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Executive Summary 

The solar box cookers currently used are known to have issues with performance after a year of operation due to the wood shaving insulation. The objective was to design an experiment that would be effective in comparing alternative materials that would not be prone to degradation. The experiment consisted of an insulated box with an internal heat source that forced heat transfer through one wall filled with the experimental insulation. The results suggest that the experimental method was successful and fiberglass insulation proved to be the most effective, while wood shavings and rice hulls appeared to be comparable, but less effective.

After previous parabolic cooker designs were researched, a new concentrated cooker was designed. The cooker’s reflector was built along with a supportive wooden framework. Ideally, the cooker would effectively heat its focal point to 250 degrees centigrade (the temperature needed to fry tortillas, a staple food in Nicaragua). However, testing showed that the reflector reached 150 degrees centigrade, the equivalent temperature produced by the conventional box-cookers. Had the tape holding the temperature probe not melted, the cooker might have met the goal of 250 degrees centigrade. Future testing will need to occur to gain a more definitive conclusion. 
           Current solar oven designs only work in laboratory settings under artificial light.  New small solar ovens were designed and constructed so the ovens could reach temperatures high enough to cook food using the sunlight at the Ithaca solar elevation.  Though testing has not yet occurred, the team is confident that the oven will perform as expected.  Additionally a side project was taken on to address the problem that prop rods on Nicaraguan ovens were breaking.  Several designs were developed and will be used on new ovens and to retrofit old ovens.
Introduction 

As this semester’s Solar Oven team we have contributing to four years of research dedicated to designing, building, and testing solar ovens for use in the third world. Our team’s mission was to improve and optimize solar oven designs in order to provide a cheap, sustainable, easy alternative to cooking with wood-burning stoves. The Solar Ovens Team is partnered with Grupo Fenix, an organization from the Universidad Nacional de Ingeneria in Nicaragua that works toward educating people in rural Nicaragua about the relevance of renewable energy sources. Solar Ovens reduce the need for women to spend hours of their day gathering resources that will later be burned, as well as reduce the health risks from smoke inhalation due to improper ventilation. The vast use of wood for cooking and other daily activities is a major cause of the current deforestation in this region. 

The Solar Ovens Team also works with Las Mujeres Solares de Totogalpa, a women's organization in Sabana Grande, Nicaragua. We worked this semester to maintain our good relationship with these women.  Through regular communication, they were able to provide feedback on our designs and the team was able to work to improve these designs to make the solar ovens more effective and easy to use.  

Various members of the Solar Cooker group have traveled to Nicaragua five times since the project began in 2006. They have closely worked with Grupo Fenix and Las Mujeres Solares de Totogalpa and have helped build at least two new cookers on each trip. The trips have been very beneficial to the progression of the project because these cookers act as test beds for evolved design ideas from the members of Las Mujeres and the Solar Cooker group at Cornell University.

In the Fall of 2010, various tasks needed to be accomplished.  In order to maximize productivity, the Solar Ovens group was split into separate subteams.  Based on the interests of each individual team member, his/her relevant skills and background, and the various potential projects, three subteams were formed that worked independently.  However, to promote overall group unity and to maintain communication, the entire team held one general meeting a week.  This time was used to update each team member on the progress of other subteams and to give team members the opportunity to have input in all areas of the project. Additionally, in order for each team member to become accustomed to using a solar oven, a different member cooked dinner for the entire team using the oven each week. Learning how to operate the oven will gave each team member a better understanding of how to make design improvements that will help tobetter the “solar oven experience” for the Nicaraguan women. 

The three subteams our team divided into were (1) Insulation (2) Concentrated Cooker and (3) Small Solar ovens.  The Insulation Team’s primary focus was to improve existing design and the longevity of the solar oven; the Concentrated Cooker Team looked to design a new oven that can reach higher temperatures and thus can be used for more applications; and the Small Solar Oven Team has worked to make a small scale oven suited for the Ithaca solar elevation so that the technology of the solar oven can be easily demonstrated to the Cornell and Ithaca community, promoting awareness.  Together the Solar Oven Team has worked to increase Solar Oven usage by creating sustainable solutions that are culturally acceptable and desirable.
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Insulation Subteam
Description of Problem

The insulation in the solar box cookers plays a vital role in performance. The current insulation technique involves using wood shavings to fill the airspace in the side walls and in the bottom of the box cooker. This is done to reduce the convective heat transfer in the walls and floor of the oven. While this is currently the practiced technique for insulation, based on the experiences of the women in the Nicaraguan communities, the box ovens perform better during their first year of operation than in the years after. One of the theories associated with the diminished performance of the ovens over time is that the constant heat flow through the walls causes the insulation to settle to the bottom, and at that point the insulation would no longer be preventing convective heat transfer in the upper regions of the wall. With an expected life of 10-12 years, diminished operation after the first year is an issue that must be analyzed.
In the previous semester, the team devised a preliminary scheme for testing the insulation. The basic concept of the scheme was to isolate one wall of a solar oven. This would be accomplished by essentially insulating five faces of the solar oven significantly more than the sixth face (the experimental wall). Therefore, the vast majority of temperature change inside of the oven could be associated with the less insulated experimental wall. While the previous team established a basic concept for experimentation, our objective for this semester was to develop a concrete method for comparing insulation performance for use in the solar box cookers.
Methods

Experimental Design

In order to simplify the analysis of the experimental data, heat transfer was isolated to a single wall of a solar oven. As depicted in Figure 1, the experimental unit consisted of an insulated box with a heat source inside. In order to ensure that any significant amount of heat transfer only occurred through the experimental wall, five of the six sides of the experimental oven were designed to have a thermal resistivity roughly ten times greater than that of the experimental wall. This ensured that the heat inside the box would then travel through the path of least resistance, the less insulated experimental wall. The experimental wall was designed to mimic the walls of a conventional solar oven and allowed for interchangeable insulation types for testing.
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Figure 1:  Concept Drawing
Construction

Ideally, the performance of experimental unit would closely resemble that of the real box ovens in terms of the relevant mechanisms for heat transfer out of the box. To mimic these conditions as closely as possible, an old 30in x 30in box cooker was used as an internal casing for the heat source. The old box cooker had one open face where the oven door used to be that was the location of the experimental wall.  The old box cooker was then enclosed on five sides in an outer frame made of plywood and connected by metal brackets. The airspace in between the old box cooker and the five sides of the outer frame were filled with three inches of mineral wool. These faces served as the five overly insulated walls of the experimental unit. The final side, which replaced the door of the oven, was constructed using the same materials as an ordinary box oven wall, except that it was designed to allow for an easy change of insulation.

In order to make the insulation inside of the experimental wall easily interchangeable, a decision was made to rotate the oven so the experimental wall sat on top of the oven as opposed to the side (Figures 2a and 2b). In the original orientation, the experimental wall would have to be secured to the side of the oven, making it inconvenient to change the insulation material. With the new orientation, the experimental wall does not have to be attached to the oven. Rather, weights were placed on top of the experimental wall to give it a tight seal.
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Figure 2a: Old Oven Orientation                                 Figure 2b: New Oven Orientation
The heating system inside of the experimental oven was programmed to reach a user defined temperature differential.  It consisted of four 500-Watt halogen light bulbs. All materials placed inside the oven were able to withstand the high temperatures during experimentation. The bulbs and wiring were attached to and held in place by two bricks, a material that could withstand high temperatures. All of the wiring from the lighting system ran out of the oven and was plugged into a controllable energy source.  

The measuring and control system that was used was able to on power for the heating lamps until the air temperature inside the test box reached a specified number of degrees (Centigrade) greater than ambient air.  The control system would then turn on and off the lights to maintain the desired temperature differential. The system was connected to a computer and used the program LabVIEW.
In order for LabVIEW to display the temperature at different locations throughout the experimental unit, seven thermocouples were places throughout the system (Figure 3).
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Figure 3:  Diagram of Thermocouple Placement
Experiment

Due to the limiting time of one semester, the goal of the study was to develop an experimental set up that could be used by future teams to test various types of insulation materials.  In order to determine the reliability and quality of the experimental set up described above, four types of insulation material were used.  The materials used were: air, wood shavings, rice hulls, and fiberglass.  Three trials were run for each type of insulation material.


Each type of insulation material was chosen for a specific reason.  The first material, air, was chosen to obtain a standard set of data that could be used to compare the results of the other types of insulation material.  Wood shavings were the second type of insulation material chosen for experimentation.  Currently, the solar ovens that are used in Nicaragua utilize wood shavings for the insulation.  In order to determine if an alternative material would be better suited for the ovens, the wood shavings and alternative material would need to be tested under the same conditions.  The third type of insulation material chosen for testing was rice hulls.  Rice hulls were suggested by our faculty advisor, Tim Bond, as they are an inexpensive material that would be readily available in Nicaragua.  After some preliminary research, it was concluded that rice hulls would be a reasonable material to test.  Finally, the fourth type of material that was tested was fiberglass.  During correspondence with the Nicaraguan women, it was mentioned that there was interest in using fiberglass to insulate the solar ovens.  The Nicaraguan women stated that fiberglass is available in Managua, the capital of Nicaragua.  If bought in bulk, the fiberglass would be relatively inexpensive.  Therefore, at the request of the Nicaraguan women, fiberglass was tested.


The same testing procedure was followed for each of the three trials conducted for each type of insulation material.  The insulation material used for the trial would be placed inside the experimental wall.  Next, the experimental wall would be placed on the oven and two weights were placed on top; securing the wall in place.  Using LabVIEW, the target differential temperature was set to 150 degrees Centigrade.  This differential temperature is the difference between the ambient air temperatures and the air temperature inside the oven.  The program would begin to collect data from the seven thermocouples every second.  As a result of increasing the target differential temperature from zero, the heating system would turn on and heat the oven until the target differential temperature was achieved.  Once this target differential temperature was reached, the experiment continued to run at this constant temperature differential.  After ten minutes, the target differential temperature was set to zero, causing the heat source to turn off.  At this point the data collection was stopped.  The weights were lifted and the experimental wall was removed from the oven.  The inside of the oven was allowed to cool.  Once the differential temperature was 10 degrees Centigrade or smaller, the next trial was run.  Three trials using air were conducted first, followed by three trials using wood shavings, then three trials using rice hulls, and finally three trials using fiberglass.

Results and Discussion

Figure 4 shows the typical data file acquired from running an experimental trial. 
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 Figure 4: Data from Rice Hulls Trial 3

This study focused on the temperature readings from thermocouples 4 and 6 (Figure 5), representing the “insulation inside” and “insulation outside” respectively. These temperature readings were of particular interest due to the fact that these thermocouples flanked the insulation in the experimental wall. The difference between these thermocouples would in essence represent the thermal storage capability of the insulation.
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Figure 5: Temperature Differential vs. Time for Thermocouples 4 and 6

To analyze this data, Matlab was used to isolate the temperature differences between the two desired thermocouples for all of the trials. These differences were analyzed from a specific start point and an endpoint. The start point was defined as the time when the difference in temperature between thermocouples 4 and 6 was 10 degrees Centigrade. The start point was used to essentially normalize the data to make more appropriate comparisons. The value of 10 degrees Centrigrade was chosen based on the data files themselves, the difference of 10 was a value that was available in all data files and occurred early on in experimentation. The endpoint was defined as the end of the experimental trial; 10 minutes after the difference of 150 degrees Centigrade between thermocouple 1 (ambient air) and thermocouple 2 (inside air) was achieved as previously specified in the methods. The overall results are displayed in Figure 5. It should be noted that there were three trials conducted for each type of insulation, however one of the fiberglass trials was not recorded in this report because of its radical and inconsistent behavior.


The results from Figure 5 indicate that there is a clear separation between the temperature differences of the insulations and the air. The air trials are all consistent and are lower than those of any of the other insulation types. This is to be expected since air is the control and is known to be a poor insulator due to the convective currents in the air during heating. The two fiberglass trials appear to have the greatest temperature difference between thermocouples 4 and 6 and that indicates that fiberglass has the greatest heat storage capacity and is therefore the best insulator. Wood shavings and rice hulls appear to be fairly comparable in their temperature differences, with wood shavings appearing to perform slightly better.


There is observable variation among the insulation trials; however this variation is not seen among the air trials. This suggests that there may be an issue with the way that the experiments were conducted. It was speculated that the effectiveness of the insulation materials may be sensitive to density changes in the insulation. Due to the fact that no system was developed for maintaining any constant density of the insulation in the experimental wall, it can be surmised that this could be the cause of the variation in insulation test trials.


Aside from the issue with density, the results from this study indicate that the experimental setup is effective and highly repeatable. The observable differences in the temperature gradient across the insulation and the consistency with the air trials indicates that the experimental method is quite successful and could be used for further experimentation in the future.
Criteria Review

Prior to testing, technical, social, economic, and environmental criteria were selected to determine the success of the team.  The work accomplished this semester was assessed in comparison to these criteria.  
Technical

The technical criterion used to assess the study was that prior to suggesting an alternative insulation material to the women in Nicaragua, it would be thoroughly tested in order to be confident that the material was indeed equal or superior to the currently used wood shavings.  The results from the study conducted this semester did not provide concrete evidence that the rice hulls or fiberglass had equal or superior insulation capabilities than the wood shavings.  Although the fiberglass appeared to produce a larger temperature differential than the wood shavings, inconsistency was evident between the fiberglass trials and therefore a conclusion could not be made with confidence.  While the study conducted this semester did not produce the necessary results to claim with confidence that an alternative insulation material was superior, the work accomplished provides a basis for future testing on the new experimental unit.

Social

The Nicaraguan women accepting a suggestion for an alternative insulation material was the social criterion used to assess the study. If a superior insulation material was found, the benefits of using the new material would need to be effectively communicated to the Nicaraguan women. Since the women discovered current material for insulation, it is important for them to understand the advantages of using a new material instead of the wood shavings. This semester, upon request by the Nicaraguan women, the insulation capabilities of fiberglass in a solar oven were tested.  Therefore if the results from the study had proved that fiberglass was superior, the Nicaraguan women would have already accepted this material and the social criterion would have been achieved.  However, no confident conclusions were able to be drawn from the testing any of the alternative insulation materials, and thus this semester the challenge to meet the social criterion was not encountered.  Although the social criterion was not applicable to the work accomplished this semester, it is important for future teams to consider.  

Economic

The low cost and availability of the insulation materials in Nicaragua was the economic criterion determined to assess the insulation study.  This semester, rice hulls were chosen to be tested as an insulation material because they are inexpensive and are readily available in Nicaragua.  Also this semester, the insulation capability of fiberglass was tested upon the request of the Nicaraguan women.  The women stated that fiberglass is available in large cities and is relatively inexpensive.  Although no conclusion was reached on the insulation ability of rice hulls or fiberglass, the insulation materials that were selected for testing did meet this economic criterion.  

Environmental

Two environmental criteria were selected based upon Paul T. Anastas and Julie B. Zimmerman’s Twelve Principles of Green Engineering.  First, all material and energy inputs and outputs utilized during this test would be as inherently nonhazardous as possible. Secondly, an attempt would be made to design products, processes and systems that include integration and interconnectivity with available energy and material flows.  None of the materials used or the energy inputs and outputs associated with the insulation material testing were hazardous.  In an attempt to design products, processes, and systems that include the integration and interconnectivity with available material flow, only materials that are readily available in Nicaragua were used for this study.

Recommendations for Future Teams

This semester, the insulation team has worked to design and construct a successful experiment. An experimental oven was built and connected to a computer controlled heating system. This allows for the testing and comparison of different insulation materials. However, since the problem with insulation only appears after a year of use, the insulation used for experimentation must be exposed to the same conditions. The experimental unit was designed to create a method to test and analyze this issue. It is assumed that a typical solar oven goes through one heating and cooling cycle a day. In order to expose the tested insulation to the same amount of use, the computer system can be set to run the experimental oven through several heating and cooling cycles automatically. This will essentially speed up time and allow any degradation to appear after a shorter testing period. 

Due to the fact that some of the original materials used could not handle the high temperatures inside the oven, it was decided that the experimental unit must successfully run through many testing cycle before it could be left to run automatically. This caused experimentation to take a lot more time than expected. Given the time constraints of one semester, the insulation team was not able to implement the use of an automatic system. Therefore, insulation could not be tested for an equivalent of one year’s use.

However, this semester, the insulation team was able to conclude that the experimental unit is a safe and effective way for testing insulation. Using the experimental unit constructed and tested this semester, future teams will be able to implement the automatic testing scheme to provide further insight on the capabilities of different insulation materials after long-term use. 

Conclusion

Based on the results from this study, the following conclusions can be concluded that this experimental method is an effective way to test and compare various insulation materials. The results indicate that using fiberglass as insulation material results in the greatest temperature differential across the insulation. Although they have a smaller temperature differential than fiberglass, wood shavings and rice hulls appear to be comparable. Air, however, proved to be worse than all other forms of insulation used in this study. Further experimentation with density control will be necessary to draw more concrete conclusions. An optimum insulation cannot be suggested to the women in Nicaragua until performance over time is investigated.
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