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        Abstract



        A new concept for small scale multi-stage distillation (MSD) desalination plants is presented allowing an installation in remote rural areal due to low maintenance, operating and investment costs. It is based on extensive studies on heat and mass transfer using 6 different condensation / heat transfer surfaces or material combinations. Basically all 6 condensation surfaces except glass are of a sheet metal or an expanded metal (to the evaporation side) in combination to an acid- and heat-resistant foil (on the salt water side). The basic experiments were performed in a "lab scale" unit to determine their thermodynamic and structural characteristics and user-friendliness. After validation in a prototype novel oxidic condensation surfaces (AF) and material combinations are in actual use in the new MSD systems, following the requirements, including a good wetting and condensation behavior and a good heat transfer.
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      1. INTRODUCTION


      Given the shortage of drinking water [1, 2] numerous methods for large-scale seawater and brackish water desalination processes have been developed [3, 4]. These processes are state of the art and find a world-wide distribution. Because of high capital and operating costs and often non-existent infrastructure necessary for the large-scale desalination plants, in many rural regions of the world, especially in developing and emerging countries, these large plants are not suitable. There is a need for desalination systems, which have low construction and maintenance costs during operation. Many solar powered desalination systems and models have been developed around the world and presented in various publications [5- 7].


      At the Solar Institute Jülich (SIJ) of the University of Applied Sciences, Aachen, in cooperation with the engineering office for Energy and Environmental Technology (IBEU), a self-powered solar desalination system for decentralized applications in arid regions was developed [8-10]. For the first time, novel heat transfer material combinations of metal sheets or expanded metal and heat-resistant plastic films (50 microns thickness) are used. They show besides good heat transfer properties also a good condensation behavior due to their hydrophilic properties. In addition, easy cleaning of the condensation resp. heat transfer surface is required for continuous operation of the plant. Similar studies for heat transport in polymeric falling-film heat exchangers were carried out at the Chair of Separations Science and Technology at the TU Kaiserslautern, especially in respect to their scaling propensity [11, 12]. This new heat exchanger concept is an attractive low cost alternative to conventional multi-effect distillation (MED) plants [13-15].


      This paper describes a new apparatus concept and quantifies the performances in mass and heat transfer of the MSD system. Furthermore, the choice of materials and optimization is discussed as well as special advantages due to anti-scaling properties. This publication is of special interest for the design and operation of novel small scale desalination plants.

    


    
      2. MATERIALS, METHODS, AND EXPERIMENTAL RESULTS


      
        2.1 Solar desalination system (SDS)


        The developed MDS (Fig. 1) represents a new type of solar thermal desalination plants with heat recovery. The MSD with several stacked floors (stages) utilizes at any stack the heat of condensation. Due to the thermal energy transfer at the bottom tank the salt water is heated in the lowest level to about 95 to 100°C and brought to evaporation. The vapors are ascending from the top of a liquid loaded stack (stage) and moist air is condensed on the underside of an overlying stack (stage). The energy released by the condensation enthalpy of vaporization is released at the overlying stage and heats the salt water therein. The achieved heat recovery reduces the specific heat demand per liter of distillate.


        The entire plant is energy self-sufficient and self-regulating, no electrical power is needed to operate the system. A pump is not required, because the transfer of heat from the solar collectors in the desalination plant is via natural convection. Instead of using solar energy, the desalination system may also be operated with thermal energy from any other energy source.


        [image: ]
Fig. (1)


        Schematic view of the MSD system.


        When designing the MSD systems, it should be noted that the water mass in the condensation stages is small to ensure dimensional stability. In addition, too much water in any stage results to a certain thermal inert behavior and to lower operating temperatures and consequently to a lower distillate production. In order to have optimal conditions the angle of the condensation surfaces are therefore low to ensure a constant water flow and at the same time good wetting characteristics (good condensation), to have low back drip losses of condensate. In addition to that a low corrosion tendency in respect to hot salty water, easy cleaning and low material and construction costs, are limiting the materiel selection of the condensation stages.

      


      
        2.2. Lab Scale Test Rig


        For accurate analysis of the mass and heat flow the test rig is consisting of a reservoir and a condensation stage, where the condensing surfaces can be easily exchanged (Fig. 2). The size of the exchangeable condensation surfaces is uniform 50 cm x 50 cm. Heat input is provided with an electric heater and a cooling circuit is integrated with a water thermostat. Using a temperature control between the water storage (tank bottom, TSto) and the top level, TSt,1, a certain temperature difference for a given storage temperature TSto can be set. The heater simulates the thermal energy introduced at real outdoor testing conditions. The inclination of the condensing surface can be varied in this experimental setup as required. Due to the inclination of the condensing surface, the condensate flows into the collecting gutter and is measured. Sliding angles of 5° and 10° were chosen. To determine the maximum rate corresponding to the condensation and the condensation rate, a sliding angle of 20° was chosen. In the bottom of the tank, a magnetic stirrer is attached, which provides a uniform temperature distribution in the tank.


        [image: ]
Fig. (2)


        Setup of the lab scale plant.


        [image: ]
Fig. (3)


        Condensation surface with expanded metal and hydrophilic foil beneath.

      


      
        2.3. Condensing Surfaces


        Basically all 6 condensation surfaces except glass (GF) are of a sheet metal or an expanded metal (at the evaporation side) in combination to an acid and heat resistant foil (on the salt water side). The foil takes over the sealing function of the condensation stage and prevents inter alia the corrosion from salt water on the metallic surfaces. In addition, the foil facilitates cleaning of the condensation stages (no solid deposits). Fig. (3) shows a condensation surface consisting of an expanded metal structure and a hydrophilic foil. The condensate passes between the expanded metal and the foil to the gutter. In addition to untreated stainless steel surfaces (UB), stainless steel surfaces with nano-coatings (NF), metal sheets with an oxidic surface (AF) on the condensation side, expanded metal with a temperature-resistant foil (UF) and a hydrophilic foil (BF) were investigated.

      


      
        2.4. Theory


        The energy balance for the test rig is:


        
          
            	[image: ]

            	(1)
          

        


        
          
            	[image: ]

            	(2)
          

        


        The following parameters have an influence on the performance of the energy flow balance: The water mass mSto in the storage, the electrical power of the heating coil or another heat source, the condensation surface ASt,1 of the stage, the wall and floor surface AW, the heat transfer coefficient k1 and the heat transfer coefficient of the outer surface k2. The second right side term represents the heat flow from the reservoir to the overlying level and the third right side term in equation (1) is represents the heat losses through the side walls. Since the walls and the floor of the test rig are insulated with 6 cm thick polyurethane, the heat losses through the walls and the floor are negligibly small. After adjusting various storage and stage temperatures, which are based on prior performed measured stage temperatures in a prototype system, the measurements are carried out under constant conditions. From these measurements one can determine the heat transfer coefficient k1, the theoretically possible condensation rate and the back drip losses depending on the temperature, the sliding angle of the condensing surface and the nature of the condensing surface.


        Under steady state conditions the following is valid:
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            	(3)
          

        


        and when substituting in Equation 1, k1 can be estimated as:
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            	(4)
          

        


        The results of the measurements [16] show that it is convenient to calculate the theoretical condensation rates, the measured rates of condensation and condensation efficiency as a function of a mean temperature, Tm, in the system, which is defined as:
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            	(5)
          

        


        Using the experimental results, an expression for k1 can be written as:
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            	(6)
          

        


        Fig. (4) shows the values determined by measurements as a function of the mean temperature Tm. The coefficient of determination for this correlation is 98.6%. The heat flow from the reservoir into the overlying level to the condensing surface can be represented using the temperature differences TSto-TSt, 1 between the storage and the first stage.


        The determination of the k1-values is carried out for 6 different condensation stages. It is shown that due to the good thermal conductivity of the condensation surfaces (1-1.5mm thickness) the heat flux can be described by a single k1 value sufficiently accurate. These determined - values are strongly temperature dependent. The temperature dependence arises particularly from changes of the value on the condensation side through variation of the vapor temperature. This overall value gives the heat transport by evaporation, convection and radiation. The knowledge of these values is sufficient for the heat transport.


        [image: ]
Fig. (4)


        Dependence of the k1- values of the mean temperature Tm.


        
          2.4.1. Maximal Specific Condensation Rate [image: ] (Tm)


          To assess the suitability of condensing surface, the knowledge of the "maximal" specific condensation rate is important. The determination of the theoretical specific rate of condensation is carried out as described above but with large condensation drain angles (> 20°), which exclude rear drip losses. Due to no return drip losses relating to drain angles > 20°, the maximum condensate rate corresponds to the theoretical condensation rate. For this reason, the maximum measured condensation rate is set equal to the theoretical condensation rate.


          Fig. (5) shows the measured maximal specific or theoretical condensation rate [image: ] (Tm) in g/ (m²hK) as a function of the mean temperature between the storage and the first stage. Using the experimental data, an expression for [image: ](Tm) can be written as,
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              	(7)
            

          

        


        
          [image: ]
Fig. (5)


          Measured specific condensation rate as a function of Tm.


          2.4.2. Drip Losses


          The wetting behavior of surfaces at condensation is determined by interaction of cohesion and adhesion forces. The balance between the weight force of the drop and the adhesive forces is determined by the material of the condensing surface, the surface texture and the influence of temperature. Water, due to its strong dipole, exhibits strong adhesion forces especially with oxidic surfaces. Depending on the evaporator and condenser temperature, there are also different condensation mechanisms. At low temperatures (range of low rates of condensation), water with is high surface tension reinforces drop wise condensation. Under these conditions (low process temperature) higher reverse drip losses result. At a higher temperature range (range of high rates of condensation) film condensation and only small rear drip losses occur.


          The assessment of the actual collected condensation rate for different temperature ranges and for different tilt angle is necessary for assessing the suitability of a condensing surface. An important parameter is the condensation yield ηcon(Tm). The condensation yield indicates how much of the theoretical specific amount of condensation [image: ](Tm) is collected as condensate [image: ](Tm).
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              	(8)
            

          


          From the determined theoretical condensation rate and the measured condensation rates, the rear drip losses / rear drip rates for each condensing surface can be estimated remotely accurate. The back drop rate [image: ] is then:
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              	(9)
            

          

        


        
          2.4.3. Material Selection


          A comparison of the different surfaces with respect to the specific measured condensation rate (see Fig. 6) explains the choice of the final condensation surfaces for a usage in the MSD system. For large runoff angle (10°), the oxidic surfaces, the hydrophilic film expanded metal combination, the nano-coated stainless steel and the glass surfaces are suitable. Upon closer examination, the oxide metal surfaces hydrophilic films combinations and glass show in the lower temperature range better condensation behavior compared to stainless steel. At 10° sliding angle, NF-10 shows a good condensation behavior, even in the low temperature range. However, it would need further investigation in terms of durability of the nano-coating and their suitability for drinking water. Fig. (7) shows clearly the behavior of appropriate condensation surfaces even at a low sliding angle of 5°. The metal oxide surfaces have also a high specific rate of condensation for this sliding angle, followed by glass and the expanded metal hydrophilic film combination.


          Fig. (8) shows a comparison of the rates of condensation of an AF and UB condensing surface as a function of the sliding angle. The oxide condensation surface with a sliding angle greater than 3° has a condensate yield of 90 %. For smaller angles, the flow rate of condensation will fall down to 0%. The condensate will not flow on the condensing surface to the gutter, but fall back to the lower level. Using the condensation surface of stainless steel, rear drip losses are significantly higher due to the low adhesion. Even with sliding angle angles of 10° to 15°, only about 60% of the condensate is collected. The mean temperature Tm was 50° C.


          [image: ]
Fig. (6)


          Specific condensation rates at a sliding angle of 10°.


          [image: ]
Fig. (7)


          Specific condensation rates at a sliding angle of 5°.


          [image: ]
Fig. (8)


          Distillate yield for an oxidic (AF) and a stainless steel (UB) condensing surface with Tm = 50°C .

        


        
          2.4.4. Total Specific Rate of Condensation


          A significant advantage of the representation of the specific measured condensation rate as a function of the mean temperature Tm is that the relationship can be expressed functionally. Table. 1 shows the functions of the specific condensation rates of the examined condensation surfaces for 5° and 10°. Equation 10 gives the total specific condensation rate for the various baffles estimate on an n-stage system (column 3 in Table 1). As reference temperatures the upper temperature Tm, up = 97 °C and the lower temperature Tm, low = 35 °C is selected. Column 4 shows the calculated GOR values (Gain Output Ratio) for steady-state operation at a heat flux [image: ]in of 0.8 kW and a condensing surface of ASt = 1 m² (s. equation 11). The condensation rate [image: ] is not depending on the temperature profile in the system, but only on the temperature difference Tm, up-Tm, low.


          In the first line of Table 1, the maximum rate of condensation [image: ] is listed for a condensation surface with a sliding angle of 20°. For a temperature range between Tm, up = 97 °C and Tm, low = 35 °C results a condensation rate of [image: ] = ̇7427 g / (m² h) with a GOR value of 5.94. When reducing the sliding angle from 10° to 5°, the return drip losses increase particularly strongly using UB, and the GOR value of 3.84 decreases to less than unity. The obtained values from the test rig were validated by experimental results with a MSD system with 7 stages. Using oxide condensation surfaces (AF) a GOR value > 5 is reached (see Table 1). The achieved GOR value for the desalination system with 7 desalination stages is about 5 to 5.5.
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              	(10)
            

          


          For steady-state operation, the GOR- value is calculated as follows:


          
            
              	[image: ]

              	(11)
            

          


          In transient operation, such as is present in solar-powered systems, the GOR value is:
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              	(12)
            

          


          Qin stands for the introduced energy into the desalination system (energy provided from the collector field), mCon for the total amount of distillate produced in the system (in all stages) and r for the specific enthalpy of vaporization.


          
            Table 1

            Specific rates of condensation of the investigated condensation surfaces and the GOR values for an 8-stages plant with drain angle of 5° and 10°.
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                  	5,94
                


                
                  	UB-5°
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                  	0,62
                


                
                  	UB-10°
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                  	3,84
                


                
                  	NF-5°
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                  	1,90
                


                
                  	NF-10°

                  	[image: ]

                  	[image: ]

                  	5,16
                


                
                  	UF-5°
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                  	3,68
                


                
                  	UF-10°
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                  	4,52
                


                
                  	BF-5°
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                  	5,18
                


                
                  	BF-10°
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                  	5,37
                


                
                  	AF-5/10°
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                  	5,59
                


                
                  	GF-5/10°
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                  	5,28
                

              
            


          

        

      


      
        2.5. Results With Oxidic Condensations Surfaces At Lab Scale


        For further evaluation of the overall efficiency a multi-stage MSD-plant (lab scale system) with 8 oxide condensations surfaces was built with a condensation surface per stage of 1m². The heat was supplied by an electric heater of 1.0 kW. The measurements allow a comparison of a real desalination (see chapter 3) system based on the values of lab scale test rig.


        Fig. (9) shows the temperature profile for 24 hour batch operation inside an 8-stage MSD system using AF-5 condensation surfaces. The electric heater started operating in the morning at 2:45 a.m., being noticed by a rapid rise in temperature in the lower stages. At 15:30 p.m. the maximum temperature of 98°C is reached in the electric heater automatically gives a warning signal. For the entire test period the electrical consumption and the amount of distillate of the individual stages are hourly been collected so that sufficient data for the thermodynamic characterization of the system are available.


        [image: ]
Fig. (9)


        Measured temperature profile in the MSD plant (laboratory system).


        Fig. (10) shows that when approaching a steady state, a displacement of the condensation rate is carried out from the lower to the upper levels (stages). The stage production falls within the lower levels despite rising temperature, while the upper levels have a production increase with increasing time. This is due to a decreasing of the temperature difference between the stages in the lower stages at a high temperature level, while in the upper stages the temperature rises further. At 18:45 p.m. the stationary state of the system is achieved. While maintaining at this operating state, no further increase in temperature will occur.


        [image: ]
Fig. (10)


        Specific condensation rates at different temporal heating phases.


        Fig. (11) shows the specific condensation rates of 8 stages in the stationary state (stationary state condition also apparent in Table 1). The specific rates of condensation for each stage are between 0,86 kg / m² h and 0,73 kg / m² h. The overall level of production results to 6,5 kg / m² h. The GOR value is about 5,5 and the average stage efficiency is ca. 81%. For the transient operation (24 h operation) results a GOR value of 3,9.


        [image: ]
Fig. (11)


        Specific condensation rate in quasi-stationary operating state.


        Fig. (12) shows the measured daily production of the individual stages of the 8-stage system compared with the values from the calculation with equation 10 and 12. The entire condensate production is approximately 74 liters, the calculated value 73 liters. The condensation ratio falls with the increasing number of stages. The condensation rate per day for the first stage is approximately 16,5 kg, the lower stages only provide approximately 4,5 kg.


        [image: ]
Fig. (12)


        Comparison of the stage production for the experimental period (24 h).


        The results show a good agreement between the measured and the calculated values and confirm the simple and practical application of mathematical and physical relationships shown above.

      

    


    
      3. RESULTS WITH PROTOTYPE


      In the first distillation plants, when applying the new MSD principle, rather costly stainless steel condensation stages have been used. In addition to the high material and manufacturing costs increased scaling was decisive in the search for cheap materials with low scaling affinity. The experience from the simple test rig and lab scale experiments led to several changes in the system design of the desalination plant and finally to a user-friendly and marketable prototype. There currently are 6 plants with this design to obtain drinking water from saline groundwater in Namibia for 4 years in operation. The operating experience with these systems confirms the advantage of the new evaporator / condensation surface. These systems impress due to its high condensate production, its relatively simple structure and its easy cleaning process, by separating the metal surface and salt water through a thin self-cleaning plastic film. The deposits can be easily removed by blowing or spraying with a water jet. This enables a fast and effective cleaning process outdoors. In addition, the film prevents any kind of corrosion on the evaporator / condensation surface. Due to the multiple heat recovery of the distillate depending on the type of system, 12 to 17 liter per day was obtained per m² collector area. Fig. (13) shows the installed plants in Namibia [10, 17] with a daily production of about 500 liters of potable water by good radiation from saline groundwater. The potable water is always available for the village community at a water supply station, shown in Fig. (14).


      [image: ]
Fig. (13)


      MSD-desalination systems in Namibia.


      [image: ]
Fig. (14)


      Potable water supply station for the village community.

    


    
      CONCLUSION


      Looking for suitable condensing surfaces for desalination plants on the MSD method, experimental investigations were carried out for mass and heat transport in a specially developed bench scale test rig. A total of 6 different condensation surfaces were examined in respect to their thermodynamic, structural, and user-friendly properties. The results of laboratory measurements and the verification with an 8 stage prototype apparatus show that it is useful to describe the heat transfer coefficients (k-values), the theoretical condensation rates, the measured rates of condensation and the condensate yield as a function of the mean temperature value.


      An advantage of the representation of this relationship is the possibility of a very simple assessment of the suitability of various condensation surfaces for use in the MSD system, the estimation of rates of condensation, the degree of heat recovery for arbitrarily large condensation surfaces and any selected temperature or temperature differences between the evaporator and stage. This allows describing the heat and mass transfer by a simple mathematical relationship for an n-stage MSD system in sufficient detail. As a result of this the drinking water production of the entire system can be estimated. This leads to a considerable simplification compared to the previous practice.

    

  


  
    
      LIST OF ABBREVIATIONS


      
        
          	

          	
        


        
          	A

          	 = Area m²
        


        
          	AF

          	 = Metal sheets with an oxidic surface
        


        
          	ASt

          	 = Stage area m²
        


        
          	ASto

          	 = Storage area m²
        


        
          	BF

          	 = Expanded metal with a hydrophilic foil
        


        
          	cp

          	 = Specific heat J kg -1 K-1
        


        
          	GF

          	 = Glass and temperature resistant foil
        


        
          	GOR

          	 = Gained Output Ratio
        


        
          	k1

          	 = Overall heat transfer coefficient inside the system W m-2 K-1
        


        
          	k2

          	O = verall heat transfer coefficient outside the system W m-2 K-1
        


        
          	m

          	 = Mass kg
        


        
          	mCon

          	 = Condensate mass over all stages kg
        


        
          	mSto

          	 = Water mass in the storage kg
        


        
          	[image: ]

          	 = Mass flow rate kg s-1
        


        
          	mcal

          	 = Calculated condensate mass kg
        


        
          	[image: ]

          	 = Mass flow rate over all stages g m-² h-1
        


        
          	[image: ]

          	 = Spec. mass flow rate g m-² h-1
        


        
          	[image: ]

          	 = Theor. spec. mass flow rate g m-² h-1
        


        
          	 NF

          	 = Stainless steel surface with nano-coatings
        


        
          	[image: ]

          	 = Electr. heat flow W
        


        
          	Qin

          	 = Heat input kJ
        


        
          	QSt

          	 = Heat flow stage W
        


        
          	[image: ]

          	 = Heat flow storage W
        


        
          	[image: ]

          	 = Return drip rate g m-² h-1
        


        
          	r

          	 = Spec. enthalpy of vaporization J kg-1 K-1
        


        
          	sW

          	 = Wall thickness m
        


        
          	T

          	 = Temperature K;°C
        


        
          	TAm

          	 = Ambient temperature K;°C
        


        
          	Tm

          	 = Mean temperature °C
        


        
          	Tm,low

          	 = Lower mean temperature °C
        


        
          	Tm,up

          	 = Upper mean temperature °C
        


        
          	TSt

          	 = Stage temperature °C
        


        
          	TSto

          	 = Storage temperature °C
        


        
          	UB

          	 = Untreated stainless steel
        


        
          	UF

          	 = Expanded metal with temperature resistant foil
        


        
          	α1

          	 = Spec. heat transition coefficient, steam side W m-2 K-1
        


        
          	α2

          	 = Spec. heat transition coefficient, water side W m-2 K-1
        


        
          	ηcon

          	 =  Condensate yield %
        


        
          	λW

          	 = Coefficient of thermal conductivity (wall) W m-1K-1
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