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1. Summary

Although the solar box cookers have an expected lifespan of 10-12 years, after the first year there is a noticeable decrease in the performance of the cookers.  One theory for the diminished performance is that the insulation is no longer preventing convective heat transfer in the upper portion of the solar cooker wall as a result of the settlement of the insulation material due to consecutive thermal cycle.  Using the experimental unit that was constructed in the previous semester and the same basic testing procedure, the insulation team began this semester with two main objectives.  The first objective was to develop a method to test various insulation materials that would provide more consistent results and would enhance the repeatability of the experiments.  The second objective was to develop a method to test the change in the thermal resistivity of the insulation material over an extended period of time.  

First, the insulation team developed a density controlled method in order to produce more consistent results. The method used a set volume and a tamping process to improve the consistency between the trials conducted for each type of insulation material.  The team used the same testing procedure as last semester’s team, however implemented this new density control method.  Matlab was used to analyze the data from these tests, and the results proved to be more consistent.   Next, the insulation team began the decay study to investigate the decay of the insulation material over time.  An automated system was developed to simulate the use of a solar cooker during one year.  Fiberglass was the first insulation material tested and appeared to have very little change in performance from the consecutive thermal cycles.  After completing the decay study for fiberglass, the team began the study for wood shavings.  Unfortunately, while running the study for the wood shavings, the experimental unit began to smoke and the insides of the unit became charcoal.  The experimental unit was unsalvageable.  After investigating the incident, the team concluded that it was pyrolysis of the wood shaving insulation inside the original solar box cooker that caused this to occur.  

After this incident, the decision was made to build another experimental unit to replace the system that had been destroyed.  The same principles were used to design the new system; however, no wood was used on the interior of the box.  The team hopes that the same experimental procedure can be used with the new system.  Despite the destruction of the experimental unit, several conclusions were able to be drawn from the work completed this semester that will be valuable to future teams.
2. Introduction
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 developed a procedure for testing various types of insulation and completed the construction of an experimental unit.  The team conducted preliminary testing of four types of insulation material – air, wood shavings, rice hulls, and fiberglass.  The results from the testing air were very consistent, while the other three materials had a fair amount of variation.

2.1
 Objectives
This semester’s insulations team had two main objectives.  The first object was to develop a new method to test the insulation materials that would provide more consistent results and would enhance the repeatability of the experiments.  To achieve this, the team developed a method to control the density of the insulation material during testing.  The second objective was to develop a method to test the thermal resistivity of the insulation material over an extended period of time.  Given that the main issue surrounding the insulation is the change in the thermal resistivity over time, the team developed an automated method to simulate the use of a solar oven over a long period of time. 

3. Methods

3.1 Overview

A heated box mechanism was used to test the various insulation materials in this study. The concept of this heated box can be seen in figure 1. The idea behind this box was to force the majority of the heat flow in the system through one wall. This was done by insulating the other 5 sides of the box to such a great extent that most of the heat would travel through one side. This side was constructed so that the insulation material would be interchangeable. This side was named the “Experimental Wall”.  This way, most of the heat exchange would be associated with the insulation in the experimental wall. The first step of this study was to obtain data to compare the different insulation materials when the materials were new. The next step was to determine how the materials would react after extended use. All experiments were conducted in the Thurston Winter Lab, located in Thurston B02 at Cornell University.
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Figure 1 - Insulation experiment concept drawing
3.2 
Part 1: The Old System
3.2.1 
Setup

The original system was constructed 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).
[image: image4.png]Experimental Wall

1-Ambient

2-Air In Box

3-Deor Inner Surface
4-Insulation Inside
5-Insulation Middle
6-Insulation Outside
7-Door Outisde




Figure 3:  Diagram of Thermocouple Placement
3.2.2 
Experiment

The first step of this semester’s study was to redo the tests from the previous semester with an added density control. One of the problems with the insulation tests from last semester was the variability in the data (see figure 4). As mentioned in the previous semester’s report, four different types of insulation were used. The materials used were: air, wood shavings, rice hulls, and fiberglass.  Three trials were run for each type of insulation material.
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Figure 4 - Data from Fall 2010


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 first study of this semester involved using the same testing procedure from last semester and was followed for each of the three trials conducted for each type of insulation material.  The insulation material used for the trial was placed inside the experimental wall. This is where the new density control was put in. We decided to have a set volume of insulation, that being essentially the space inside of the experimental wall. This was determined to be 8 liters of insulation. After placing the insulation in, a tamping process was used for the rice hulls and wood shavings. The tamping process involved taking a weight and dropping it from once inch above the insulation onto the insulation to flatten it out. This process was repeated until the entire surface area of the insulation was accounted for. The air and fiberglass maintained their form very well so this process was not necessary.  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 insulation was then removed and another trial would be conducted the following day.  The data collected from this experiment can be seen in figure 8 in the results section.

The next study, the decay study, of the semester was to investigate the original problem of the decay of the insulation over time. We wanted to see how the insulation would perform over a certain amount of time. Since the solar ovens in Nicaragua are known to have a drop off in performance after the first year, we decided that a one year timeframe would be the duration of choice. We simulated a year of solar oven use by repeating thermal cycles, one cycle being the system heating up to the target delta temperature and cooling back down. Since there is a wet and a dry season, we assume that the oven is used on average for half the year. Therefore, the test was run for 183 thermal cycles. In this case, the insulation would not be changed out between thermal cycles. This was done by programming LabVIEW to conduct automated experimentation. This automated system had four settings: Target Hot Delta Temp, Hot Time, Target Cold Delta Temp, and Cold Time. The Target Hot Delta Temp value was the original delta temp value used in the previous method; this was set as 150 degrees Centigrade. The Hot Time value was the amount of time the system would try to maintain this Target Hot Delta Temp before shutting off the heat source. The Target Cold Delta Temp was the low point that the system would reach and the Cold Time was how long the system would maintain this temperature until resuming the heating process. After finding appropriate values for all of these parameters, the system was set to run on its own.
3.3 
Part 2: The Fall

Unfortunately, after completing the decay study for the fiberglass insulation, an event occurred that nobody on the team expected. While beginning the decay testing for the wood shaving insulation, the system began smoking around midnight and the insides got transformed into charcoal (see figure 5).
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Figure 5 - Charcoaled remains of original experimental unit

While we were not operating at any temperatures that were neat the ignition temperature of any of the wood materials in the experimental unit, we determined after research that this outcome was the result of a process called pyrolysis. After extended exposure to high temperatures (T > 65 ᵒC), wood begins to lose strength due to depolymerization. In the temperature range that we were working in (100ᵒC - 200ᵒC), wood becomes dehydrated and generates water vapor and other noncombustible gases and liquids including CO2, formic acid, acetic acid, and H2O. With prolonged exposures at higher temperatures, wood can become charred. Exothermic oxidation reactions can occur because ambient air can diffuse into and react with the developing porous char residue (White 2001). This is basically saying that the ignition temperature of wood decreases when exposed to high temperatures for an extended period of time.
Our evidence suggests that since there were no indications of a short circuit, it was pyrolysis of the wood shavings in the original solar oven walls that were encased in the rest of the unit that charred and led to this outcome.
3.4 
Part 3: Rebirth

After the destruction of the previous system, the team resolved to not give up and to construct a new system under similar principles. The main difference now however would be to not use wood in the interior part of the experimental unit. This is done so that the previous charring of the experimental unit would not repeat itself.
The interior of the system this time was constructed purely out of metal. This interior box mimicked the dimensions of the interior of the conventional 30” x 30” solar oven. The dimensions of the box were 25” x 25” x 7.25”. This box was built by folding three pieces of sheet metal and then attaching them together with rivets. This box was then placed in another outer casing that was constructed similarly to the previous unit by attaching sheets of plywood together using metal brackets. The outer casing was constructed in a way that allowed 5 sides of the metal box to be super insulated. Due to a lack of available mineral wool, fiberglass was used for four sides of the metal box while mineral wool was used for the bottom. Due to their similar R-values of mineral wool and fiberglass, this was determined to be a reasonable alternative. At least 3 inches were used for the super insulated sides effectively giving those sides the same R-value as one inch of air. See figure 6 for the metal box unit.
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Figure 6 - Metal Box Experimental Unit

The problem with this setup was the support of the experimental wall. The frame of the opening for the metal box was not as strong as the previous setup, and therefore could possibly have issues supporting the experimental wall. This was compensated for by making the experimental wall lighter than before. The experimental wall was constructed by using two wood columns and having the rest of the case constructed with fiberboard (see figure 7). This effectively lowers the weight of the experimental wall and will allow it to function properly.
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Figure 7 - Experimental wall (lighter version)

With this setup we can hopefully use the same experimental procedure as the setup before. At this time however, the thermal couples and heat source have not been set up.

4. Results
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Figure 8 - Graph of temperature differences between thermocouples 4 & 6 for initial insulation study with density control

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 Centigrade 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; 5 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 8.

The results from figure 8 indicate similar results from the Fall semester of 2010, with fiberglass showing the greatest temperature difference between thermocouples 4 and 6, rice hulls and wood shavings being similar, and air being the worst. The important part to take from this is that the trials seem to show greater consistency than the results from the fall semester of 2010. This is an indication that the density control system that was implemented was effective and should be used for future tests.
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Figure 9 - Sample data from decay study of fiberglass insulation on April 1st, 2011

The data in figure 9 is taken from the decay study of the fiberglass insulation on April 1st, 2011. This is an example of what the data looked like as the system went through multiple thermal cycles. The data indicated that the performance of the fiberglass changed very little from the thermal cycles, however since no other materials were tested it is difficult to determine whether the experimental method actually works.
4.1
Recommendations for Future Work

It is in this teams opinion that the decay study should be repeated with the new unit to determine how the insulation materials behave over repeated thermal cycles. In addition, coffee husks should be an insulation material that should be included in the study.

5. Conclusion

(1) Wood should not be used in the interior of the experimental unit because pyrolysis can lead to disastrous consequences

(2) The system of density control using tamping and 8 L of insulation improves the consistency of the experimental trials when analyzing the capabilities of the insulation to store heat.
(3) Before exposure to repeated thermal cycles, fiberglass appears to be the most effective insulation, rice hulls and wood shavings behave similarly, and air is the worst.
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