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Abstract: The perfect combination of renewable energy and desalination technologies is the key to meeting water demands in a cost-effective, efficient and environmentally friendly way. The desalination technique by humidification-dehumidification is non-conventional approach suitable for areas with low infrastructure (such as rural and decentralized regions) since it does not require permanent maintenance. In this study, this technology is implemented by using solar energy as a source of thermal power. A seawater desalination unit is considered, which consists of a chamber with two evaporators (humidifiers), a wetted porous material made of a corrugated cellulose cardboard and a condenser (dehumidifier). The evaporation system is tested with dry bulb temperature and relative air humidity data. The results of numerical simulations indicate that higher inlet air velocities (from 0.75 to 3 m/s) lead to a decrease in the ΔT, ΔRH, and effectiveness. With the air remaining within the evaporator for 30 cm, the temperature differential increases to 5.7°C, accompanied by a 39% rise in relative humidity contrast. These changes result in a significant enhancement in humidification efficiency, achieving a remarkable efficiency level of 78%. However, a wettability value of 630 m2/m3 leads to a smaller reduction of these parameters. Increasing the pad thickness, particularly to 0.3 m, improves performance by boosting ΔT, ΔRH, and effectiveness, especially for pads with a wettability of 630 m2/m3, for which superior performances are predicted by the numerical tests.
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Nomenclature



	Re
	Reynold’s Number



	Pr
	Prandtl Number



	Nu
	Nusselt Number



	W sat
	Specific humidity of saturated air, g/kg



	W air
	Specific humidity of air, kg/s



	
m˙a

	Mass flow rate of air, kg/s



	T1
	Inlet temperature, °C



	T2
	Outlet temperature, °C



	Tw1
	Wet bulb temperature, °C



	W 2
	Outlet Specific humidity of air, g/kg



	φ
	Relative Humidity %



	
ΔT

	Temperature difference, °C



	Tair
	Change in temperature, °C



	Twater
	Water temperature, °C



	Cp
	Specific heat at constant pressure, kJ/kg °C



	η
	Effectiveness %



	V
	Air Velocity, m/s



	h
	Heat transfer coefficient, W/m2°C



	K
	Mass transfer coefficient, kg/ m2-s



	LHV
	Latent heat of vaporization, J/kg



	α
	Wettability, m2/m3



	H
	Length of packing, m



	W
	Width of packing, m



	L
	Depth of packing, m



	Lc
	Characteristic length, m



	ν
	Viscosity of the air, Pa-s



	Vp/Le
	Lewis number



	Abbreviations




	RH
	Relative humidity



	DEC
	Direct evaporative cooling



	WBT
	Wet bulb temperature



	LHV
	Latent heat of vaporization





1  Introduction

Even while there is a lot of water on Earth, most of it is brackish or saltwater, and there is little usable freshwater. Soft water is in short supply because of population and industrial growth, making the problem of water scarcity more urgent. The issue is made worse by the freshwater resources’ incapacity to meet the growing demand for water [1]. Where there is unrestricted access to brackish or salted water, such as coastal locations, desalination is an appropriate alternative. Unfortunately, fuel-powered desalination methods like multi-stage flash and reverse osmosis are too expensive to utilize in dryland agriculture [2]. The two main categories of desalination methods are membrane methods and thermal methods, which can be categorized according to the technology used. The associated desalination processes are typically expensive, energy-intensive, and may call for complex maintenance procedures [3].

In the sphere of water treatment, the humidification-dehumidification (HDH) desalination system is a very promising technology with enormous potential. By using low-grade waste heat sources, this creative system may produce fresh water with little energy input. The HDH system operates by first humidifying the brackish or seawater to be treated, then allowing the humid air to flow over a cooled surface like presented in Fig. 1.

[image: images]

Figure 1: Humidification and dehumidification desalination process

The result is the condensation of water vapor, which creates pure freshwater. This approach offers a practical and long-lasting solution to problems with water scarcity, especially in places with restricted access to freshwater [4]. Evaporative cooling is a commonly used sustainable and energy-efficient technique that aims to reduce traditional energy usage globally. The HDH desalination system makes use of these concepts. It works by evaporating sensible heat to turn it into latent heat [5,6].

An evaporative cooling system called a Direct Evaporative Cooler (DEC) uses the air-cooling properties of water evaporation to provide natural cooling. DEC is an easy-to-use, reasonably priced cooling option that has gained popularity recently because of its ability to lower air conditioning energy use. Evaporative cooling has been investigated by a number of researchers [7–10]. A wetted material is passed through by hot, dry air in a DEC system, causing the water to evaporate and cooling the air. The area that needs cooling is subsequently filled with the cooled air. In contrast to indirect and regenerative evaporative systems, DEC systems are categorized as direct evaporative systems [11].

Because of its special qualities, which make it an effective and reasonably priced material for this use, cellulose is frequently employed as a humidifier in desalination systems. Natural and biodegradable, cellulose is derived from a range of renewable sources, including cotton and wood pulp. It is an effective medium for humidification and water evaporation due to its high surface area to volume ratio. Furthermore, cellulose is a good material for humidification because of its high water-holding capacity, which enables it to hold a lot of water and release it gradually over time. Since direct evaporative cooling systems may successfully cool things down while using less energy than typical cooling methods, there has been an increase in interest in using them for desalination in recent years [11]. Still, there is still much we do not know about using these cooling systems into HDH desalination procedures. This article gives a comprehensive investigation into the integration of a direct evaporative cooling system into an HDH desalination process, utilizing both theoretical analysis and numerical simulations. The study is to evaluate the cooling system’s performance in various scenarios, pinpoint the primary variables influencing its effectiveness, and recommend design enhancements. This study provides important insights into how the cooling mechanism affects the HDH desalination process by combining numerical simulations with theoretical analysis.

The cooling pad’s performance can be simulated via mathematical modeling, yielding performance parameters as outputs [3,4,12,13]. Using cellulosic cardboard, a mathematical model has been devised to address the shortcomings of the direct evaporative cooler. Several input parameters, including wettability values, pad thicknesses, air velocities, and diverse external meteorological variables, are assessed for this model. After that, the performance metrics that are produced are examined and assessed.

The article is organized as follows: The concept of direct evaporative cooling is introduced in Section 2, and Section 3 discusses mathematical modeling of this concept. The numerical simulations and results are shown in Section 4, along with a discussion that follows.

2  Analysis and Modelling

For the pad-end action, a numerical software was created to model mass and heat exchanges. The temperature, relative humidity, and efficiency of the air that leaves the pad following the evaporative cooling process were among the output factors that were connected mathematically using formulas.

The mathematical model used in this study was adapted from earlier research and included dynamic variable parameters, which let users enter data to maximize the effectiveness of the evaporative cooling system [4,12].

Fig. 2 shows the rectangular cross-section of the pad. The volume and total surface area of the pad are given by Eqs. (1) and (2), respectively. Additionally, the characteristic length Lc which is derived from the inverse of the wettability is found using Eq. (3). It is believed that the pad has been evenly wetted in order to analyze heat and mass transfer [14].


Vp=W.h.L
(1)


AS=Vp.α
(2)


LC=VpAS=1α
(3)
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Figure 2: Cellulose pad characteristics

It is believed that the temperature at the water-air interface is constant. Assuming uniform soaking of the pad, the thermal properties for both water and air remain constant.

The formula for calculating the Reynolds number is expressed as follows [15]:


Re=V.Lc.ρν
(4)

The formula for calculating the Prandtl number is expressed as follows [16]:


Pr=ν.CPk
(5)

The formula for calculating the Nusselt number is expressed as follows [17,18]:


Nu=0.1. (LcL)0.12 .Re0.8.Pr0.33(6)


h=Nu.kLc
(7)

2.1 Energy Balance

Eq. (10) can be used to represent the sensible heat exchange between the air and the water layer that is present on the porous material. Eq. (15), which is able to predict the air temperature after it passes through the colder T2, is obtained by integrating Eq. (10).


dQt˙= ma˙.Cp.dT
(8)


dQt˙= h.dA.(T−Twater) 
(9)


dQt˙= ma˙.Cp.dT= h.dA. (T−Twater)
(10)


dA = α.W.H.dL
(11)


∫T1T21T−Twater .dT= h ma˙.Cp.α.W.H.∫0L⁡dx
(12)


eln⁡(T2−TwaterT1−Twater)= h ma˙.Cp.α.W.H.L
(13)


T2−Twater   = (T1−Twater) .e−h.α.W.H.Lma˙.Cp
(14)

The evaporation of water is caused by the conversion of sensible heat into latent heat, which lowers air temperature and increases outlet humidity [8].


T2=Twater+(T1−Twater) .e−h.α.W.H.Lma˙.Cp
(15)

2.2 Mass Balance

A mass balance analysis was conducted also for water vapor Eq. (16). Following substitutions and integration, it gives Eq. (22), which is utilized for estimating the air mixing ratio upon passing through plate 
W2
[8,19].


dQ˙m= LHV. ma˙. (Wsat − Wair)= LHV. K.(Wsat − Wair).dA
(16)


dQ˙t=dQ˙m
(17)


h.dA.(T−Twater) =LHV. K.(Wsat − Wair).dA 
(18)


hk.Cp=Le
(19)


Cp=LHV. (Wsat − Wair)(T−Twater) 
(20)


Wsat− W2=CpLHV.(T2−Twater) 
(21)

Replacing 
T2 
with Eq. (15) the expression becomes as follows:


W2=Wsat−CpLHV.(T1−Twater) .e−h.α.W.H.Lma˙.Cp 
(22)

The formula for calculating the relative humidity the expression of relative humidity derives from Antoine’s equation and expressed as follows [20]:


φ2 = pv102.7877 + ((7.625 .T2)(241.6 + T2))
(23)

Avec 
pvs
the partial vapor pressure


pvs = 102.7877 + ((7.625 .T2)(241.6 + T2))
(24)

With the partial vapor pressure, expressed below:


pv =(w2 .patm)(0.622 + w2)
(25)

An original mathematical approach was devised to anticipate η values in pad cooling systems by adopting heat and mass transfer equations originally proposed by [21].


η = T1−T2T1−Tw1
(26)

3  Results and Discussion

MATLAB software was utilized to construct a numerical program that yielded the study’s results. By using this method, a thorough study of the system that took into consideration all pertinent parameters and situations could be performed.

The graphs show that when wettability increases, the system performs better. This improvement results from the wider wetting surface, which permits more water to enter the packing material’s flutes. As a result, both ΔT and ΔRH values further fall as a result of a slight increase in the amount of moisture that evaporates from the pad surface.

Throughout the course of the investigation, the material’s thickness, the water’s temperature in relation to the inlet air temperature, and the relative humidity of the air all stayed the same. The present study investigated three critical factors in an evaporative cooling system: thickness, wettability, and the fluctuation of air velocity V between 0.75 and 3 m/s. These findings concurred with those of [8].

3.1 The Impact of Air Velocity on the Performance of the Evaporation System

The system’s performance at three different wettability levels is shown in Fig. 3, which is consistent with the expected results. After evaluating the evaporator’s efficiency at three distinct air velocities, it was discovered that the higher value 3 m/s offered the least amount of cooling.
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Figure 3: Variation of the temperature difference according to the variation of the air velocity with Twater = 25°C

In every instance, it was found that a rise in air velocity causes ΔT to drop. Moreover, as Fig. 4 illustrates, a greater air velocity raises the mass flow rate. Notably, it is evident that in every case that is studied, a rise in air velocity is correlated with a discernible fall in ΔT. Moreover, increasing air velocity causes the mass flow rate to rise noticeably. This is explained by the fact that the air moves over the pads more quickly, reducing contact and retention times and, in turn, mass and heat transfer rates. Lower ΔT and ΔRH values are the outcome of this drop in transfer rates since they cause less water to evaporate.

[image: images]

Figure 4: Variation of the relative humidity difference according to the variation of the air velocity with Twater = 25°C

Fig. 5 suggests that enhanced wettability correlates with increased efficiency. However, at higher air velocities, a notable increase in pressure drop is observed, which can lead to lower effectiveness despite the improved wettability. The graph in the figure illustrates the relationship between effectiveness and air flow rates. When WBT remains constant, an increase in air velocity leads to a decrease in effectiveness, primarily due to a corresponding reduction in ΔT.
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Figure 5: Variation of the effectiveness according to the variation of the air velocity with Twater = 25°C

3.2 The Impact of Thickness on the Performance of the Evaporation System

The Fig. 6 shows the effect of varying the pad thickness between 0.1 and 0.3 m while maintaining a constant air velocity, air temperature, water temperature and relative humidity on temperature difference.
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Figure 6: Variation of the temperature difference according to the variation of the thickness with Twater = 25°C

Higher values of ΔT and ΔRH are shown to be correlated with an increase in buffer thickness, as indicated by the data displayed in Figs. 6 and 7. These results imply that more humidity and more air cooling are caused by a thicker evaporator. The temperature difference grew to 5.7°C and the relative humidity difference reached 39% as the air moved through and spent 30 cm within the evaporator. This relationship can be explained by the fact that a thicker evaporator increases the amount of wetted surface area and so lengthens the time that air and material are in contact. As a result, more heat is transmitted from the air to the buffer, which causes the air to cool more quickly, and more water vapor evaporation raises the relative humidity of the air. Therefore, the evaporator’s thickness directly affects the system’s observed fluctuations in temperature and relative humidity during the evaporation process.

[image: images]

Figure 7: Variation of the relative humidity difference according to the variation of the thickness with Twater = 25°C

The graphical representation in Fig. 8 most likely illustrates how these modifications resulted in a significant increase in humidification efficiency, which reached 78%. It also demonstrates how thickening the evaporator can enhance its efficiency by promoting more efficient heat and mass transfer processes, maximizing air-material contact time, and enhancing thermal insulation qualities.
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Figure 8: Variation of the effectiveness according to the variation of the thickness with Twater = 25°C

3.3 The Impact of the Pad Wettability on the Performance of the Evaporation System

The above graph sheds important light on the connection between the cellulose evaporator’s wetted surface area and the temperature of the air exit. The main finding is that the air temperature gradually drops throughout a thickness of 0.3 m (dx), which is correlated with an increase in the wetted surface area. This pattern suggests that the wetted surface area and evaporative cooling efficiency are directly correlated. In order to comprehend this phenomenon, one must examine the physics at play. Specifically, a greater wetted surface area facilitates closer contact between the air and the water, which in turn increases the heat transfer from the air to the water. The air is further cooled by this process, which encourages water evaporation.

Important information about the connection between the cellulose evaporator’s wetted surface area and air output temperature is provided by the graph. The main finding is that the wetted surface area increases in tandem with a gradual fall in air temperature across a thickness of 0.3 m (dx). This pattern suggests a clear correlation between the wetted surface area and evaporative cooling effectiveness. Consider the physics at play to further explain this phenomenon: more intimate contact between air and water is made possible by a bigger wetted surface area, which also improves heat transmission from the air to the water. The procedure encourages the evaporation of water, which further cools the air.

Fig. 9 shows three distinct curves as a function of the wetted surface area of the cellulosic cardboard evaporator reveals a meaningful relationship between the wetted surface area and the specific air outlet humidity. All three curves show the same pattern: the specific humidity of the air increases steadily as we move along a 0.3 m thickness (dx). To explain further, when there’s more wet surface on the cellulose cardboard, the air and water interact more. This prolonged contact enhances water evaporation, leading to a higher specific humidity in the air discharged from the system. As air passes through an evaporator with a greater wetted surface area, it gains the capacity to absorb more water vapor, yielding an air output that is significantly more humid.

[image: images]

Figure 9: Impact of the pad wettability on the outlet temperature

More wetted surface area promotes better air-water interaction inside the cellulose cardboard according to Fig. 10. Water evaporation rises because of the longer contact duration, which increases heat transfer efficiency. As a result, air cools more efficiently without changing its saturation temperature. This optimizes the process’s efficiency since the air gets close to but stays below water vapor saturation.

[image: images]

Figure 10: Impact of the pad wettability on the outlet specific humidity

The results findings in Fig. 11 suggest that a number of crucial components are needed for an evaporator to operate at a high efficiency. Using a material with a wide wetted surface area is crucial. Improved air-material contact makes it possible for effective heat and mass transfer processes to occur. It is important to keep the air velocity modest. Reduced residence durations within the evaporator due to high air velocities might restrict the efficiency of mass and heat transfer. Thus, optimizing efficiency requires managing the airflow to guarantee the ideal ratio of mixing to contact duration. One important factor is the evaporator’s thickness. A thicker evaporator permits the air in the system to remain there for longer, facilitating more complete heat and mass exchange. This highlights how crucial it is to choose a thickness that offers enough contact time while taking into account real-world limitations.
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Figure 11: Impact of the pad wettability on the effectiveness

4  Conclusion

With the use of numerical simulation software, the performance of an evaporative cooling pad is examined in this study through an analysis of the mathematical model. The objective is to obtain a deeper comprehension of the functioning of the cooling pad and the ways in which its design parameters impact its efficacy. To comprehend the flow of heat and moisture in the cooling pad, we meticulously created a mathematical model. We are able to replicate different operating circumstances and examine the effects of various parameters, including water distribution, pad thickness, and airflow velocity, on the cooling efficiency by incorporating this model into a numerical simulation program. The purpose of this study is to offer insightful information about how to optimize evaporative cooling systems for improved efficiency and performance.

Both the temperature differential ΔT and the relative humidity difference ΔRH decreased as the incoming air speed increased. This indicates that the temperature or humidity of the air was dropping. Also, the cooling pad’s overall performance decreased when the air velocity was increased from 0.75 to 3 m/s. As anticipated, there were smaller drops in ΔT, ΔRH, and effectiveness when the cooling pad’s wettability value was 630 m2/m3.

The results of the study indicated that increasing the thickness of the cooling pad enhanced its performance, particularly at 0.3 m. We discovered that the temperature differential ΔT, relative humidity difference ΔRH, and effectiveness rose when we increased the thickness of the pad from 0.1 to 0.3 m. This was particularly true for the pad that had a 630 m2/m3 wettability. The temperature and humidity climbed to 39% and 5.7°C, respectively, when the air entered the evaporator and stayed inside for 0.3 m. Due to these modifications, the pad’s ability to humidify the air improved significantly, with a 78% humidification efficiency.

It was evident from numerical testing on three different cellulose pad wettability values that the wettability value of 630 m2/m3 performed exceptionally well. Increased efficiency and values of ΔT and ΔRH temperature and relative humidity differences showed this. The results of the investigation showed that performance improved with pad thickness, and this effect was particularly pronounced at 0.3 m. It was discovered that increasing the pad thickness increased efficiency, ΔT, and ΔRH, especially for the pad with a 630 m2/m3 wettability.

Using a material with a wide wetted surface area, keeping the air velocity moderate to maximize contact time, and making sure the evaporator is thicker for longer air residence time are all necessary to achieve high evaporator efficiency.
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