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Experimental Investigation on Modified Solar Still Using Nanoparticles and Water Sprinkler Attachment
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The experimental investigation has been done in the month of April 2015 for climate condition of Jabalpur, Madhya Pradesh, India (latitude 23° 18′ N; longitude 79° 95′ E) during full day, 0600 a.m. to 0600 p.m. The performance of the solar still with modification of water flow over the glass cover (sprinkler attachment) and nanoparticles (cuprous oxide) in basin water has been observed, recorded, and compared with conventional still. It has been found that the collection of pure water in modified solar sill was 4,000 ml/(m2-day) as compared to 2,900 ml/(m2-day) in conventional solar still. The efficiency of 34 and 22% has been obtained for modified solar still and conventional still, respectively. With design amendments, increase in overall effectiveness was found to be 54.54%. The computed cost of pure water produced in modified still is expected to (INR) Rs. 0.98/l, in view of 12-year life of the solar still.
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INTRODUCTION

The available fresh water on earth is limited. More than two-third of the earth’s surface is covered with water but more than 97% of the available water is either salty or polluted. Rest nearly around 2.6% is fresh water. Less than 1% of fresh water is within reach of human and other organism. Even this small fraction is believed to be adequate to support life on earth but fresh water demand is increasing day by day due to increasing population (Tiwari et al., 2003; Kumar et al., 2015). Polluted water cannot be used directly for drinking purpose as it has harmful microbes and dissolved substance. Many developed and developing countries of the world are facing the problem of supply of drinking water and fresh water. The methods for production of fresh water used now a day are as follows: reverses osmosis, multi effect distillation, and mechanical vapor compression, etc. These methods involve major drawback of energy consumption in purification. Solar thermal desalination method is best suited for the fresh drinking water production at low cost. Interest in solar distillation systems is more because of their easy to operate and very less maintenance cost.

IDENTIFICATION OF THE PROBLEM

Malik et al. (1982) have represented the conventional design of single-slope distillation system having a few disadvantage such as low efficiency and low amount of water distilled per unit area because of low temperature basin water. Sartori (1996) presented theoretical comparison between the thermal behaviors of basin type solar still and that from a solar evaporator. According to this, the evaporation in solar still in much less than that in open evaporation despite the higher water temperature in former system. It also observed that the distillation and evaporation rates increases with increase in water temperature and water difference for relatively higher water temperature of each system. The evaporative fraction is equivalent to more than 50% of the corresponding total heat transfer rate. He and Yan (2009) concluded the main reason of solar still having low productivity and efficiency over the conventional distillation process. The major challenges are rising the evaporation temperature and decreasing condensation temperature and latent heat of condensation should be released to atmosphere. Tiwari et al. (1985) analyzed the latent heat of vaporization of water lost to the surrounding by radiation and convection. This effect increases temperature difference between the glass cover and hot water basin by flowing of water on the glass cover. They show an improvement in performance of distilled output. Tripathi and Tiwari (2006) represented the thermal analysis of passive and active solar distillation system by using the concept of solar fraction inside the solar still. They observed that the solar fraction plays a very important role at lower values of solar altitude angle. The internal convective heat transfer coefficient decreases with the increase of water depth in the basin due to decrease in basin water temperature. Prasad and Tiwari (1996) analyzed double effect of active solar distillation unit and compared it with single effect of active solar distillation unit. Also, it has been observed that improving in the performance for a minimum flow rate of water on upper basin of the glass surface. Abu-Hijleh (1996) have been reported the effectiveness of film cooling under different–different conditions. The use of water film cooling on glass to improve the performance up to 6% was recommended. Abu-Hijleh and Mousa (1997) have been investigated numerically the proper use of film cooling may increase the solar still efficiency up to 20%. They show that small fraction of the cooling film evaporates over the glass surface. Gupta et al. (2015) have been reported that two experimental setups have been fabricated and their comparative performances have been evaluated under same ambient conditions. The conventional solar still gives 2.252 kg of distillate while modified solar still yields 2.645 kg of portable water. Overall efficiency of modified and conventional solar stills was calculated as 26.36 and 22.46%, respectively. It is observed that the increment in overall efficiency of modified still is 17.3%. Hence, the modified single-slope solar still is performed in better way. Abdalla (2013) observed the effect of the water flow over the glass cover in stepped solar still. The water productivity increases by 112% over conventional solar still. Tenthani et al. (2012) designed solar still with the inner surface of still were painted white. The distilled water outs were received 2.55 and 2.38 kg/m2 for experimental and conventional still, respectively. The thermal efficiency increased up to 6.5% over the conventional solar still. Madhlopa and Johnstone (2009) proposed a model that calculates the distribution of solar radiation inside a single-slope solar still. Solar fraction on a vertical surface is divided into beam and diffuse parts and the optical view factors of surfaces inside the solar still. The proposed model has been compared with the previous one. It has been found that the beam solar fraction is affected by both the geometry of the solar still and position of the sun in the sky. By contrast, the diffuse solar fraction is only dependent on the geometry of the solar distiller. Arunkumar et al. (2013) have concluded cold water and air flow on the glass cover to achieve highest productivity of water. Bhardwaj et al. (2013) reported glass is best material as a condensation surface in solar distillation system over any other material. It gives highest production of water as compared to other materials. Contact angle of covered glass is the most important factor to achieve higher productivity of water. Somwanshi and Tiwari (2014) evaluated the annual performance of conventional solar still with the water flow over the glass cover from the tank of air cooler and it has been found that improvement in annual yield between 41.3 and 56.5%. Increase in annual efficiency between 7.4 and 9.9% has been reported. Suneesh et al. (2014) investigated on V-type solar distillation system with and without cotton gauze top cover cooling (CGTCC). The pure water production was about 3,300 ml/m2-day for water flow over the glass cover without CGTCC and with CGTCC was 4,300 ml/m2-day. Kabeel et al. (2014a) used nano fluid (suspended nano-sized solid particle of aluminum oxide in water) to increase the heat transfer rate inside the solar basin. Nano fluid accelerates the water evaporation rate as compare with conventional solar still. An improvement of 166% in water productivity has been recorded in solar still integrated with external condenser. Kabeel et al. (2014b) have studied the effect of various nanoparticles on the performance of the solar still. The effect of nanoparticle concentration 0.008 and 0.12% by weight of water filled in the solar still basin on the performance of the solar still was significantly. The increase in the productivity of the modified solar still has been achieved up to 93.87%.

From above literature review, it is found that the yield of conventional/modified solar distillation system is low. This yield can be improved by controlling the operating parameters. Among various operation parameters, two critical parameters are most significant in performance improvement of single-slope solar, namely (i) solar radiation inside the water basin is not fully utilized because some solar radiation absorbed by the black painted vertical wall above the upper water surface and (ii) low temperature difference between glass cover and basin water temperature. In the present experimental study, three major modifications has been done: (i) walls of solar still have been coated in white paint to increase solar reflectivity of solar radiation inside basin, (ii) very thin water film is used on the glass cover to reduce the temperature of glass cover, and (iii) use of cuprous oxide nanoparticles (mixed with basin water) to increase the thermal conductivity of water. A critical experimental comparison of both solar stills has been done and discussed with respect to different operating parameters and economic viability.

MATERIAL AND METHODS

Experimental Setup

Two solar stills are designed and fabricated to compare performance under various conditions. The schematic view of the experimental set up used is shown in Figure 1. These stills have single basin solar still having basin area (100 cm × 100 cm) with high side wall of 52.77 cm and low side wall of 10 cm. Stills were fabricated from galvanized sheet having a thickness of 1 mm. The basin was insulated from outside and bottom by insulating material (glass wool) of thickness 4 cm for reduction of heat loss from the basin to the outside environment. Envelop of basin over the insulating material is supported from outside by wooden sheet having a thickness of 3 cm. In the conventional solar still, inner surfaces of bottom and side wall of the basin were coated in black to increase the absorption of solar energy. The top of basin is covered with 5 mm thick glass sheet inclined at nearly 23° with the horizontal. The modified solar still has same dimension as of conventional still. In the modified solar still, bottom surface is painted in black color to increase absorptivity of bottom surface, while inner side of vertical walls are coated with white paint to increase the reflectivity of the wall. Water sprinkler was used to flow water over the glass surface. Both solar stills have been sealed by insulating and adhesive tape at the top to prevent vapor leakage from the basin to atmosphere. Condensate from inner surface of glass is accumulated in channel at lower side of the basin and further collected to a jar connected to channel by plastic tube.
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FIGURE 1 | Schematic view of modified solar still and conventional solar still. (A) Modified solar still. (B) Conventional solar still.



Experimental Procedure

The experiment has been performed in month of April, 2015 at Jabalpur engineering college, Jabalpur (latitude 23° 10′ N; longitude 79° 55′ E) India. The experimental setup was kept facing south to receive maximum solar radiation. A photograph of the solar still experimental set up is shown in Figure 2. The experiments were performed during whole month of April 2015 but this paper analyses only data of a typical day with plenty of sunshine. The experiments were performed from 0700 to 1800 hours. Performance of modified solar still with cuprous oxide nanoparticle (0.12% weight concentration) mixed in basin water was compared with the conventional solar still. This concentration has been used by Kabeel et al. (2014b). The sprinkler was used to flow water at ambient temperature over the glass surface from period of 0800 to 1600 hours with the flow rate of 0.0001 kg/s. The flow rate was optimized by Somwanshi and Tiwari (2014). The depth of saline water is kept constant at 5 cm for the all sets of experiments.
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FIGURE 2 | Photograph of (A) working solar stills and (B) sprinkling of water on glass cover.



Measuring Instruments

Several instruments were used to measure various performance depending parameters. The temperatures at different points of the still, such as water region, vapor region, inner glass surface, outer glass surface, and ambient temperature, have been measured by using k type thermocouple having least count 1°C. Thermocouples were connected to digital temperature indicator. The distillate output was measured by flask having capacity of 1,000 ml with least count of 10 ml. The total insolation was measured on glass cover with the help of data logging solar meter range 0–2,000 W/m2 with least count 0.1 W/m2.

Error Analysis

The experimental error has been found out in terms of percent uncertainty (internal + external) for the most sensitive parameter, i.e., distillate water. Experimental percentage uncertainty (U) is evaluate from Eqs 1 to 3 (Kumar and Tiwari, 2007):
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where, σ is the SD expressed as:
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where [image: image1] is the deviation from the mean and N and N0, number of set and number of observations in each set, respectively.
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The external uncertainty is taken as the least count of the measuring instruments. The observed data for yield (distilled water) were found to be within the percent uncertainty of 11.04 and 12.02 for modified solar still and conventional solar still, respectively, which is quite acceptable.

RESULT AND DISCUSSIONS

Various parameters, such as ambient temperature, water temperature, vapor temperature, and glass temperature, solar radiation incident on the glass surface and distillate output, have been recorded hourly in this study at constant basin water depth. The experimental comparative study for performance evaluation has been done for modified solar still and the conventional solar still.

Climatological Conditions

The hourly profile of solar radiation and ambient temperature for a typical day are shown in Figure 3. The daily solar radiation received is in the range of 0–900 W/m2 and the ambient temperature is found during the project varying 28–37°C. The highest temperature and solar radiation occurs in between 1100 and 1300 hours as depicted from the Figure 3. The solar radiation profile increases in the morning time and obtain peak value nearly about mid-day. After the mid-day, solar radiation profile shows declination. The variation of ambient temperature also has similar nature to solar radiation profile.
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FIGURE 3 | Hourly profile of solar radiation and ambient temperature with time.



Effect on Performance of Various Temperatures with Solar Radiation

Figure 4 shows the hourly variation of solar radiation, basin water temperature, and inner glass temperature and outer glass temperature with time for modified and conventional solar still. The temperature at various points, such as water temperature, vapor temperature, inner glass temperature and outer glass temperature, varies with the solar radiation. In the morning time, these temperatures increase with solar radiation and obtained higher values during period 1200–1400 hours. Solar rays get reflected from white coated wall in modified solar still and as a result availability of solar energy in still increases to a large extent. Vapor being a greenhouse gas traps more and more of it and makes evaporation faster. From Figure 4A, it is observed that the vapor temperature curve is above all till mid-day and after that the water temperature obtained higher value. Water flow over the glass cover from 0800 to 1600 hours reduces the temperature of glass cover and increases condensation simultaneously. Nanoparticles presented in water increases thermal conductivity and also work as storage medium. After mid-day, solar radiation as well as ambient temperature decreases. Nanoparticles maintain evaporation by releasing heat to water after mid-day.


[image: image1]

FIGURE 4 | Hourly profile of solar radiation with various temperatures. (A) Modified solar still. (B) Conventional solar still.



In conventional solar still with black painted side walls, availability of energy to basin water enhances but absence of nanoparticles reduces rate of evaporation. Absence of sprinkler further reduces the condensation and as a cumulative result productivity of modified still has been better.

Distillate Productivity

Figure 5 shows the productivity curve for modified and conventional solar still with solar radiation and time of the day. The productivity of both still is zero till 1000 a.m. The curve shows increase in productivity after 1000 a.m. but productivity in modified still started earlier than conventional still. The productivity increases till after noon and then reduces with reduction in solar radiation. Nanoparticle liberate heat to water and increase in temperature of water takes place while water flow on the glass cover reduces temperature of glass cover. As a result, temperature difference takes place and condensation as well as productivity improved in modified still.
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FIGURE 5 | Hourly profile of productivity with solar radiation for modified and conventional solar still.



Efficiency of the Solar Stills

The efficiencies of modified solar still and conventional solar still are shown in Figure 6. The efficiency profile curve of modified solar still varies from zero value at the time nearly 1000 hours and achieve higher value after mid-day around 1400 hours. But, in conventional solar still, the efficiency profile was zero value around 1100 hours and achieved a higher value after 1400 hours. Significant value of efficiency is shown during 1000–1500 hours. Solar still takes times to reach steady-state condition from start to 1000 hours. After 1500 hours, instant efficiency gets affected from heat stored in water basin. Therefore, discussion on efficiency is focused during this period only.
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FIGURE 6 | Hourly efficiency curve modified solar still and conventional solar still.



The daily thermal efficiency (Eq. 4) of solar still is calculated by:
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where
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The above equation to calculate the efficiency (Tiwari et al., 2009) and the Eq. 5 is to calculate the latent heat of vaporization (Tiwari and Tiwari, 2006).

The daily efficiencies for modification solar still and conventional solar still are approximately 34 and 22%, respectively.

Cost Analysis

[image: image1]

The use full life of the still (“n”) was taken as approximately 12 year and rate of interest (i) taken as 10%. The capital recovery factor (CRF) (Eq. 6) given by Somwanshi and Tiwari (2014).
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The cost water produced annually is computed for Jabalpur climate Rs. 0.98/l.

CONCLUSION

The following conclusions have been drawn after three major modifications in conventional solar stills: (i) white painted wall surfaces, (ii) sprinklers attachment with water flow rate of 0.0001 kg/s, and (iii) using cuprous oxide nanoparticle (by weight 0.12% concentration) in the basin water.

• The productivity of modified solar still has been found increased using combined effect of cuprous oxide nanoparticle, water sprinkler attachment on the glass surface, and white painted vertical walls of the modified solar still.

• Computed daily yield for modified solar sill is 4,000 ml/(m2-day) and conventional solar still is 2,900 ml/(m2-day). The water productivity increased by 37.9%. These results show better performance of modified solar still in this study.

• The daily efficiency of modified solar still is obtained 34% and conventional solar still is 22%. Therefore, the increase in efficiency with design modifications was 54.54%.

• The cost of distillate in modified solar still has been computed to INR 0.98/l considering Jabalpur (India) climatic conditions which is worthwhile.

NOMENCLATURE
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M,, = hourly distillate output (kg),
L = latent heat of vaporization (k] /kg)
L = [2.4935 x 10°(1 — 9.4779 x 10T, + 1.3132 x 10T,
— 4.7974 x 10°T,%)] for T, < 70° (5)
I, = daily average radiation (W/m?)

A = area of glass cover (m?).
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