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Abstract: 

The magnetized nanofluid Silicon Oxide and Aluminum Oxide have been studied mathematically and numerically 

in solar desalination multistage flashing chambers using the PV-thermal solar collectors' concept. A 

mathematical formulation was written after mass and energy conservation balances using finite control volume 

and properties of magnetized SiO2 and A2O3 nanofluids. The flashing process was examined in multiple chambers 

under various conditions including different solar radiations, brine flows, and concentrations, various magnetic 

field strengths, different irreversibility, and availabilities as well as flashing chamber conditions.  

Higher solar radiation increases the flash flow produced. It is concluded that higher irreversibility was 

experienced when water was used as a base fluid. The irreversibility increase depends upon the type of nanofluid 

and its thermodynamic properties. Furthermore, higher concentration increases the availability at the last 

flashing chamber depending on the type of nanofluid and its thermodynamic properties. Also, the availability 

progressively decreased at the last flashing chamber. The higher the magnetic field forces the better the 

performance of nanofluids in the flashing chambers. The thermal energy accumulated during the thermal storage 

charging phase was significantly enhanced by using the magnetized nanofluid SiO2.  Finally, the model-predicted 

results compared well with experimental data published in the literature.  
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I. Introduction: 
Solar desalination is particularly important for locations where solar intensity is high and fresh water is 

scarce. Since thermal desalination is regarded as energy-intensive, seawater desalination and frac flow back water 

desalination require more energy than conventional water treatment due to the higher salt concentration [6,7]. 

Therefore, researchers are focusing on alternative renewable energy sources and technologies such as solar energy. 

It is believed that solar energy is the ultimate response to these limitations and can also provide thermal and 

electrical desalination systems. It was shown by references [5,6] that solar desalination can be achieved in areas 

where solar intensity is high and there is a lack of drinking fresh water.  

An overview of present desalination status and freshwater demand, fuel requirements, solar energy 

availability, thermal desalination technologies, and solar thermal technologies has been presented in P. S. 

Bhambare et al. [7]. Conventional thermal desalination technologies and solar thermal technologies have been 

compared for the same capacity on a scale of 1 to 5 for various factors in the context of the Sultanate of Oman. 

Scheffler dish reflectors (SDR) are suggested as one of the most suitable options to be coupled with multi-effect 

desalination technology for small to medium-capacity decentralized-type plants. Parabolic trough collectors 

(PTC) coupled with Combined Cycle Gas Turbine (CCGT), or Open Cycle Gas Turbine (OCGT) plants would be 

a feasible solution for higher capacity desalination plants. 

 

In the paper by Mahdi Shayanmehr and Hamed Mahdavi, [8], a novel modified model is presented for 

increasing the efficiency and performance of desalination systems. This suggested modification is based on a 

triple action. The first of these actions includes discovering the optimal location for the installation of solar still 

water. Increasing the contact surface of the water by spraying and keeping the saltwater in a wide solar still is a 

second approach for increasing the evaporation of water. In the end, a modern condensing system based on an 

innovative fog (water particle) trapper/harvester. This system includes fog fences, a cool water pipe loop based 

on the outdoor temperature, and forced-controlled airflow. Therefore, based on this method, a conceptual design 
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of solar still water desalination is modeled for the UAE. These results show that the efficiency of the proposed 

model is two times higher than the traditional method with the same cost.  

Nannaronea et al. [9] presented a simulation model for the multiple-stage flash distillation, MSF process 

and was implemented within the Camel-ProTM Process Simulator. Several validation tests confirmed that his 

model is an efficient tool for MSF plants' design and the prediction of the most important parameters taking place 

in the MSF process.  

Al-Fulaij's Ph.D. thesis [10] presented lumped parameter dynamic models for the once-through (MSF-

OT) and the brine circulation (MSF-BC) processes and coded using the gPROMS modeling program. Results for 

both MSF-OT and MSF-BC in steady-state and dynamic conditions showed good agreement against data from 

existing MSF plants. Reference [10], provides a set of modular simulations of components that allow the creation 

of complex models used in the optimization of the full water desalination supply chain. The thesis included 

mathematical programming (MP) models that are solved by an external MP solver for Saudi Arabia. 

A steady-state mathematical model for the multi-effect thermal vapor compression (ME-TVC) 

desalination system, the ME-TVC desalination system was developed by Amer [11], using Engineering Equations 

Solver (EES) to solve the model system. The Validation of the model against three commercial ME-TVC units 

was good. Also, this reference developed a MATLAB algorithm solution to solve model equations and different 

effects was tested to maximize the gain ratio of the process.  

Reference [12], presented a model for the flashing process in the evaporation zone inside a flashing 

chamber with nanofluid-based solar collectors using a two-phase volume of fluid (VOF) formulation. The model 

investigates the effects of variations in the inlet brine flow rate and inlet brine temperature, for both finite and 

infinite flashing process classifications. The predictions were used to estimate MSF design factors such as the 

non-equilibrium temperature difference and flashing efficiency. 

More recently, reference [13] review has focused on the role of nanofluids to improve heat transfer. He 

also reports and discusses the substantial role of nanofluids in enhancing the productivity and energy utilization 

efficiency of solar stills. Specifically, the mechanism of energy transfer between the nanoparticles and the base 

fluid. This includes both plasmonic and thermal effects. It was found that nanofluid use in small fractions enhanced 

thermal conductivity compared to base fluid alone. Alumina was found to be the most suitable nanoparticle used 

as nanofluid inside the solar stills due to its availability and lower cost. Still, other carbon nanostructures need to 

be investigated as they provide higher enhancement of thermal conductivity. Also, in this review, several aspects 

of energy utilization enhancement have been discussed, including innovative application techniques. The 

challenges of such integrated systems are addressed as well. 

A conceptual design for a photovoltaic thermal (PV/T) solar panel has been developed and analyzed, to 

control the inherent temperature increase of PV cells to increase electrical efficiency [14-17]. The mathematical 

model for a multistage flash (MSF) desalination system with brine recirculation (BR) configuration has been 

developed and presented and the heat source for BR-MSF was described as a nanofluid-based direct absorption 

solar collector (DASC. The overall performance of the combined system was determined in terms of the gained 

output ratio referred to as (GOR).  

More recently Sami [15] presented in his study solar flash desalination using PV-Thermal solar panels 

and nanofluids, modeling of the photovoltaic (PV)-thermal solar system to drive the multistage flashing chamber 

process and based on the mass and energy conservation balances written for finite control volume and integrated 

with the properties of the water and nanofluids. The nanofluids studied and presented herein are Ai2O3, CuO, 

Fe3O4, and SiO2. He also studied the multi-flashing chamber process under various conditions. There was a piece 

of clear evidence that the higher the solar radiation, the higher the flash flow produced. The results also clearly 

showed that irreversibility was reduced by using nanofluid Ai2O3 at higher concentrations compared to water as 

a base fluid. The highest irreversibility was experienced when water was used as a base fluid and the lowest 

irreversibility was associated with nanofluid SiO2. It was also shown that irreversibility increases depending on 

the type of nanofluid and its thermodynamic properties. Furthermore, higher concentration enhanced the 

availability at the last flashing chamber. However, the availability was progressively reduced at the last flashing 

chamber. Finally, the predicted numerical results compared well with experimental data. 

Yang et al. [1], and Sami [18,19, 20] developed and reported on a hybrid solar panel to integrate 

photovoltaic (PV) cells onto a substrate through a functionally graded material (FGM) with water tubes cast inside, 

through which water serves as both heat sink and solar heat collector. 

In the study by Kapil Garg et al.  [18], a direct absorption solar collector (DASC) was used as a heat 

source for a multistage flash (MSF) desalination system having a once-through (OT) configuration, and these two 

systems are coupled using a counterflow type heat exchanger. This direct absorption collector was replaced by 

the surface-absorption-based collector to prevent the degradation of the thermal performance of the surface-

absorption-based collector due to the high salinity of seawater and heated by the nanofluid flowing through the 

direct absorption collector. His study aimed to evaluate the thermal performance of the combined system which 

is represented by a quantity known as gained output ratio (GOR). It was found that the thermal performance or 

efficiency of the solar collector depends upon various parameters such as the thickness of the nanofluid layer 
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inside DASC, the length of the collector, the particle volume fraction of nanoparticles, and incident solar energy 

which will affect the performance of the MSF system. 

In the research reported by reference [22], two identical solar stills were designed and constructed to 

investigate the effect of adding copper and aluminum oxide nanoparticles on the quantity of water produced by 

solar desalination. The two solar stills were installed side by side, and measurements were recorded 

simultaneously from both stills. The nanoparticles were added to one still, each at one time but at different 

concentrations. Data and weather conditions were recorded and solar radiation. It was found that the addition of 

nanoparticles increases the amount of condensate. The most efficient concentrations were found to be 0.4% of 

Al2O3 and 0.6% of CuO. An increase in the efficiency of the still equals 7.8%, and 9.62% was recorded. 

Furthermore, it was found that CuO has a more pronounced effect on the condensate than Al2O3 at all 

concentrations except at 0.4% concentration. 

Further to the aforementioned literature review, very limited research work has been published on the 

use of nanofluids in the desalination process and using multistage flashing (MSF) chamber process modeling and 

simulation of seawater brine. Thermal and membrane desalination reported in the literature were only focused on 

the evaporation processes using steam. The novel concept presented in this paper for the MSF implements PV-

Thermal solar panels using hot heat transfer fluid with magnetized nanofluids in the MSF process. Therefore, this 

research has been undertaken to study the impact of solar energy and magnetized nanofluids on the solar 

desalination process. The main objective of this research work is to develop and present mathematical and 

numerical modeling on the use of magnetized nanofluids and PV-thermal solar to drive the multistage flashing 

chamber thermal process. The model proposed was based on the mass and energy conservation equations of the 

flashing process integrated with the vapor and nanofluids' thermal and thermophysical properties at different 

volume fractions as well as solar radiation. The nanofluid studied hereby is SiO2 and compared to nanofluid Ai2O3 

as a reference-base well reported in the literature at different conditions. In this paper, the process of multistage 

flashing using PV-Thermal solar panels and magnetized nanofluids has been analyzed under different conditions 

of seawater (brine) salt concentration, brine flows, temperatures, and nanofluids concentration as well as solar 

radiations. 

 

Numerical Modeling: 

PV model 

 

The solar photovoltaic panel is constructed of various modules and each module consists of arrays and cells.  The 

dynamic current output can be obtained as follows [15-17].  

𝐼𝑃 = 𝐼𝐿 − 𝐼𝑜 [𝑒𝑥𝑝 (
𝑞(𝑉+𝐼𝑃𝑅𝑆)

𝐴𝑘𝑇𝐶
−

𝑉+𝐼𝑃𝑅𝑆

𝑅𝑠ℎ
)]  (1) 

The AC power of the inverter output P(t) is calculated using the inverter efficiency 𝜂𝑖𝑛𝑣 , output voltage between 

phases, neutral 𝑉𝑓𝑛 , and for single-phase current 𝐼𝑜 and 𝑐𝑜𝑠φ as follows. 

 𝑃(𝑡) = √3 𝜂𝑖𝑛𝑣𝑉𝑓𝑛𝐼𝑜 𝑐𝑜𝑠φ        (2) 

Interested readers in the AC power of the inverter output can consult Sami [15]. 

PV-Thermal model: 

This model assumes that all PV cells behave the same, and it is an extension of the work presented by Sami and 

Campoverde [17] that the thermal heat absorbed by the PV solar cell can be calculated by the following 

equation. 

 

𝑄𝑖𝑛 = 𝛼𝑎𝑏𝑠𝐺𝑆𝑝      (3) 

Were. 

αabs: Overall absorption coefficient 

G: Total Solar radiation incident on the PV module 

Sp: Total area of the PV module 

 

Meanwhile, the PV cell Temperature is computed from the following heat balance as per Sami and Martin [18]. 

𝑚𝐶𝑝_ 𝑚𝑜𝑑 𝑢𝑙𝑒
𝑑𝑇𝐶

𝑑𝑡
= 𝑄𝑖𝑛 − 𝑄𝑐𝑜𝑛𝑣 − 𝑄𝑒𝑙𝑒𝑐𝑡     (4) 

Where. 

TC: PV Cell Temperature 

mCp_module: Thermal capacity of the PV module 
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t: time 

Qin: Energy received due to solar irradiation,  

Qconv: Energy loss due to Convection 

Qelect: Electrical power generated.  

Interested readers in the detailed calculations of the terms of the above equation are advised to consult 

references [15, 17, 18]. 

 

Multistage Flashing Chamber Model: 

In the multistage flashing chamber thermal (MSF) process the brine is preheated by the magnetized nanofluid 

flow circulating in the PV-thermal loop where the dissipated heat from the PV solar panel is absorbed, as shown 

in the Figure.1 The flashing process occurs in the flashing chamber where the flashed vapor is generated and 

condensed on the heat exchanger cooled down by the incoming brine flow. The distilled condensed vapor is 

collected, and the brine flow is circulated to the next flashing chamber where the same flashing process is repeated 

for each flashing chamber. The numerical model hereby is considered for each discrete control volume with 

constant volume, therefore, by applying the first law of thermodynamics to each control volume, the mass balance, 

and energy balance across the flashing chamber can be given by the following equations respectively [7,15,32].  

𝛴𝑚𝑖𝑛 − 𝛴𝑚𝑜𝑢𝑡 = 0       (5) 

𝛴𝑒𝑖𝑛 − 𝛴𝑒𝑜𝑢𝑡 = 0       (6) 

Where; 𝑚 and 𝑒 are the mass and energy entering and leaving the flashing chamber control volume. 

 

The brine seawater mass balance across the preheater is. 

𝑚𝐵𝑖 − 𝑚𝐵𝑜 = 0        (7) 

Where 𝑚𝐶𝐵𝑖  and 𝑚𝐵𝑜 is the brine mass flow entering and leaving the preheater, respectively. 

 
Figure 1 PV-Thermal integrated Flashing Chamber process. 

 

The brine concentration entering and leaving is given by the mass balance equation. 

𝑚𝐵𝑖𝑆𝐵𝑖 − 𝑚𝐵𝑜𝑆𝐵𝑜 = 0      (8) 

The distilled condensed mass balance is. 

𝑚𝐶𝑜 − 𝑚𝐶𝑖 − 𝑚𝐷𝑏𝑟𝑖𝑛𝑒 = 0      (9) 

Where,  𝑚𝐷𝑏𝑟𝑖𝑛𝑒 is the distilled mass of vapor condensed as per Figure 1 

The preheater energy balance is. 

(𝑚𝐷𝑏𝑟𝑖𝑛𝑒 + 𝛾𝑚𝐵𝑖)Δ𝐻𝑒𝑣𝑎𝑝 − 𝑚𝐵𝑖𝐶𝑝𝑏𝑟𝑖𝑛𝑒(𝑇𝐶𝐵𝑜 − 𝑇𝐶𝐵𝑖) = 0  (10)   
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Where the distillate flashing fraction𝛾; 

𝛾 =
𝐶𝑝𝑐𝑜𝑛𝑑∗𝐷𝑇𝑆𝑡𝑎𝑔𝑒

Δ𝐻𝑒𝑣𝑎𝑝
       (11) 

Where, 𝐷𝑇𝑆𝑡𝑎𝑔𝑒  and  Δ𝐻𝑒𝑣𝑎𝑝 are the stage temperature difference and heat of evaporation, respectively. 

 

Nanofluid Heat Transfer Fluid 

The thermophysical, thermodynamic, and heat transfer properties of nanofluids are determined in terms of specific 

heat, thermal conductivity, viscosity, and density using the law of mixtures and the volumetric concentration of 

the nanoparticles as per the following equation [15, 17. 18]. 

 

α total = α particles + α base fluid      (12)     

 

Where α represents the thermophysical property of a particular nanofluid. 

 

The nanofluid thermal and thermophysical properties, αtotal, can be calculated as follows. 

 

α total = α base fluid + αparticles .(Φ)     (13)    

   

Where Φ represents the nanoparticles' volumetric concentration. 

 

The thermal conductivity to thermal diffusivity and density of the nanofluids are related as follows [16-18}. 

 

𝜆 = 𝛼 𝛿 𝐶𝑝        (14)   

            

Where Cp is the specific heat, α is the thermal diffusivity, ʎ and ρ represent the thermal conductivity and 

density, respectively.   

 

Interested readers in further details about the calculations of the nanofluid's thermophysical and thermodynamic 

properties are advised to consult references [16-18, 19-20, 22-24]. These references discuss the impact of the 

nanofluids concentrations on the thermophysical properties of the said nanofluids.  Moreover, the scope of this 

study is to discuss the MSF process using the PV-Thermal with magnetized nanofluids as heat transfer fluids. 

 

Magnetized Nanofluids: 

Equations (12) through (14) can be used to determine other thermophysical properties such as α is the thermal 

diffusivity, ʎ, and ρ represent the thermal conductivity and density as different magnetic forces Gauss published 

in the literature properties ([20] through [26]) as a function of the properties outlined in the Table.1 

 

Table 1: Thermophysical Properties of magnetized nanofluids 

 

Where “b” represents the nanofluid-specific property and “a” is the magnetic field force in Gauss. Cpnf, Knf, 

and h are the specific heat, thermal conductivity, and heat transfer coefficients of nanofluids. 

 

Finally, the Availability and Irreversibility of the flashing process are presented in the following, Sami [15].  

 

Aq= Σ(1-Tamb/TJ) QJ           (15) 

 

Where Aq is the flow availability changes under steady-state conditions per stage and is the availability transfer 

due to QJ, the heat transfer between the control volume and its surroundings. Tamb and Tj are the ambient 

temperatures and the Flashing chamber temperature, respectively. 

The availability destruction i.e., irreversibility in the process per stage can be determined from the following. 

Ij=Tamb x SJ        (16) 

Where the Sj represents the entropy of the flashing process at each stage  

 

 

 Ai203 CuO Fe304 SiO2 

Cp nf b = 0.1042a + 6226.5 b = 0.2011a + 5730.8 b = 0.8318a + 4269.8 b = 0.6187a + 4293.2 

K nf b = 2E-05a + 1.4888 b = 5E-05a + 1.3703 b = 0.0002a + 1.0209 b = 0.0001a + 1.0265 

h b = 0.0031a + 73.092 b = 0.0031a + 73.073 b = 0.003a + 73.225 b = 0.003a + 73.231 
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Thermal Storage: 

The model presented hereby is an extension of the research work by Sami [30 and 31] and is based on the 

assumptions that the PCM is homogeneous and isotropic, HTF is incompressible, and it can be considered a 

Newtonian fluid, The solid and liquid phases have sensible heat additions and the mushy has latent heat addition. 

The conservation equations and heat transfer equations were written for each element/control volume of the PCM 

as follows for each of the phases of from solid, mushy, and liquid phases. The heat released by the heat transfer 

fluid HTF by each tube can be written as follows, [30,31], 

𝜌𝑃𝐶𝑀𝑉𝑃𝐶𝑀𝐶𝑝𝑃𝐶𝑀
∆𝑇𝑃𝐶𝑀

∆𝑡
= 𝑄𝑡𝑢𝑏 = 𝑚𝑤𝐶𝑝𝑤∆𝑇𝑤                                           (17) 

The heat balance for the heat exchanger tube in the tank can be as follows. 

(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)𝐶𝑝𝑤𝑚𝑤 = 2𝜋𝑅𝑙ℎ(𝑇𝑖𝑛 − 𝑇𝑠𝑓𝑐)                                                   (18) 

Where the heat transfer coefficient is approximated as [29]. 

ℎ =
𝐾𝑤

𝐷𝐻
𝑏2𝑅𝑒𝑛     and  𝑅𝑒 =

𝑚𝑤𝐷𝐻

𝜇𝐴𝑓
 

And, 

𝑅𝑒, Number-Reynolds, and is 𝑅𝑒 =
𝑚𝑤𝐷𝐻

𝜇𝐴𝑓
 

Charge phase: 

During the charging phase, the water mass flow rate can be calculated from the heat released by the solar radiation, 

The mass flow rate of water-based nanofluid: 

𝑚𝑤 =
𝐺𝐴𝑃𝑎𝑛𝑒𝑙

1000×∙𝐶𝑝𝑤∙∆𝑇𝑤 ∙𝑛
                                                                                             (19)  

Solid phase 

        𝑇𝑃𝐶𝑀𝑚+1
= 𝑇𝑃𝐶𝑀𝑚

+
𝑚𝑤𝐶𝑝𝑤∆𝑇𝑤

𝜌𝑠𝑉𝑃𝐶𝑀𝐶𝑝𝑠
∆𝑡                                                                  (20) 

Mushy phase: 

𝛾𝑚+1 = 𝛾𝑚 + (
𝑚𝑤𝐶𝑝𝑤∆𝑇𝑤,𝑚𝑢𝑠ℎ𝑦

𝜌𝐿𝑉𝑃𝐶𝑀ℎ𝐿
) ∆𝑡                                                                       (21) 

Liquid phase: 

With the finite-difference formulation of the time derivative, the PCM liquid temperature can be calculated as. 

𝑇𝑃𝐶𝑀𝑚+1
= 𝑇𝑃𝐶𝑀𝑚

+
𝑚𝑤𝐶𝑝𝑤∆𝑇𝑤

𝜌𝐿𝑉𝑃𝐶𝑀𝐶𝑝𝐿
∆𝑡                                                                          (22) 

Discharge phase: 

During the discharge process phase, the change material experiences a phase change from liquid to mushy and 

solid while yielding heat that is absorbed during the charging process. The nanofluid-based water mass flow rate 

of heat transfer fluid during the discharge process can be calculated by ]29]. 

𝑚𝑤 =
𝑄𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔

𝐶𝑝𝑤∙∆𝑇𝑤∙𝑛
                                                                                                         (23) 

Therefore, the total heat absorbed during the charging process by the phase change material during solid, mushy, 

and liquid phases is: 

𝑄𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 𝑚𝑃𝐶𝑀(𝐶𝑝𝑠∆𝑇𝑠 + ℎ𝐿 + 𝐶𝑝𝐿∆𝑇𝐿) ∙ 𝑛                                                (24) 

Where: 

m pcm: mass of PCM per finite different element 

 

NUMERICAL PROCEDURE: 

The mass and energy equations (1 through 24) that take place during the flashing chamber process. are 

numerically solved as per the logical flow diagram in Figure 2. The calculation starts with the input of the 

parameters of the PV-Thermal solar panel, thermal tubes, desalination chamber parameters, nanoparticle SiO2, 

and compared to Ai2O3, and heat transfer fluid. The system equations have been integrated and solved using the 

finite-difference formulations to determine the behavior of the process at each flashing chamber. Further, the 

thermophysical properties and the heat transfer characteristics of the base fluid, water, and magnetized nanofluids 

at different concentrations and different magnetic field forces, are determined to solve the mass and energy in the 

flashing chamber control volume. Iterations were performed using MATLAB iteration techniques until a 

converged solution was reached with less than 0.05. Finally, the individual and hybrid system efficiencies, 

availability, and irreversibility which represent the availability destruction in the process were calculated. 
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Figure 2 Logic diagram for the numerical solution. 

 

II. DISCUSSION AND ANALYSIS: 
The system of equations (1) through (24) has been numerically solved in finite-difference formulation 

for predicting the desalination flashing process using nanofluids at different concentrations and water as base heat 

transfer fluid.  

Equations (1) through (4) have been solved to predict the PV dynamic total power generated and 

efficiencies, in terms of the key important parameters of a photovoltaic-thermal solar panel hybrid system.  As 

reported and discussed by Sami ([16] through [18]), it is evident from the results presented on the dynamic PV-

Thermal studies that the higher the solar radiations the higher the thermal and hybrid efficiencies and the hybrid 

efficiency exhibits lower values than the thermal efficiency of the heat exchanger welded under the PV solar 

panels due to the PV solar panel efficiency is significantly lower than the thermal efficiency of the heat exchanger. 

Also, it was reported by Sami ([16] through [18]), that the higher the solar radiation the accelerated increase in 

the PV cell temperature, and subsequently, the higher the solar radiation the higher the PV power and PV 

amperage. Thereafter, the designer of the PV panel and its cell temperature must take into consideration solar 

radiation as well as the ambient conditions. Also, Sami [20-22,32] reported on nanofluids, such as Ai2O3 CuO, 

Fe3O4, and SiO2, and PV-Thermal efficiency is enhanced with higher concentrations at constant solar radiation. 

It was assumed that ten flashing chambers were used, and the brine flow heats up in the heat transfer fluid preheater 

as shown in Figure. 1.  A salt concentration of 5% was used in the brine flow and 60 F ambient temperature. 

Besides, 100 PV solar panels were assumed with 300 watts per PV solar panel. Solar radiation was taken as 500 

w/m2, 750 w/m2, 1000 w/m2, and finally 1200 w/m2.  

Since nanofluid Ai2O3 is one of the most common nanofluids studied and reported in the literature, 

Figures 3 and 4 were established at 500 W/m2 solar radiation to compare and demonstrate the impact of the key 

parameter in the study: the magnetic field in Gauss on the nanofluids Ai2O3, and SiO2 and water, at different Gauss 

varying from 1000 through 3000, and different temperatures, respectively. Ai2O3 CuO, Fe3O4, and SiO2 

Examining the results presented in Figures 3 and 4, these suggest that the higher the magnetic field force 

nanofluid concentration as a heat transfer fluid, the lower the salt % in the flashed flow leaving and the PV thermal 

fluid temperatures, the higher thermal flashed flow rate at 500 W/m2. Also, the results showed that the SiO2 

outperforms the Ai2O3 and water.   Also, Figure. 4, shows higher heat transfer fluid temperatures increase the brine 

flow temperatures and the amount of the distilled water evaporated or flashed. 

 On the other hand, it can be seen from Figures 5 and 6 that the higher the solar radiation the higher the 

flashed flow. This can be attributed to the fact that higher solar radiation results in a higher temperature of the 

heat transfer fluid and the brine flow in the preheater entering the flashing chambers. Also, the higher the heat 



Comparison of Magnetized Silicon Oxide and Aluminum Oxide Nanofluids in Solar Desalination.. 

DOI: 10.35629/6734-121082100                                 www.ijesi.org                                                      89 | Page 

transfer fluid temperatures the higher the brine flow temperatures and the higher the amount of distilled water 

evaporated or flashed.   

Figures 7 and 8 display the changes in the flashed flow at each chamber, at different solar radiations, 

where the flashed flow is reduced progressively and reaches its lowest value at the last flashing chamber. The 

amount of the produced distillate decreases along the stages and consequently along with chambers. This is due 

to the increase of the heat of vaporization at lower saturation temperatures, and therefore, less amount of vapor is 

extracted from brine. Factually, the data in these figures also show that the higher the solar radiation the 

temperature is, the more the distillation rate rises since a larger amount of vapor can be extracted from salt water. 

The results also show that the higher the solar radiation the higher the flashed flow per chamber. Besides, the 

results also demonstrate that the higher the nanofluid concentration the higher the flashed flow produced during 

the flashing process compared to water as base fluid. 

In thermodynamics, changes in the state or process of a system cannot be restored to its initial state by 

changes in the property of the system without the expenditure of energy [21].  An irreversible process increases 

the entropy of the system in question. The second law of thermodynamics can be used to determine the 

irreversibility of a process as per equation (16). In the thermodynamic process, the energy is lost to the 

surroundings in the form of Irreversible energy. However, the remaining amount of energy is defined as the 

Available Energy in the process [21]. This thermodynamic principle has been applied in the current study of the 

flashing chamber process and expressed in equations (15) and (16) to assess the lost and available energy. Figures 

11 through 13 and 10 demonstrated the irreversibility and availability of solar radiation 1200 w/m2 during the 

flashing process at each stage. The results clearly showed that the irreversibility is reduced by using nanofluid at 

a higher concentration compared to water as a base fluid. Furthermore, the higher the concentration of the 

nanofluids the higher the availability at the last flashing chamber. However, the availability is progressively 

reduced at the last flashing chamber. 

On the other hand, the results displayed the development of the flashed flow at different chambers and 

showed that the flashed flow is progressively reduced until reaching the lowest value at the last chamber. This is 

due to the increase of the heat of vaporization at lower saturation temperatures and therefore less amount of vapor 

is extracted from brine. As expected, the higher the concentration of the nanofluid the higher the amount of flashed 

flow produced.   

Figure 16 shows the impact of solar radiation on the flashed flow, there is clear evidence that the higher 

the solar radiation the higher the flashed flow produced. Also, these figures show that nanofluid Ai2O3 produces 

the highest flashed flow among the nanofluids under investigation and water as the base fluid.  

 

 
Figure 3 PV Thermal Flashed flow rate at different magnetic fields 
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Figure. 4 PV Thermal Flashed flow rates and different temperatures 

 

 
Figure. 5 Flashed flows at different temperatures 
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Figure. 6 Flashed flow and different solar radiations 

 

 
Figure. 7 Salt% flashed flow at 1200 w/m2 
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Figure. 8 Flashed flows (kg/s) at different chambers. 

 

 
Figure. 9 Flashed flows (kg/s) at different concentrations 
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Figure. 10 Flashed flows (kg/s) at different solar radiations 

 

 
Figure. 11 Irreversibility (Btu/lb.) at different nanofluids 
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Figure. 12 Irreversibility (Btu/lb.) at different nanofluids 

 

 
Figure. 13 Availability (Btu/lb.)  at different nanofluids 
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Figure. 14 Availability (Btu/lb.) at different nanofluids 

 

 
Figure 15 Comparison between the availability and irreversibility profiles 
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Figure 16 Flashed mass flow at different solar radiations. 

 

 
Figure .17 Brine profile across the flashing chambers 
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Finally, the brine outflow progressively decreased across the flashing chambers and in the last one. This was 

anticipated as at each chamber the amount of flashed vapor reduces the brine flow progressively along the 

chambers. It also appears that a higher concentration of the magnetized nanofluids increased the brine flows across 

the flashing chamber. 

 

 
Figure 18 Thermal storage thermal energy during the charging phase at 1200 W/m2 and 10% concentration 
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Figure 19 Thermal storage thermal energy during the charging phase at 1200 W/m2 and 20% concentration 

 

Model Validation 

The data published only by Nannaronea et al [7] was used to validate the numerical model in equations 

(1) through (16) and shown in Figure. 20. It was observed that the amount of the produced distillate saltwater 

decreases along the different stages progressively and consequently, the flash temperature and pressure decreased  

This is due to the increase of the heat of vaporization at lower saturation temperatures, and therefore, less amount 

of vapor is extracted from brine. The comparison clearly also shows that the model compared well with the data, 

however, the data was underpredicted by this model and that was attributed to the energy lost to the surroundings 
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considered by the mass and energy balances built in the present model as can be seen in equation (16). 

 

 
Figure 20 Comparison between model prediction and data [7]. 
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III. CONCLUSIONS: 
This study presents a  novel concept for solar desalination MSF implementing PV-Thermal solar panels 

and using hot heat transfer fluid, with magnetized nanofluids to drive the MSF process. A mathematical 

formulation describing solar desalination in the multistage flashing chamber process has been presented. It is 

developed using the mass and energy conservation equations written for the discrete control volume approach 

integrated with thermal and thermophysical properties of the water and magnetized nanofluids as heat transfer 

fluids. The nanofluids studied are Ai2O3 and SiO2. The flashing process has been studied under various conditions 

including different solar radiations, brine concentrations, nanofluids concentrations, irreversibility, and 

availabilities at different temperatures. Solar radiation was taken between 500 W/m2  and 1200 W/m2. Nanofluids 

volumetric concentrations considered varied from 1% to 20%. 

It was found that the higher the solar radiation the higher the flashed flow produced. Also, the 

irreversibility is reduced by using nanofluids at a higher concentration. The highest irreversibility was experienced 

when water was used as a base fluid and the lowest irreversibility was associated with nanofluid SiO2. The 

irreversibility increases depending on the type of nanofluid and its thermodynamic properties. Furthermore, the 

higher the concentration the higher the availability at the last flashing chamber. However, the availability is 

progressively reduced at the last flashing chamber. It was also observed that the nanofluid SiO2 has the highest 

availability among the other nanofluids and water-as-based fluids across the flashing chambers.  

The results also added value to the research in thermal solar desalination through the use of solar energy, 

solar PV-Thermal panels with magnetized nanofluids as the driving force to the flashing evaporation process. This 

approach represents a step forward toward sustainability and reduction of the global warming effects. Finally, the 

predicted results were compared to limited experimental data in the literature and showed that the model fairly 

predicted the data under consideration. Finally, it is believed that future studies should investigate other nanofluids 

as well as different concentrations at different salt concentrations. 
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NOMENCLATURE 

Aq the flow availability kj/kg 

Cp the specific heat kj/kg k  

𝐷𝑇𝑆𝑡𝑎𝑔𝑒   the stage temperature difference  

Δ𝐻𝑒𝑣𝑎𝑝 the stage enthalpy difference kJ/kg 

G: Total Solar radiation incident on the PV module 

 

H enthalpy kj/kg 

Ij   Irreversibility kJ/kg 

m mass flow rate kg/s 

Qin: Energy received due to solar irradiation,  

 

Qconv: Energy loss due to Convection 

 

Qelect: Electrical power generated.  

 

Sc salt concentration, g/kg 

Sj is the entropy of the flashing process at each stage Kj/kg. K 

Sp: Total area of the PV module 

 

t: time 

 

Tj  : Flashing chamber temperature, K 

Tamb   Ambient temperature 

Greek Symbols: 

α thermal diffusivity 

Φ nanoparticles' volumetric concentration. 

 

ρ density, kg/m3 
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