous media. 

In addition to the different environmental conditions, three different salts were used in the 

evaporation experiments with varying concentrations.  

The obtained results confirmed the capability of the proposed model to describe the measured 

evaporation rates under different boundary conditions. Furthermore, the obtained results clearly 

showed that the presence of precipitated salt at the surface did not necessarily stop the 

evaporation process. Imaging of the surface of porous media during evaporation combined with 

the recorded mass losses revealed that the evaporation may continue even though the surface of 

porous media is fully covered by salt. This phenomenon is attributed to the contribution of 

precipitated salt to the evaporation process via capillary flow through the porous structure of salt 

which keeps the precipitated salt wet. Therefore the evaporation rate is not limited by the 

presence of precipitated salt at the surface. We could represent all evaporation curves measured 
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in our experiments under different drying conditions using a single curve when the measured 

evaporative water losses were plotted versus the scaled time introduced in this paper.  
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4.1. Abstract 

Saline water evaporation from porous media is important in many processes such as soil 

salinization, CO2 sequestration, crop production and water management. This process is 

influenced by the transport properties of porous media, properties of the evaporating solution and 

external conditions. In this work, we investigated the effects of external conditions and type of 

salt on the drying behaviour of sandy media and on the dynamics of surface salt precipitation. To 

do so, a comprehensive series of evaporation experiments were conducted using 33 columns 

packed with sand saturated with salt solutions. The evaporation experiments were conducted in 

an environmental chamber to investigate the effects of relative humidity, ambient temperature 

and type of salt on the evaporation process. Sodium Chloride, Calcium Chloride and Potassium 

Iodide with a wide range of concentration were used to saturate the sand columns mounted on 

digital balances. A digital camera was fixed at the surface of the sand packs to record the 

dynamics of salt precipitation at the surface. The results provide further confirmation that 

ambient conditions are the controlling factors during stage-1 evaporation of pure water. 

Additionally, the minor impact of the presence of precipitated salt at the surface on the saline 

water evaporation during the early stages of the process is discussed. It was shown that covering 

the evaporation surface by precipitated salt does not necessarily stop the evaporative mass losses. 

The results obtained from different types of salt highlight the significant influence of the 

relationship between the saturated vapour pressure and salt concentration on the general 

dynamics of the process.  
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4.2. Introduction 

Saline water evaporation from porous media is an important topic in many hydrological 

processes which influence plant growth and vegetation, water balance, soil stability, beach 

intertidal zone processes and land-atmosphere interaction (Odeh and Onus, 2008; Deinlein et al., 

2014; González-Alcaraz ET AL., 2014; Jambhekar et al., 2015; Geng et al., 2016). It is 

controlled by complex interactions between type of salt, transport properties of the porous 

medium and external conditions (e.g. ambient temperature and relative humidity, wind, solar 

radiation). This has motivated many researchers to look into the effects of various parameters 

such as wettability [Sghaier and Prat, 2009; Bergstad and Shokri, 2016], particle size distribution 

[Eloukabi  et al., 2013; Noruzirad et al., 2015], relative humidity [Gupta et al., 2014] and mixture 

of salt [Jambhekar et al., 2016] on the general dynamics of saline water evaporation from porous 

media. 

An issue that has not received much attention in the literature is the effect of ambient conditions 

and the type of salt on the saline water evaporation from porous media. Sodium chloride (NaCl) 

has been used as the model salt in the majority of previous papers to understand processes 

occurring during salty water evaporation from porous media. However, depending on the type of 

salt, the thermodynamics of the evaporating solution will be modified and this impacts the drying 

dynamics. Therefore, the findings regarding NaCl cannot necessarily be generalised for other 

types of salt in porous media. Considering the variety of salts available in the environment, it is 

essential to understand how water evaporation is modified when other salts are present in porous 

media.  

Furthermore, compared to the effects of transport properties of porous media, far fewer studies 

have been performed to understand the effects of external conditions on saline water evaporation 
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from porous media. A small increase in ambient temperature modifies soil water evaporation 

thus influencing salt transport and distribution in soil. Although the effects of atmospheric 

conditions on pure water evaporation from porous media are relatively well-understood [Smits et 

al., 2012; Haghighi et al., 2013; Aminzadeh and Or, 2013; Salvucci and Gentine, 2013; Ben 

Neriah et al., 2014; Vanderborght et al., 2017], their effects on saline water evaporation and the 

associated salt precipitation patterns are surprisingly not very advanced. Such knowledge will 

become even more important in the near future with the advent of climate change. Fluctuations 

in saline water evaporation and the potential change in salt balance in the environment caused by 

rising temperature (as a result of climate change) is complex and requires multidisciplinary 

research to understand the various aspects of this process [Austin et al., 2010].  

Motivated by the importance of saline water evaporation from soil and its consequences on 

various hydrological processes, the specific objectives of the present study were to determine the 

effects of ambient temperature and relative humidity together with type of salt on water 

evaporation from porous media. Within this context, we have conducted several rounds of 

evaporation experiments using different types of salt in a climate chamber where we could 

control the ambient conditions accurately. These experiments have enabled us to understand how 

the relative humidity and ambient temperature, as well as the type of salt, influence the 

evaporation process from porous media.  

4.3. Theoretical considerations 

4.3.1. Pure water evaporation from porous media 

As illustrated in other papers, for a given porous medium the rate of water evaporation is limited 

by the properties of the evaporating solution and the atmospheric conditions. As a first 

approximation, by neglecting the advective effects [Schlünder, 1988], the rate of volume change 
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of the liquid V (m
3
) across the surface of porous media under isothermal conditions can be 

expressed using Fick’s law [Gupta et al., 2014]: 

𝑑𝑉

𝑑𝑡
= 𝐷

𝐴

𝜌

𝑀

𝑅𝑇

𝑃𝑠 − 𝑃∞

𝛿
                                                                                                                           (4.1) 

where D is the diffusion coefficient of the liquid in air (m
2
 s), A (m

2
) is the surface area available 

for evaporation, 𝜌 is the density of the liquid (kg m
-3

), M is the molecular mass of water (kg mol
-

1
), R is the gas constant (kg m

2
 s

−2
 K

−1
 mol

−1
), T is the temperature (K), 𝑃𝑠 and 𝑃∞ correspond to 

the saturated vapour pressure above the evaporation surface and the vapour pressure in the 

surrounding environment respectively and 𝛿 is the thickness of the viscous boundary layer 

formed above the surface through which the diffusion of water vapour into ambient air takes 

place [Shokri et al., 2008]. Note that 𝑃𝑠 and 𝑃∞ are related via 𝑃∞ = 𝑅𝐻 × 𝑃𝑠 where RH 

corresponds to the relative humidity of the ambient air (%). 

According to Eq. (4.1), water evaporation depends on the vapour pressure gradient which is 

influenced by the temperature. The dependency of the saturated vapour pressure of water as a 

function of temperature T can be expressed using the following empirical expression [Buck, 

1981]: 

𝑃𝑠(𝑇) = 0.61 exp (
17.27𝑇

𝑇 + 237.3
)                                                                                                          (4.2) 

In Eq. (4.2), the units of T and 𝑃𝑠 are °C and kPa, respectively. In addition to the saturated vapor 

pressure, the diffusion coefficient also depends on temperature, with the following equation 

describing this dependency [Ben Neriah et al., 2014]: 
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𝐷 = 2.23 × 10−5 (
𝑇 + 273.15

273.15
)                                                                                                        (4.3) 

In Eq. (4.3), the units of T and D are °C and m
2
/s

-1
, respectively. Note that Eq. (4.1) can be used 

to estimate the evaporation rate in the early stages of the process, during so-called stage-1 

evaporation [Shokri et al., 2009]. During this period, capillary induced liquid flow from large 

pores, at the receding interface between the saturated and unsatuarted zones to the fine pores at 

the surface, keeps the surface wet and the evaporative demand is mainly supplied by liquid 

vaporization occurring at the surface of porous media. However, when the liquid continuity with 

the surface is disconnected, the liquid vaporization occurs inside the medium and the drying 

process will be limited by vapour diffusion through the dry layer formed close to the surface of 

the porous medium [Shokri et al., 2009].  

Under a constant ambient temperature, 𝑃𝑠 remains constant. In such cases, the humidity will be 

the main factor determining the magnitude of the evaporation [Gupta et al., 2014]. Here we use 

𝑃𝑠, T, and D for water to scale time �̃� (in unit m
2
) as: 

�̃� =
𝑀𝐷(1 − 𝑅𝐻)𝑃𝑠

𝜌𝑅𝑇
𝑡                                                                                                                             (4.4) 

Using Eq. (4.4) and defining the constant 𝛽 as 𝐴/𝛿, Eq. (4.1) becomes: 

𝑑𝑉

𝑑�̃�
= 𝛽                                                                                                                                                      (4.5) 

Since 𝛽 is not a function of temperature, Eq. (4.5) implies that all water evaporation data 

obtained at different humidities and temperatures should result in the single value 𝛽 (Soulié et 

al., 2015) if plotted versus the scaled t introduced in Eq. (4.4). Note that this is valid only during 
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stage -1 evaporation where the surface is wet and the bulk of the evaporative demand is supplied 

by the liquid vaporization at the interface between the air and the porous media surface.  

4.3.2. Saline water evaporation from porous media 

The same approach explained in section 2.1 can be used to estimate saline water evaporation 

from porous media. However, there are some additional factors that must be taken into account, 

since the properties of the saline solution (e.g. saturated vapour pressure, diffusion coefficient 

and density) not only change because of the variation of temperature but also because of changes 

in the concentration of solute.  

In the present study, we have worked with three different salts namely NaCl, CaCl2 and KI. The 

salts were chosen for their non-toxicity, solubility in water, and how the vapour pressure of water 

is affected with increasing concentration of the salts.  In the case of CaCl2,  there is a significant 

dependency of the saturated vapour pressure on salt concentration, compared to NaCl and KI, for 

which the increasing concentration affects the vapour pressure much less. We obtained the 

following empirical equation to estimate saturated vapour pressure as a function of salt 

concentration using the values derived from Patil et al. (1991) and Clarke and Glew (1985): 

 𝑃𝑠 = 𝑎0 + 𝑎1𝐶 + 𝑎2𝐶2 + 𝑎3𝐶3                                                                                                          (4.6)  

with C indicating the salt concentration in molality and 𝑃𝑠 in kPa. The fitting parameters 

𝑎1, 𝑎2 and 𝑎3 for NaCl, CaCl2 and KI at 35°C are listed in Table 4.1 and are used later in our 

analysis. More details about how the fitting parameters in Table 4.1 were obtained using Eq. 

(4.6) are presented in the appendix.  
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Table 4.1. Parameters required to relate 𝑃𝑠 to salt concentration for the cases of NaCl, CaCl2, and 

KI at 35°C. 

Salt 𝑎0 𝑎1 𝑎2 𝑎3 

NaCl 5.98 - 0.40 0.0086 0.0018 

CaCl2 5.16 - 0.11 - 0.14 0.012 

KI 5.55 - 0.067 - 0.029 0.0016 

Additionally, the density and diffusion coefficient of salt are modified as the concentration of 

salt and ambient temperature changes. Published data on the dependency of diffusion coefficient 

of water molecules into air in the presence of ions in solution and its variation with respect to the 

type of salt and temperature are scarce, even for NaCl (note that here we are not referring to the 

self-diffusion coefficient of ions in liquid). Thus for salt solutions, the scaled time proposed in 

Eq. (4.4) will be useful only if the relationship between the salt concentration and the diffusion 

coefficient at a given temperature and solution density is known. If it is not, in the case of salt 

solution, one can scale time (in unit of day) using Eq. (4.7) expressed as: 

�̃�𝑠 =
𝑀(1 − 𝑅𝐻)𝑃𝑠

𝜌𝑅𝑇
𝑡                                                                                                                            (4.7)   

Substituting Eq. (4.7) into Eq. (4.1) leads to: 

𝑑𝑉

𝑑�̃�𝑠
=  𝛽𝐷                                                                                                                                                 (4.8) 
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For Eq. (4.7), the change in density of solution as a result of the presence of salt was considered 

negligible for the sake of this calculation. Note that if the variation of diffusion coefficient with 

respect to salt concentration could be neglected, as is the case for pure water, cumulative mass 

loss curves measured at different temperature and relative humidity under different salt 

concentrations should be represented by a single curve (as long as the vaporization occurs at the 

surface of porous media and the presence of a salt crust does not limit the process).  

When salt is present in the evaporating liquid, its concentration increases over time as a result of 

evaporation. When the salt concentration substantially exceeds the solubility limit (i.e., 

supersaturation exceeds a critical value), crystals will precipitate by first nucleating and then 

growing. One of the key objectives of this paper was to investigate how the presence of 

precipitated salt influences the validity and applicability of the above analysis (Eqs. 4.5 and 4.8). 

The remainder of this paper evaluates the relative importance of ambient temperature and 

humidity on the evaporation from porous media in the absence and presence of three different 

salts. 

4.4. Experimental considerations 

Six sets of experiments were conducted in an environmental chamber in which the relative 

humidity and ambient temperature were controlled accurately and kept constant at the desired 

values in each set (Table 4.2). NaCl, CaCl2 and KI with a wide range of concentration (Table 

4.2) were used in our experiments to prepare salty solutions. Glass Hele-Shaw cells (80 mm in 

width, 260 mm in height and 10 mm in thickness) and cylindrical glass columns (85 mm in 

diameter and 230 mm in height) were used in our experiments to pack sand particles saturated 

with either water or salty solutions. All boundaries of sand columns were closed except the top 

which was open to air for evaporation. The sand columns were mounted on digital balances 



 

 

90 
 

(accuracy 0.01 g) connected to a computer to record the mass of the evaporating sand packs 

every 5 minutes. A digital camera was fixed at the surface of the cylindrical column to record the 

dynamics of precipitation at the surface each hour. The camera was connected to a computer for 

automatic image acquisition.  A total of 33 columns were packed with saturated sand packs to 

investigate the saline water evaporation under a variety of conditions in terms of relative 

humidity, ambient temperature and salt compound. More details about the boundary conditions 

in each experiment are presented in Table 4.2.  

Table 4.2. Experimental conditions in each set of experiment. Note that in set # 1, 2, and 3 the 

average sand particle size was 0.61 mm and in set # 4, 5, and 6 it was 0.7 mm. 

# of 

set 

Evaporating 

liquid 

Salt 

concentration 

(M) 

Ambient temperature 

and relative humidity 

Dimension of the column 

1 Pure water 0 Round 1: At 25°C and 

RH of 30%, 50% and 

70%  

Round 2: At 35°C and 

RH of 30%, 50% and 

70% 

Hele-Shaw cell (80 mm in 

width, 260 mm in height and 

10 mm in thickness) 

2 NaCl solution 1 Molal Round 1: At 25°C and 

RH of 30%, 50% and 

Hele-Shaw cell (80 mm in 

width, 260 mm in height and 
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70%  

Round 2: At 35°C and 

RH of 30%, 50% and 

70% 

10 mm in thickness) 

3 NaCl solution 3 Molal Round 1: At 25°C and 

RH of 30% and 50% 

Round 2: At 35°C and 

RH of 30% and 50% 

Cylindrical column (85 mm 

in diameter, 230 mm in 

height) 

4 NaCl solution 0.5, 1, 2, 3, 4, 5 

Molal 

At 35°C and RH of 

25%  

Cylindrical column (83 mm 

in diameter, 153 mm in 

height) 

5 KI solution 0.5, 1, 2, 5, 7 

Molal 

At 35°C and RH of 

25%  

Cylindrical column (83 mm 

in diameter, 153 mm in 

height) 

6 CaCl2 

solution 

0.5, 1, 2, 3.5, 5, 

6.5 Molal 

At 35°C and RH of  

25%  

Cylindrical column (83 mm 

in diameter, 153 mm in 

height) 
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4.5. Results and discussion 

4.5.1. Scaling behaviour of pure water evaporation 

Figure 4.1 (a) illustrates the measured cumulative water evaporation from the Hele-Shaw cells 

packed with sand grains saturated with pure water. The experiments were conducted under 6 

different ambient conditions (i.e. at 25 °C and relative humidity of 30, 50 and 70% and at 35 °C 

and relative humidity of 30, 50 and 70%). 

  

Figure 4.1. Cumulative evaporative water loss measured during the evaporation process from a 

Hele-Shaw cell packed with sand grains saturated with pure water versus (a) time and (b) scaled 
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time (in unit of m
2
) introduced in Eq. (4.4). The legend indicates ambient temperature and 

relative humidity in each round of experiments.  

The evaporation rate (i.e. the slope of the mass loss curve) in all cases remains relatively constant 

in the early stages of the evaporation processes depicted in Figure 4.1(a). This is typical trend 

observed during stage-1 evaporation where the evaporative demand is supplied by liquid transfer 

from the interior of the porous medium to the surface via capillary induced liquid flow and liquid 

vaporization at the surface. Similar behaviour has been reported in many other studies (e.g. see 

Lehmann et al. [2008]; Shokri-Kuehni et al. [2016]). Stage-1 evaporation will eventually end 

when the liquid connection with the surface is disrupted due to the competition between 

capillary, gravity and viscous forces [Lehmann et al., 2008]. This marks the onset of the stage-2 

evaporation when the evaporative flux is limited by vapour diffusion through porous media 

[Shokri and Or, 2011] resulting in much smaller evaporative fluxes. This explains the change of 

the slope in some of the curves presented in Figure 4.1(a). Figure 4.1(b) shows the measured 

mass losses versus �̃�, Eq. (4.4). This figure shows that the measured cumulative mass losses from 

the sand columns saturated with pure water under different relative humidity and ambient 

temperature coincide very well if plotted versus �̃�. It must be noted that such a scaling behaviour 

is valid only during stage-1 evaporation (when the process is mainly controlled by the liquid 

vaporization at the surface). Figure 4.1(b) confirms that the changes in the evaporative mass 

losses depicted in Figure 4.1(a) are the result of the change in relative humidity and ambient 

temperature and the process is controlled by the external conditions.  

4.5.2. Scaling behaviour of saline water evaporation 

Figure 4.2 shows the measured cumulative mass losses from the Hele-Shaw cells packed with 

sand grains saturated with 1 M NaCl solution under different ambient temperature and relative 
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humidity. The highest and lowest measured evaporation correspond to the highest (35 °C and 

30%) and lowest (25 °C and 70%) evaporative demands, respectively. During saline water 

evaporation, the NaCl concentration increases continuously close to the surface. Therefore, the 

saturated vapour pressure above the surface decreases continuously, Eq. (4.6). Thus, contrary to 

the case of pure water, the evaporation rate from the beginning of the experiments with saline 

water decreases over time (because the driving force 𝑃𝑠 − 𝑃∞ decreases as a result of the 

increasing salt concentration).  
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Figure 4.2. Cumulative evaporative water loss measured during saline water evaporation from a 

Hele-Shaw cell packed with sand grains saturated with 1 M NaCl solution versus (a) time and (b) 

scaled time (in unit of day) introduced in Eq. (4.7). The legend indicates ambient temperature 

and relative humidity in each round of experiments.  

Figure 4.2(b) illustrates the recorded mass losses under different external conditions (indicated in 

the legend) versus the rescaled time �̃�𝑠. It is remarkable to have all the curves in Figure 4.2(b) 

coincided quite well when plotted as a function of the scaling parameter �̃�𝑠. This is not an 

intuitive result because one would expect the formation and growth of precipitated salt at the 

surface to influence and limit the evaporation flux but this is not what we observed in our data 

(note that the slight differences among the curves illustrated in Figure 4.2(b) could be related to 

the changes in the saturated vapour pressure above the surface over time due to the increasing 

salt concentration at the surface). Figure 4.3 shows the comparison between the measured 

evaporation rates during the first 2 days of the experiments (i.e. the slopes of the mass loss 

curves presented in Figures 4.1 and 4.2 averaged over the first two days) under different external 

conditions for pure and saline water.  
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Figure 4.3. Evaporation rate during the first two days from the onset of the experiments. The 

value of the evaporation rate was calculated using the slope of the lines fitted to the cumulative 

mass loss curves presented in Figures 4.1 and 4.2. The legend indicates the ambient temperature 

in each round of the experiment and the liquid (water or 1 M NaCl solution) used to saturate the 

sand columns. The solid lines indicate the linear fit to the data (in all cases R
2
>0.99). The slopes 

of the lines are represented by m1, m2, m3 and m4.  

Figure 4.3 shows that increasing relative humidity results in decreasing evaporation flux. Under 

the same ambient temperature, adding salt reduced the evaporative water losses due to the 

reduced saturated vapour pressure above the surface. The difference between drying rates of pure 

and saline water increased as temperature increased from 25 °C to 35 °C. This is due to the 

nonlinear dependency of the saturated vapour pressure and the diffusion coefficient into air on 

ambient temperature. In any case, the results presented in Figures 4.2 and 4.3 illustrate a 

relatively linear relationship between the evaporation rate from saline solution and the external 

condition and that the evaporative flux is mainly limited by the external conditions; similar to 
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what is observed in the case of pure water (Figure 4.1). To have a closer look at the evaporation 

process from saline porous media, another set of experiments (set#3; Table 4.2) were conducted 

in which cylindrical columns were used and the dynamics of evaporative mass losses together 

with the salt precipitation at the surface were investigated.  

4.5.3. Precipitation dynamics and the evaporative mass losses 

A cylindrical column was packed with sand grains saturated with 3M NaCl solution. The 

evaporation experiments were conducted at four different external conditions (indicated as set#3 

in Table 4.2). The recorded images of the surface of the porous medium were used to quantify 

the part of the surface covered by salt over time. Salt is represented by the white colour in the 

images. Therefore, one could assume the higher the pixel grey value (GV) of the images, the 

more area is covered by salt. We used the surface grey value of the last image as the reference 

value to scale the other images as: 

𝑆𝑐𝑎𝑙𝑒𝑑 𝐺𝑉 =
𝑆𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐺𝑉 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑖𝑚𝑎𝑔𝑒

𝑆𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐺𝑉 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑎𝑠𝑡 𝑖𝑚𝑎𝑔𝑒
                                       (9) 

“Scaled GV” will be always equal to, or less than one (because the last image has the highest GV 

since the entire surface is covered by salt). Based on the definition of “Scaled GV”, a bigger 

portion of the surface is covered by salt when “Scaled GV” is closer to 1. Applying the same 

scaling to all images enabled us to quantify the dynamics of surface coverage by salt over the 

course of the experiment. Figure 4.4 illustrates the evaporative mass losses together with the 

precipitation dynamics at the surface. 

The results show a strong relationship between dynamics of the evaporative mass losses and the 

surface coverage by salt. A similar correlation was observed by Norouzi Rad and Shokri [2012]. 
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Existence of such a strong correlation may have applications beyond the focus of this paper 

because it may offer an opportunity to estimate the evaporative mass losses by looking into the 

salt precipitation dynamics at the surface. The counter-intuitive result presented in Figure 4.4 is 

to have a significant portion of the surface covered by salt; yet the cumulative evaporative mass 

losses are not influenced by the presence of this precipitated salt at the surface. This result 

suggests that the presence of salt crystals at the surface does not necessarily stop the evaporation 

process (at least during the early stage of the process). The same conclusion was reached in some 

recent studies on building materials and glass beads packing (e.g. Eloukabi et al., 2013; Gupta et 

al., 2014). The reason for this is the porous nature of the precipitated salt (Norouzi Rad et al., 

2013). Liquid flows through the precipitated salt via capillary flow keeping the crystals at the 

surface wet, which contributes to the evaporation. This explains why the evaporative flux is not 

limited significantly by the presence of the precipitated salt at the surface (as long as it remains 

wet) and that the curves could be scaled in Figure 4.2(b).  
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Figure 4.4. Cumulative evaporative mass losses versus time measured during evaporation from a 

cylindrical sand column saturated with 3M NaCl solution at a) 25°C and relative humidity (RH) 

of 30%, b) 35°C and relative humidity of 30% and c) 35°C and relative humidity of 50%. Also 

presented is the scaled grey value (GV) at the surface of porous media, indicating the surface 
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coverage by precipitated salt. Values closer to 1 indicate a greater fraction of the surface is 

covered by salt. The insets illustrate typical salt precipitation patterns at different times from the 

onset of the experiments. The white colour represents precipitated salt at the surface. 

To further investigate this, the measured mass losses during evaporation from the columns 

saturated with 3 M NaCl solution at an ambient temperature of 25°C and relative humidity of 30 

and 50% are presented in Figure 4.5.  
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Figure 4.5. (a) The cumulative mass loss measured during evaporation from cylindrical columns 

packed with sand saturated with 3 M NaCl solutions. The experiments were conducted at the 

constant temperature of 25°C and relative humidity of 30 and 50%. (b) The cumulative mass 

losses presented in section (a) plotted versus the scaled time �̃�𝑠  (in unit of day) introduced in Eq. 

(4.7). The insets illustrate the precipitation patterns at the surface after 4 days from the onset of 

the experiment. White corresponds to precipitated salt.   
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The cumulative mass loss from the column placed under 50% relative humidity is less than that 

under 30%; this is expected as the driving force for the evaporation is less (Eq. 4.1). Therefore 

much more salt was precipitated at the surface of the column placed under 30% relative 

humidity. The inset of Figure 4.5 shows the surface of these two sand columns after 4 days from 

the onset of the experiment confirming the above statement. Although these two columns have 

completely different precipitation patterns at the surface, the cumulative mass losses are very 

close if plotted against the scaled time �̃�𝑠 introduced in Eq. (4.7). This confirms that the different 

cumulative mass losses observed in Figure 4.7(a) are due to the different external conditions and 

not to the presence or absence of precipitated salt at the surface and that the precipitated salt does 

not necessarily limit the liquid transfer toward the surface because of its porous nature (at least in 

the early stages of the process). 

4.5.4. Effects of type of salt on the evaporation behaviour 

The data obtained from the experiments with NaCl, KI, and CaCl2 are presented in this section. 

See Table 4.2 for detail of the boundary conditions in each round of experiments. Figure 4.6 

illustrates the measured cumulative mass losses. Results show that as salt concentration 

increased the evaporative mass losses decreased in all cases. When plotting against the scaled 

time �̃�𝑠, the cumulative mass losses recorded during early stages of the process coincide very 

well in the case of NaCl and KI. This means the observed differences in the recorded mass loss 

curves are governed by the effects of salt concentration on lowering the vapour pressures (Eq. 

4.6) as other parameters were kept the same in the experiments. 
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Figure 4.6. The cumulative mass loss measured during evaporation from the cylindrical columns 

packed with sand saturated with (a) NaCl, (c) KI and (e) CaCl2 solutions. (b), (d) and (f) show 

the same data (i.e. cumulative mass losses) versus the scaled time �̃�𝑠 (in unit of day) introduced 

in Eq. (4.7). All experiments were conducted at the constant temperature of 35°C and relative 
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humidity of 25%. Legends indicate the initial salt concentration used to saturate the sand 

columns. The insets in (a-d) show the same cumulative mass loss data as the main curve but 

zoomed in to illustrate the trend in the early stages of the process.  

Note that in the previous sections variation of the external conditions caused the changes in the 

evaporative mass losses but in this case it is the change in properties of the solution modifying 

the evaporation process but all of these effects are already incorporated in the scaled times 

introduced in Eqs.  (4.4) and (4.7). In the case of NaCl and KI, although the curves coincide very 

well using the scaled times during the early stages of the process (the insets in Figure 4.6(b) and 

4.6(d)), they cannot be represented by a single curve during the later stages of evaporation. This 

is likely due to drying of the precipitated salt at the surface which results in the change of the 

vaporization plane from the surface of the precipitated salt to deeper depths (located either at the 

interface between the porous medium and the precipitated salt or depths below the surface of the 

porous medium). Therefore, the process is no longer controlled by vapour diffusion from the wet 

salt surface to the air but by a combination of capillary flow from the interface between the wet 

and partially wet zones in the porous medium up to this new vaporization plane, liquid 

vaporization at that level and then vapour diffusion through the porous medium and the dried 

precipitated salt to the air.  

CaCl2 shows a different drying behaviour to those observed in the case of NaCl and KI.  Figure 

4.6(e) and (f) show that the recorded cumulative mass losses in the case of CaCl2 do not coincide 

either in the early or later stages of the evaporation using the scaled time. On top of that, 

variation of the evaporative mass losses versus salt concentration is much more significant in the 

case of CaCl2 compared to the other two salts considered in this study. One of the reasons for 
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such behaviour could be attributed to the significant dependency of the saturated vapour pressure 

on salt concentration in the case of CaCl2 compared to NaCl and KI.  

As evaporation proceeds, the salt concentration increases close to the surface; thus the saturated 

vapour pressure decreases over time. This influences the driving force for evaporation especially 

in the early stages of the process (when the process is still limited by the external conditions). If 

Ps changes significantly versus concentration, the driving force for liquid vaporization in the 

early stages of the process changes notably thus resulting in continuous lowering of the 

evaporation rates. However, if Ps does not change significantly versus concentration, then one 

could describe the evaporation process in the early stages using the scaled times (Eq. 4.4 and 

4.7). Figure 4.7(a) shows the variation of Ps versus concentration of NaCl, KI and CaCl2 at 35 °C 

using Eq. (4.6).  
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Figure 4.7. (a) Variation of the saturated vapour pressure Ps versus salt concentration at 35°C. 

The legend indicates the type of salt. The data were obtained using Eq. (4.6) and the data 

presented in Table 4.1. (b) The evaporation rate versus time measured during evaporation from 

the sand column saturated with CaCl2 solution. The legend indicates the initial salt concentration 

in each case.  
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According to Figure 4.7(a), Ps changes significantly as concentration changes in the case of 

CaCl2 as opposed to NaCl and KI. This has significant impact on its evaporation behaviour and 

causes continuous decrease of the evaporation rate from the beginning of the experiment as 

illustrated in Figure 4.7(b).  

4.6. Summary and conclusions 

A comprehensive series of evaporation experiments (using 33 sand columns) was conducted 

under well-controlled ambient temperatures and relative humidities to understand the effects of 

external condition as well as type of salt on saline water evaporation from porous media. Our 

results confirm that during stage-1 evaporation of pure water, the process is mainly controlled by 

the ambient conditions. The recorded mass losses in the case of pure water under 6 different 

external conditions could be represented by a single curve using scaled time �̃�.  

In addition, our results illustrate the minor impact of the presence of precipitated NaCl at the 

surface on saline water evaporation during the early stages of the process. This is because of the 

porous nature of the precipitated salt at the surface keeping the salt wet (via capillary flow) that 

contributes to the evaporation process. The recorded mass losses from the columns packed with 

saline solution with different NaCl concentrations that experienced different ambient temperature 

and relative humidity could be represented by a single curve using the scaled time �̃�𝑠. The scaling 

behaviour is valid as long as the surface or the precipitated salt remains wet. This analysis 

confirms that it is a necessity to understand how the porous structure of precipitated salt evolves 

during evaporation from porous media and how it influences the subsequent flow and transport 

processes. Modelling tools introduced in some recent studies [Malmir et al., 2016a; 2016b] will 

be useful to describe such a phenomenon. 



 

 

108 
 

Additionally, using NaCl, KI and CaCl2 enabled us to investigate the impact of the properties of 

the evaporating solution on the evaporation dynamics. Our results highlight the important effect 

of the relationship between the saturated vapour pressure and salt concentration on the general 

dynamics of the evaporation process.  Significant variation of the saturated vapour pressure with 

respect to the salt concentration in the case of CaCl2 led to decreasing evaporation rate from the 

very beginning of the experiments because any small increase in salt concentration at the surface 

(as a result of evaporation) has a notable impact on the saturated vapour pressure in the case of 

CaCl2 that influences the driving force for vaporization. 
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4.8. Appendix 

Eq. (4.6) was fitted to the values derived from Patil et al. (1991) and Clarke and Glew (1985) to 

obtain the empirical parameters presented in Table 4.1. Specifically speaking, in the case of KI 

and CaCl2, Eqs. (4.1) to (4.4) of Patil et al. (1991) were used to obtain saturated vapour pressure 

as a function of salt concentration at 35°C. Then Eq. (4.6) was fitted to the values derived from 

Patil et al. (1991). As for NaCl, the values of saturated vapour pressure at various temperatures 

(but not at 35°C) as a function of NaCl concentration were given as tabulated values in Clarke 
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and Glew (1985). We have used those values to estimate saturated vapour pressure at 35°C. Then 

Eq. (4.6) was fitted to these values to obtain the empirical parameters presented in Table 4.1.  
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Chapter 5 

IODINE K-EDGE DUAL ENERGY IMAGING REVEALS THE INFLUENCE OF 

PARTICLE SIZE DISTRIBUTION ON SOLUTE TRANSPORT IN DRYING      

POROUS MEDIA  

 

In this chapter, 4D pore-scale data (3D space + time) obtained by synchrotron X-ray tomography 

using Iodine K-edge dual energy imaging method was used to delineate the dynamics of solute 

transport during saline water evaporation from porous media. Two sand columns differing in 

particle size distribution were saturated with salt solution with well-defined properties and the 

dynamics of ion transport during evaporation was visualized with high spatial and temporal 

resolutions. Using this technique, we could delineate the governing mechanisms controlling ion 

transport during evaporation from porous media.  

Pore-scale 4D imaging indicated higher average salt concentration at the surface of the coarse-

grained sand compared to the fine-grained sand. As mentioned in this chapter, this is counter-

intuitive because in both sand columns the initial concentration, porosity and, more importantly, 

the evaporation rate were nearly the same, yet the ion distributions at the surface were 

significantly different, influencing salt deposition patterns. This behaviour is attributed to 

preferential solute deposition at the smaller pores at the surface of porous media while the larger 

pores are preferentially invaded by air. 

 Moreover, using the measured concentration profiles and the analytical solution of convection-

dispersion equation (CDE), allowed for a semi-quantitative estimate of the effective dispersion 

coefficient during evaporation from porous media. We were able to investigate both, the impact 

of particle size distribution on the dispersion coefficient, and the evolution of the dispersion 
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coefficient during evaporation. The results show the effective dispersion coefficient increases 

during evaporation as liquid saturation decreases. With decreasing water saturation, the flow 

paths become increasingly more tortuous and longer, hence extending the mixing zone 

considerably. The liquid saturation above the drying front depends on the pore-size distribution 

of porous media. Due to preferential air invasion through larger pores, two porous media with 

different particle-size distribution may have similar saturation above the drying front, but very 

different drying front depth. The longer solute travel distance leads to more dispersion under 

similar average saturation above the drying front. The data confirms, the effective dispersion 

coefficient depends not only on the saturation, but also on the complex liquid network and its 

morphology formed during the evaporation process. This study extended the physical 

understanding of the mechanisms controlling the dynamics of solute transport in porous media 

during evaporation.    
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5.1. Abstract 

Increasing salinity in groundwater and soil poses a threat to water and land resources. With the 

expectation of major changes to the hydrological cycle through climate change, the need for 

understanding the fundamental processes governing solute transport through soil has grown 

significantly. We provide experimentally verified insights into the influence of particle size 

distribution on solute transport in porous media during evaporation at the pore- and macro-

scales. To do so, we utilized four-dimensional (space plus time) synchrotron X-ray tomography 

for iodine k-edge dual energy imaging to obtain solute concentration profiles in every single pore 

during saline water evaporation from coarse- and fine-grained sands. Close to the surface of the 

coarse-grained sand significantly higher salt concentrations were observed when compared to 

fine-grained sand with the same porosity under similar cumulative evaporative mass losses. The 

physics behind this behaviour was delineated using the recorded data with high spatial and 

temporal resolutions. Moreover, the measured data enabled us to quantify the variations of the 

effective dispersion coefficient during evaporation and how it is influenced by the particle size 

distribution. We show that, contrary to common assumption in modelling of solute transport 

during evaporation, the effective dispersion coefficient varies as a function of liquid saturation 

and the length of the invaded zone during evaporation from porous media, and that it increases as 

liquid saturation decreases. 
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5.2. Introduction 

Water and land quality have long been issues of global concerns. Increasing salinity in 

groundwater and soil poses a threat to the ecosystem functioning, water quality and evaporation, 

and crop production
1-6

. Understanding solute transport in the flow of water through soil entails 

studying the phenomenon through partially saturated zone during evaporation, which is a 

complex process. During evaporation of saline water from porous media, solutes are transported 

to the vaporization plane via capillary-induced liquid flow, while diffusion tends to homogenise 

the concentration laterally throughout the pore space. The interaction between the two 

determines the dynamics of solute distribution in porous media
7,8

. Numerous studies have been 

conducted in the past to look into the effects of various parameters, such as particle size, 

wettability, heterogeneity, and the type of salt
9-16 

, on saline water evaporation from porous 

media. Much less attention has, however, been paid to experimental study of how solutes are 

transported and distributed throughout the pore space during evaporation, and how transport 

properties, such as the effective dispersion coefficient 𝐷∗ in porous media, vary as drying 

proceeds. As is well known, dispersion is convective mixing of two miscible fluids, which is 

modified by molecular diffusion, particularly in the slow zones of the pore space. The effective 

dispersion coefficient, which is usually used in the description of solute transport in porous 

media by the convective-dispersion equation (CDE), represents the combined effect of the two at 

the macroscale. Surprisingly, the majority of previous studies that modelled saline water 

evaporation from porous media either assumed a constant 𝐷∗ or one that decreases with 

decreasing saturation 
8,17-21

.
 

The focus of the present work is on providing new deep insights into the influence of particle 

size distribution on the physics of solute transport in porous media during evaporation. In 
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particular, the specific objective of this paper is to understand how the effective dispersion 

coefficient varies during evaporation from porous media and how it is influenced by the particle 

size distribution. To do so, we utilize four-dimensional (4D, space plus time) synchrotron X-ray 

tomography and iodine k-edge dual energy imaging in order to visualize the dynamics of solute 

transport in a complex pore space and quantify the variations of the effective dispersion 

coefficient with time and saturation. This provides us with a unique opportunity to underpin the 

physical mechanisms controlling solute transport and deposition in porous media during 

evaporation. 

5.3. Results and Discussion  

5.3.1. Quantitative characterisation of ion transport in porous media 

The experimental setup and imaging details are the same as those reported by Shokri
21

. Briefly 

speaking, we conducted 4D synchrotron X-ray tomography experiments with fine and coarse 

sands, with the particle-size distributions presented in Figure 5.1, packed in cylindrical columns 

of 8 mm diameter and 16 mm height. The columns were open to air from top for evaporation. 

The sand column was initially saturated with a salt solution containing 5% (by weight) calcium 

iodide. The dynamics of the evaporation process from the sand packs were visualized using 

synchrotron X-ray tomography in order to resolve the details of phase distribution and solute 

transport at pore-scale. 

Image analysis and reconstruction were done using Avizo Fire 9.2 (FEI, 2017) and in-house 

codes developed in MATLAB. Further details of the experiments and image analysis are given in 

the Methods section below. Figure 5.1 shows a 3D rendering of the reconstructed volume of the 

packed coarse- and fine-grained sand, together with their porosity variations that were quantified 

using the segmented images. 



 

 

120 
 

 

Figure 5.1. Three-dimensional rendering of the reconstructed volume of the packed (a) coarse 

and (b) fine sands with the corresponding porosity presented in (c). The inset illustrates the 

particle-size distribution of the sand grains used in the experiments. 

The segmented images were used to calculate the water saturation in each cross section, from 

which the cumulative evaporative mass losses were calculated. Figure 5.2 shows the water 

saturation profiles together with the cumulative evaporative mass losses, measured during the 

evaporation experiments with the fine and coarse sands. The results indicate that the evaporation 

rates in both cases were nearly the same over the course of the experiments, despite notable 

differences in the measured water saturation profiles. This is expected because during early 

stages of the process the evaporation rate is mainly dependent on the external conditions, which 

were similar for both experiments. Note that the ambient temperature and relative humidity 

remained the same during the experiments.  
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The water saturation profiles depend strongly on the dynamics of the fluid front displacement 

during the evaporation process. The geometry and dynamics of the displacement front have been 

analysed in several studies
22,23 

which revealed the dependence of the front dynamics on the 

interplay between gravity, capillarity and viscous forces. Different pore-size distributions of the 

fine and coarse sands influence the capillarity forces and, consequently, the liquid-phase 

distribution. During water evaporation, the displaced air-water interface is pinned in regions with 

small pores, while continuing to recede in the regions with large pores. This results in non-

uniform liquid-phase distribution over time and space. For example, Figure 5.2(a) indicates that a 

part of the air-water interface is pinned in a region nearly 3 mm below the surface, whereas air 

continues to invade the medium preferentially through larger pores up to a depth of about 8 mm 

below the surface. Moreover, Figure 5.2 confirms the presence of more water at the surface of 

fine-textured sand compared to coarse-textured sand. This is due to the higher air entry pressure 

of fine sand compared to coarse sand, due to the presence of smaller pores. Although the 

cumulative mass losses are nearly the same in the case of fine- and coarse-grained sand, the 

liquid phase distribution above the drying front (the interface between saturated and unsaturated 

zone) is remarkably different. In other words, with same evaporative mass losses, the length of 

the unsaturated zone (the distance over which solute is transported) is different in the fine- and 

coarse-grained sand. This significantly influences the dynamics of solute transport  which will be 

discussed next.  
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Figure 5.2. Time-dependence of the liquid saturation profiles, from the onset of the experiment 

(indicated in the legend) during evaporation from (a) fine- and (b) coarse-grained sands. (c) The 

computed cumulative mass losses over time during evaporation, computed using the segmented 

images obtained by synchrotron X-ray tomography.  
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5.3.2. Solute concentration profiles  

Using iodine k-edge dual energy subtraction
21

, we obtained the salt concentration profiles with 

high spatial and temporal resolutions, and analysed the effect of the pore-size distribution on the 

saline water evaporation and variation of the effective dispersion coefficient, as defined earlier. 

Details of the procedure used to compute the solute concentration throughout the evaporating 

columns using the recorded images are presented in the Method summary section. Figure 3 

shows the solute concentration distribution at the surface of the two types of sand packs 6 hours 

after the onset of evaporation (colours closer to red indicate higher concentrations).  
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Figure 5.3. Distribution of solute concentration within the top 1 mm of (a) coarse- and (b) fine-

textured sands 6 hours after the onset of the experiment. The colour map represents the solute 

concentration percentage, such that the closer to red, the higher the concentration. Also presented 

in (c) and (d) are the liquid cluster distributions within the top 1 mm of the fine- and coarse-

grained sands. The clusters are defined as the liquid within pore bodies separated through pore 

throats. The colour represents the size of clusters. 

Closer inspection of Figures 5.3(a) and 5.3(b) reveals that the average ion concentration is higher 

at the surface of coarse-grained sand than it is with the fine-grained sand. Note that in both cases 

the initial concentration, porosity and, more importantly, the evaporation rate were nearly the 

same, yet the solute distribution at the surface of the two sand packs are significantly different. 

We attribute this difference to the dominant impact of the preferential liquid evaporation from 

finer pores at the surface, leading to non-uniform ion distribution.  

In addition, the qualitative results presented in Figure 5.3 indicate that at the surface of both sand 

packs, liquid clusters of the same sizes exhibit distinct solute concentrations. This suggests that 

the solute concentration depends not only on the pore/cluster sizes, but also on how the liquid 

clusters and patches are distributed at the surface. This happens due to the influence of the 

spacing between the liquid clusters on the corresponding evaporation rate per cluster
24,25

. 

Shahraeeni et al.
24

 showed that, due to the impact of the spacing between the clusters on the 

formation of a diffusive vapour shell above the surface, larger spacing between wet patches at 

the surface of porous media results in higher evaporation per pore. As described by Bergstad and 

Shokri
26

, such a phenomenon leads to higher salt concentrations in the wet patches, when 

distributed distantly. We also analysed the liquid cluster distribution within the top 1 mm of the 

sand columns, and the results are presented in Figures 5.3(c) and 5.3(d). These confirm the 



 

 

125 
 

existence of larger spacing between the liquid clusters in the coarse sand, compared to the fine 

packing.  

Using the 4D images recorded by synchrotron X-ray tomography, we calculated the solute 

concentration along the sand profiles over time. The results are presented in Figure 5.4, 

illustrating a sharper gradient of solute concentration closer to the surface of the coarse sands 

compared with the fine sand. Typical examples are presented in Figures 5.4(a) and 5.4(b) that 

illustrate, respectively, the solute concentration after 8 hours of evaporation in the case of fine 

and coarse sands. 
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Figure 5.4. Reconstruction of the liquid phase in the top 5 mm of the (a) fine and (b) coarse 

sand, 8 hours after the onset of evaporation with the colour map representing the solute 

concentration percentages. Colours closer to red indicate higher concentrations. Also presented is 

the dynamics of solute distribution in (c) fine and (d) coarse sand at various times from the onset 

of the experiments (indicated in the legend). 

Although both porous media have similar porosity and initial salt concentration, and were placed 

under similar evaporative demand, the pore-scale solute distributions through the two 

evaporating sand columns are remarkably different. Such pore-scale phenomena affect the 

macroscopic response, presented in Figures 5.4(c) and 5.4(d). The results indicate that, relative to 

the coarse sand, the solute is distributed more uniformly through the fine sand packing. This 

suggests that the effective dispersion coefficient is higher in the fine sand. As illustrated in 

Figures 5.4(a) and 5.4(b), there exist more tortuous capillary pathways in the fine sand. This 

leads, as a result of the existence of more junctions within the complex liquid network and the 

longer lengths of the flow paths, to more mixing, implying higher effective dispersion 

coefficients that influence the solute transport during evaporation.   

5.3.2. Estimating the dispersion coefficient 

Under the assumptions of negligible solute adsorption on the solid surface and a 1D vertical 

solute transport, the equation that governs solute transport in the evaporating liquid confined to 

porous media is given by:
 7,18 

𝜕(𝜌휀𝑆𝐶)

𝜕𝑡
=

𝜕

𝜕𝑧
(𝜌휀𝑆𝐷∗

𝜕𝐶

𝜕𝑧
− 𝜌휀𝑆𝐶𝑈)                                                                                              (5.1) 
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where 𝐶(𝑧, 𝑡), 휀, 𝜌, 𝑡, 𝑧 and 𝑆 indicate, respectively, the solute mass fraction, porosity, density of 

the solution, elapsed time from the onset of the evaporation, depth below the surface, and the 

liquid saturation. 𝑈 corresponds to the average liquid velocity and 𝐷∗ is the effective dispersion 

coefficient of the solute in porous media, representing the combined effect of mixing by 

convection and diffusion. As mentioned earlier, in many previous studies in which Eq.  (5.1) was 

used to describe solute transport in porous media during evaporation, 𝐷∗ was assumed to be 

either constant or decreasing with decreasing liquid saturation.
8,17-21

 Using the  experimental 

pore-scale information, we investigate the variation of 𝐷∗ during saline water evaporation from 

porous media. 

We utilized the analytical solution developed by Guglielmini et al.
7
 to estimate the dispersion 

coefficient using the measured salt concentration profiles. Guglielmini et al.
7
 developed the 

following analytical solution to describe the dynamics of ion concentration in drying porous 

media at intermediate times: 

Ω (𝜉, 𝜏) = 1 − 𝑃𝑒𝜏 +

𝑃𝑒2 𝜏 erfi (
√𝑃𝑒(𝜉 − 1)

√2 − 2𝑃𝑒𝜏
)

(𝑃𝑒 𝜏 − 1)erfi (
√𝑃𝑒

√2 − 2𝑃𝑒𝜏
)

                                                                  (5.2) 

where erfi is the imaginary error function, Ω is the dimensionless effective solute density at 

dimensionless depth 𝜉 below the surface, with 𝜉 defined as 𝜉 = 𝑧/𝐿. Here, 𝐿 is the length scale 

over which the solute transport occurs, which is the length of invaded (or unsaturated) zone, 𝜏 is 

the dimensionless time defined as, 𝜏 = 𝑡𝐷∗/𝐿2. In Eq. (5.2), 𝑃𝑒 represents the Peclet number 

defined as 𝑃𝑒 =
𝐿𝑒

𝜌𝜀𝐷∗ with 𝑒 representing the evaporation rate. The analytical solution was 

obtained with the assumption of constant 𝑆 and 𝐷∗. In our experiments, for a given saturation the 
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system is fixed, hence the analytical solution is applicable to the state of the system at that 

saturation for a given scan. This allowed for a semi-quantitative estimate of the effective 

dispersion coefficient by fitting the analytical solution given by Eq. (5.2) to the measured 

concentration profiles. An example of fitting Eq. (5.2) to the experimentally-determined 

concentration profiles is presented in the Supplementary Information. The computed 𝐷∗ in the 

fine and coarse sands are reported in Figure 5.5 as a function of (a) average saturation of the 

invaded zone 𝑆; (b) the length 𝐿 of the invaded zone,  and (c) 𝑆
𝐿⁄ . The results presented in 

Figure 5.5 show that 𝐷∗ increases during evaporation as liquid saturation decreases. This is 

contrary to the assumption made in previous studies regarding a constant effective dispersion 

coefficient or one that decreases with decreasing saturation  in drying porous media.
8,17-21

 The 

inverse relationship between 𝐷∗ and liquid saturation indicated by Figure 5.5 suggests that 𝐷∗ in 

Eq. (5.1) should be treated as an effective dispersion coefficient when this equation is used to 

model saline water evaporation from porous media. 

That the effective dispersion coefficient increases over time is due to the fact that, as the 

evaporation process proceeds, water saturation decreases. Therefore, the flow paths become 

increasingly more tortuous and longer, hence extending the mixing zone considerably. This leads 

to better mixing over longer distances, resulting in larger effective dispersion coefficients. The 

increase in 𝐷∗ at lower liquid saturations was first predicted by Sahimi et al.
27-29

, and was 

subsequently confirmed in numerous experiments with various types of porous media
30-32

. 

Although this inverse relationship between 𝐷∗ and the liquid saturation is relatively well-

established and confirmed in one- or two-phase fluid displacement processes in porous media, to 

the best of our knowledge, a systematic analysis for delineating the relationship between 𝐷∗ and 

liquid saturation in porous media during evaporation was not attempted before. 
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Figure 5.5 indicates that the effective dispersion coefficient changes almost one order of 

magnitude over the duration of the experiments, and that it does not necessarily change linearly 

with the liquid saturation, a main assumption made commonly in literature. In fact, as was first 

shown by Sahimi and Imdakm
33

, percolation theory
34,35 

predicts that as the water saturation 

decreases and approaches its residual value at which it becomes disconnected, 𝐷∗ increases as a 

power law in (S-𝑆𝑟), where 𝑆𝑟 is the residual saturation, with the exponent of the power law 

estimated by Sahimi and Imdakm
33

 to be about (-0.2) in 3D and (-2.8) in 2D porous media. 

We found a strong linear relationship between 𝐷∗ and the length of the invaded zone. Since the 

dispersivity, the ratio of the dispersion coefficient and mean flow velocity, is proportional to the 

length of the invaded zone, the implication is that the average macroscopic velocity remains 

essentially constant. As the drying front - the interface between the saturated and unsaturated 

zones - recedes into the porous medium, the length of the invaded zone increases. This leads to 

the formation of a more tortuous liquid network that contributes towards better mixing and, thus, 

higher 𝐷∗. Thus, the data confirm that 𝐷∗ depends not only on the saturation, but also on the 

complex liquid network and its morphology formed during the evaporation process.  

Note that, due to the receding drying front during evaporation from porous media, the length 

over which solute travels increases with time. The liquid saturation above the drying front 

depends on the pore-size distribution of porous media (among other factors). Spatial 

heterogeneity of pore-sizes promotes preferential air invasion through larger pores and therefore, 

two porous media with different particle-size distribution may have similar saturation above the 

drying front, but very different length of the unsaturated (invaded) zone. For example, in our 

experiments, under a constant liquid saturation above the drying front, the length of the 

unsaturated zone is longer in fine-grained sand compared to the coarse-grained sand, hence 



 

 

130 
 

resulting in longer solute travel distances which leads to more dispersion in the former case 

under similar average saturation above the drying front. Moreover, when the length of 

unsaturated zone is the same in coarse- and fine-grained sand, the saturation in coarse sand is 

less resulting in more tortuous and longer flow paths than in the fine sand which leads to more 

dispersion in the coarse sand as illustrated in Fig. 5.5(b). This suggests that evaluating 𝐷∗ solely 

based on the average saturation may not capture the entire physics that controls solute transport 

in porous media during evaporation, and that one should simultaneously take into account the 

drying front depth, the length over which solute transport occurs. Based on the data presented in 

Figures 5.5(a) and 5.5(b), we looked into the relationship between 𝐷∗ and the combined effects 

of saturation of the invaded zone and the length of the invaded zone, expressed as 𝑆
𝐿⁄ . The 

results are presented in Figure 5.5(c).   
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Figure 5.5. The variation of 𝐷∗ versus (a) the average saturation of the invaded zone 𝑆, (b) 

length of the invaded (or unsaturated) zone 𝐿  and (c) 𝑆 𝐿⁄ . 
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Nearly similar variation of 𝐷∗ in both fine and coarse sand, when plotted versus 𝑆
𝐿⁄ , suggests 

that the two parameters, the average saturation of the invaded zone and the length of the invaded 

zone, are the key factors influencing 𝐷∗ in drying porous media.  

The present analysis extends the physical understanding of the mechanisms influencing solute 

transport in porous media during evaporation. , Moreover, the  data and analysis are relevant to 

characterisation of  drying of droplets containing salt solutions with the associated salt deposition 

patterns
36,37

. 

5.4. Methods Summary 

We conducted synchrotron X-ray micro-tomography evaporation experiments with fine and 

coarse sands, initially fully saturated with a salt solution containing 5% calcium iodide (by 

weight) and packed in cylindrical plastic columns with an inner diameter of 8 mm and height of 

16 mm. The experiments were conducted on the GeoSoilEnviroCARS (GSECARS) BM-13BMD 

beamline at the Advanced Photon Source, Argonne National Laboratory, IL. The columns were 

closed at all boundaries, except at the top that was open to air for water evaporation. The external 

conditions - ambient temperature and relative humidity - were similar and constant in both 

experiments. Image reconstruction was performed using programs developed by GSECARS to 

convert X-ray attenuation to 3D volumetric data. The resolution of the images was 12.01 

microns. In this analysis, the top 13.2 mm of the sand column is used that includes 1103 

reconstructed images of the 2D horizontal cross sections, with grey-scale values representing 

density distribution within the porous medium.  The columns were scanned every 30 minutes 

during drying. The sand packs were visualized twice, once with X-rays with energies 

immediately above the K-edge (33.1694 keV) value of Iodide, and a second time with X-rays 
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with energies immediately below the K-edge value at 33.0690 keV. The difference in the grey 

value of the two scans yields the salt concentration at pore scale.  

To convert the grey value to salt concentration, we followed the calibration method described by 

Shokri
21

.  Briefly, to calibrate the grey values, CaI2 solutions with concentration of 2%, 5%, and 

25% (by mass) were imaged at the same energy levels above and below the Iodine K-edge value. 

A linear equation was obtained relating the known values of concentrations to the corresponding 

grey values of the solutions with a well-defined concentration. The linear equation was used as 

the calibration curve to relate the grey value at any given pixel and time during evaporation from 

sand columns to the salt concentration. This enabled us to delineate the temporal and spatial 

solute distribution at the pore-scale during evaporation. 

Moreover, to quantify the liquid phase distribution and how it is influenced by the particle size 

distribution, the recorded pore-scale images were segmented following the procedure described 

by Shokri
21

 and Shokri et al.
38

 In-house codes were developed in MATLAB to analyse the 

images and distinguish between liquid, air and solid phases in each 2D cross section according to 

the distribution of their grey values. Threshold values were calculated to segment each phase. 

The segmented images were used to quantify the drying front displacement in porous media, the 

3D dynamics of liquid phase distribution and the evaporative mass losses (presented in Fig. 

5.2(c)). We used several segmentation algorithms for image analysis and liquid phase 

quantification and the estimated errors were at most as large as the size of the symbols in Fig. 

5.2(c).  
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5.7. Supplementary Information 

Fig. 5.S1 illustrates a typical example of the fitting the analytical model, Eq. (2), to the 

experimentally determined concentration profile to estimate the effective diffusion-dispersion 

coefficient presented in Fig. 5.5.  

 

Figure 5.S1. An example of fitting Eq. (5.2) (solid lines) to the concentration profiles computed 

using the recorded pore-scale images (dash lines). The concentration profiles correspond to the 

fine-grains sand after 1 and 7 hrs from the onset of the evaporation experiments.  
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Chapter 6  

SUMMARY AND CONCLUSIONS 

 

This dissertation was in the so-called “alternative thesis format” which included three published 

papers and a fourth manuscript that is currently under review.  

1. In the first paper (i.e. chapter 2), I looked into the potential application of drying porous 

layers for evaporative cooling practices. To do so, experiments were conducted using 

sand particles differing in particle size distribution saturated with pure water. The sand 

layers were placed under natural evaporation and the temperature distribution at the top 

and bottom of the drying layers were recorded using high resolution thermal imaging and 

temperature sensors.  

The results illustrated the ability of porous materials to regulate the temperature and its 

potential application for roof cooling. Strong correlations between the drying curves and 

the temperature dynamics were found. During stage-1, the temperature at top and bottom 

of the drying layers remained relatively constant. However, during the stage-2 

evaporation the temperature at top of the drying layers increased because of the formation 

of a dry layer at the surface of porous media. The obtained results confirmed longer 

stage-1 evaporation periods for sand with smaller particles. Therefore, the temperature 

remained low for a longer time in the case of sand with smaller particles. This study 

illustrated the importance of the particle size of porous media when they are used in 

evaporative cooling practices which had not received enough attention in previous 

studies. 
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The rest of this dissertation was focused on the dynamics of saline water evaporation 

from porous media with a particular attention on how the evaporation rate is modified as 

a result of the presence of salt and the precipitated salt at the surface. I have also looked 

into the particle size effects on the dispersion coefficient during saline water evaporation 

from porous media. The main findings of these three chapters are listed below:  

2. In chapter 3, a new conceptual model was presented to describe the saline water 

evaporation dynamics from porous media. The impact of the presence of wet and porous 

precipitated salt at the surface on the evaporation rate was illustrated in this chapter. Our 

microscopic analysis combined with the thermal imaging with high temporal and spatial 

resolution suggests that the presence of porous salt at the surface causes top-supplied 

creeping of the solution, feeding the growth of subsequent crystals. This effect 

contribiutes to further water evaporation and in contrary to the traditional understanding, 

the presence of the precipitated salt at the surface does not necessarily block the pores or 

cease the water evaporation because of the porous nature of the precipitated salt 

especially at the early stage of the process which remains wet due to the capillarity 

effects. As illustrated in chapter 3, the obtained results confirmed that the precipitated salt 

at the surface is an ever changing porous media with its own properties as long as it 

remains wet during evaporation.  

3.  In chapter 4, the effects of salt concentration and type of salt on the saline water 

evaporation rate from porous media was investigated. A simple but effective quantitative 

tool was proposed capable of describing the effects of various parameters such as 

ambient temperature, relative humidity, type of salt and salt concentration on the saline 

water evaporation rate from porous media. The proposed equation was validated against a 
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comprehensive series of experimental data using porous media saturated with three types 

of salt with varying concentrations. The evaporation curves measured under different 

ambient temperature, relative humidity and salt concentrations could be represented all 

on a single curve using the proposed equation. This further confirmed the minor impact 

of the presence of precipitated salt at the surface on the evaporation rate as long as the 

precipitated salt remains wet.  

4. In chapter 5, synchrotron X-ray tomography was used to study ion transport during saline 

water evaporation from porous media in 4D (3D space + time). The pore-scale results 

revealed the effects of particle and pore size distribution on the solute transport during 

evaporation from porous media. Using Iodine K-edge dual energy imaging, we could 

quantify the ion concentration at pore scale with a high temporal and spatial resolution. 

The analysis illustrated that this technology can be used as a powerful tool to investigate 

the dynamics of solute transport in porous media. Using the measured concentration 

profiles and the analytical solution of the convection-dispersion equation (CDE), we 

could obtain a quantitative estimate of the evolution of the dispersion coefficient as 

influenced by the particle size distribution of porous media during evaporation. Our 

results confirmed that the parameter D in the CDE increases as the liquid saturation 

decreases during evaporation. Furthermore, we could show that the effective dispersion 

coefficient depends not only on the saturation, but also on the complex liquid network 

and its morphology formed during the evaporation process.  

6.1. Future work 

1. This dissertation revealed the importance of the morphology and dynamics of the 

precipitated salt at the surface on the overall drying behaviour. More research is required 
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to quantify how exactly the pore size distribution and evolution of the porous precipitated 

salt influences the evaporation rate. Such efforts may result in developing equations 

capable of describing the relationship between the precipitated salt dynamics and the 

evaporation rates. This will be very useful in developing reliable models to predict the 

dynamics of saline water evaporation from porous media. Microfluidics experiments and 

4D X-ray tomography could be useful tools to investigate this relationship. 

2. Another important aspect could be including vegetation and plants in the saline water 

evaporation studies to quantify how salinity influences the plant growth and biomass 

production. In addition, the findings regarding the influence of particle size distribution 

on the salt concentration profile can be used, to investigate the relations between particle 

size distributions and salinity resistance as a function of plant rooting depth. 

3. Another possible extension of this work could be the inclusion of mixtures of salts 

instead of only one type of salt. This aspect was not investigated in the present study. It 

would serve as a first step to working with seawater or contaminated groundwater. 

4. Considering the presence of a water table into the analysis could be another potential 

extension of this work. The presence of a water table influences the dynamics of water 

content distribution as well as the connectivity of the liquid pathways through the soil 

profile. In the case of shallow water tables, the surface might be in hydraulic connection 

with the water table via capillary induced liquid pathways. However, in the case of deep 

water tables, such connection may not exist anymore and the water evaporation may 

occur at a depth somewhere below the surface. This will significantly influence not only 

the evaporative mass losses but also the solute deposition patterns. 

 


