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Identification of Need:





	Recent requests from several college students have indicated that there is a need for a thermal insulation system for windows in the residential homes and apartments of college students.





Background Information:





	Jones Heating and Cooling is an independently-owned company that specializes in residential and small business heating and cooling systems.  A large portion of its business is conducted in college cities and towns.  For the most part, college students have a small fixed income from either grants, scholarships, or their parents, and they are forced to pay high rent for apartments and houses because of the demand in university communities.  Over the past year, college students have mentioned that their combined rent payments and electricity bills are putting a financial strain on their small budgets.  This can be attributed largely to the low-cost apartments that have been constructed in many college areas.  Many real estate investors across the nation have been constructing “nice-looking” apartments of poor quality.  Included in this poor quality is a lack of good insulation.  Jones Heating and Cooling cannot do anything about the heat loss through the poorly insulated walls and ceilings, but it can do something else to save the college students’ money.  From this premise, the thermal insulation system for the windows evolved.  In residential homes there are many sources for heat loss in cold winter months, but in most cases the main loss is through windows.  Glass is not a good insulator, and with the small thickness of the glass, it serves as a small barrier between the cold winter air and the heat within the house.  In addition, glass has a relatively high emissivity, which also leads to an increased heat loss from the home.  


	Many steps can be taken to eliminate some of the heat loss through windows.  Recently, double pane windows have been put into production.  The double pane window takes advantage of the low thermal conductivity of the air trapped between the panes for increased insulation, but the type of window in a rented apartment cannot normally be changed by the student.  If a student does have a double pane window system in his apartment or rented house, he should consider himself fortunate.  Another step that can be taken is to install some type of blind, curtain, or shade in order to create a better heat loss barrier, but the disadvantage to this is, once again, added cost.  Curtains and drapes are usually quite expensive -- prices range as high as $200.00.  Blinds and shades could likely be purchased by the student, but they have little insulating properties.  Vinyl shades for a window 72” high and 31” wide cost as little as $10.00, but are constructed of a piece of vinyl that is usually only 1/16” thick.  This provides very little insulation because of this small thickness, and because of the fact that vinyl has a relatively high emissivity.  This high emissivity translates into increased heat loss.  Linen shades cost slightly more than the vinyl shades, but have even less insulating effectiveness.  From these observations, it was concluded that if Jones Heating and Cooling could produce a product that was relatively inexpensive and possessed good insulating properties, then it could likely market this product in college communities with great success.  From this idea, the goal statement was created and the conceptual design phase was begun.





Goal statement:





	Jones Heating and Cooling will create and analyze, both thermally and financially, a preliminary design for a thermal insulating system that could be marketed at a relatively low price in college communities.





Engineering:





Assumptions 





	To be able to appropriately move through the design process, several assumptions had to be made to mitigate such things as calculations, decisions, and computer aided drawings.  The assumptions made are as follows:





The standard window is 72” high, 31” wide, and 1/4” thick.  The assumed window configuration can be seen in Figure 1.


The outside air is 20(F.


The inside air is 70( F.


The outside wind is blowing at 10 miles per hour.


The space between panes in the double pane window is 2”.


In determining the return on investment, the heating system operate 12 hours a day.


Two heating systems were to be considered:


	1)  Conventional “base-board” heating system (coefficient of performance = 1)


	2)  Heat pump heating system (coefficient of performance  = 2)


There are only four significant modes of heat transfer considered, and they are:


	1)  Radiation heat transfer


	2)  Conductive heat transfer


	3)  Forced convective heat transfer


	4)  Free convective heat transfer





With these assumptions the preliminary analysis could be performed which would allow for a better determination of what type system would need to be developed for the window.





Preliminary Analysis





	Using the market observations discussed earlier, it was decided that the insulating system had to be present a low price to the consumer.  To be able to be marketable to a student, the system would have to cost less than $20.00.   A price higher than this would quickly diminish the number of potential customers.  If possible, it would be advantageous to undercut the market, as the common college student is usually looking to spend as little money as possible.  This price range allows for the establishment of many design parameters.  This price limitation will automatically limit the types of material that can be used for construction and amount of labor that would be required to assemble the proposed design.  Using the price limitation and the assumptions made above, the design process was begun.


	The first step that had to be taken in the design process was to analyze the window systems that are found in most residential homes.  The two systems that are most common are the conventional single pane window and the newer double pane window.  The information desired was the heat flux through one window.  The dimensions of a common window are given in Assumptions section above.  Determining the heat loss through the window will allow the establishment of more needed parameters for the design.  With only the inside and outside temperatures given, Jones decided that the most efficient way to resolve the heat loss through a window was to employ a personal computer equipped with BASIC and use the Gauss-Seidel method for solving heat transfer problems.  The reason for using a computer program was the iterative nature of the Gauss-Seidel method.  Two programs were created.  One determined the heat loss and thermal resistance, commonly called the R-value, for a single pane window.  This program is shown in Appendix A.  The second program developed was very similar to the first except that it determined the heat loss and the R-value for a double pane window.  This program is shown in Appendix B.  Using the programs, the heat loss and the R-value for each system was calculated and are shown in Table 1 which follows the body of this report.  In each scenario, radiation was considered and then ignored in the calculations.   It can be seen in Table 1 that radiation is the cause for half the heat loss in the single pane window and more than half the loss in the double window.  This led to the establishment of the design parameter that the proposed design should contain some form of radiation barrier.  Using the developed design specifications, the conceptualization stage of the design process was begun.


  	The conceptual design that was developed is shown in Figure 2.  This design is very similar to the common linen retractable “fan” shade.  It folds in approximately 1” increments as the shade is raised until it reaches the top.  A string and two pulleys, which are contained within the support rod, allow the shade to contract.  This design was developed on the basis that an aluminized surface could be added to limit radiation heat transfer and the inclusion of a volume of stagnant air between the shade and window would provide an additional insulating barrier.  This conceptual design consisted of basically applying an aluminized surface to the side of the shade that faces the outside.  The reason for using aluminum is twofold --  it has an exceptionally low emissivity, which limits the amount of radiation heat transfer, and it is relatively inexpensive.  The other surface would be composed of linen or a cotton material.  The reason for doing this is an aesthetic one.  The fabric used on the inner surface would cause the system to be more pleasing in appearance for the occupants of the apartment or house.  Even though the added aluminized surface would enable the shade to reduce the heat loss due to radiation, preliminary analysis and the subsequent construction of another program to determine the heat loss through the window and shade concluded that this system would not provide adequate thermal resistance.  This forced the creation of another design that would remain cheap but have a higher thermal resistance.








�
Final Design     





	From the lessons learned while developing and analyzing the first conceptual design, another improved design was created.  Figure 3 contains a computer-aided drawing of this final design.  As can be seen in this figure, it is very similar in appearance to the conceptual drawing, but it is not similar in construction or performance.  This design consists of a retractable “fan” shade that has an aluminized surface on both sides.  This allows for further reduction of the heat loss due to radiation.  After developing the first conceptual design, Jones realized there were three options to decrease the heat transfer through the system -- reduce the heat loss due to radiation, reduce the heat loss due to conduction, or reduce the heat loss due to convection.  Methods were considered for each, but due to the low cost of commercial aluminum sheets, it was decided that the addition of another radiation shield would be the most feasible because of the overriding economic factor driving this design.  Another reason for the addition of the second aluminum sheet is the greater temperature of the side facing the inside of the building.  Radiation heat transfer is a function of temperature; it varies as a multiple of temperature raised to the fourth power.  Thus, an increase in temperature increases the amount of heat lost by radiation.  In considering the option of reducing the heat transfer by conduction, a better shade material was considered.  A good thermal-resistant fabric is normally quite expensive.  Felt, for example, is normally $3.60 per square yard, while one yard of a commercial aluminum sheet, such as “Denny Flame Guard,” only costs approximately $1.35 per square yard.  This was the deciding factor because of the initial parameter that the system must cost less than $20.00.  


	As can be seen in Figure 3, the bottom of the shade is composed of a square U-shaped plastic piece.  The geometry of this piece was chosen to allow for the shade to fold, as it is retracted, inside the plastic piece; thus, when it is retracted the aluminized surface is hidden from sight --  increasing the aesthetic value of the design.  Figure 4 provides an enlarged, exaggerated view of a cross-section of the of shade.  As can be seen in the figure, both surfaces that are in contact with the air are composed of aluminum.  The inner layer would be composed of a cheap cotton material or some similar product.  The actual material for this inner layer will be determined if production is seriously considered.  For the analysis of this system, though, it was assumed that the inner layer was composed of a somewhat stiff porous material and is thermally similar to felt, which has a good thermal resistance of approximately  0.04 watt/m^2(C.  The composition of this inner layer is not of major importance because its small thickness will limit its thermal resistance greatly.  Its appearance will not matter either because it will not be seen.  The major function of the material is to support the aluminum and to provide for a barrier that will allow for a stagnant air volume.  


	Figure 5. A is a computer-aided drawing of the shade in its partially-retracted position.  In this drawing the strings can be seen that retract the shade.  It can also be seen how the shade folds inside the bottom plastic piece as the shade is raised.  Also shown in this figure is a protective shield that will provide additional aesthetic value.  The shield can be seen from a side view in Figure 5. B.  The shield would hide the shade as it is raised to its highest position.  This shield, coupled with the U-shaped bottom, will keep the shade out of sight when the shade is fully retracted.  The reason for this is to hide the aluminized surface.  If it were not hidden, the shade could very possibly be unappealing during the daylight hours.  Also shown in these two figures is the support rod.  This rod would be identical those used in other “fan” shades and venetian blinds that are currently sold, such as the linen shade discussed earlier.  The brackets for mounting this support rod are not shown because there would be no specialized component that would be needed for mounting this system.  Any bracket used to mount a standard venetian blind of equivalent size would mount this system.  Figure 5. B also provides further explanation of how the shade would be retracted.  Seeing how the shade folds presents the possibility that the aluminum might fail because of fatigue.  This is a valid problem, but it has been solved.  The aluminum sheet will be similar to the ones on heat shields placed in the front window of automobiles.  The shields are aluminized, but the aluminum has a rubberized layer attached that allows it to deform and be folded.  This fact could eliminate the possibility of using Denny Flame Guard.  If this is the case, a slightly more expensive alternative that does have the rubberized layer will have to be used, but every measure will be taken to avoid the use of a more expensive alternative.


	The next two figures, Figures 6. A and 6. B, demonstrate how the design would actually be implemented in a window jamb.  Figure 6. A shows the shade in its fully extended position, and Figure 6. B shows the shade in a partially-retracted position.  As can be seen in these two figures, the shade covers almost the entire area of the window.  There would only be a 3/8” space on each side of the shade to allow for easy retraction.  If any more space were given, then there would be a risk of losing some of the thermal resistance.  There would be no space at the top or bottom of the shade because it would be mounted flush against the top of the window jamb, and the bottom plastic piece would rest on the window sill.  


	Once the physical properties of the designed shade had been decided upon, the next step was to analyze the shade to determine its thermal resistance.  To do this two more programs were created.  These programs can be seen in Appendices C and D.  The program in Appendix C corresponds to the shade implemented with a double pane window, and Appendix D corresponds to the shade implemented with a single pane window.  The programs are basically identical to those seen in Appendices A and B with only a few additions.  The thermal resistance properties of the system are determined by three things -- the temperature gradient, the physical properties of the material used, and the spacing between the shade and the window.  The first two cannot be altered, but the third can.  The space between the shade and the window can have major effects on the thermal resistance of the system; thus a “DO - LOOP” was included in each of the programs in order to calculate the thermal resistance of the system with the shade placed at various distances from the window pane.  The reason that the spacing has an effect on the thermal resistance of the system is because of free convection and conduction.  If the space is too small, then the relatively small amount of air that is present will allow heat to be conducted through.  On the other hand, if the space between the two surfaces is too large then the air will start to rotate as the heated air circulates.  From this it can be deduced that there is an optimum space that the shade can be placed in order to achieve the best insulating effect.  The outputs from the program were plotted and are contained in Figures 7 and 8.  Figure 7 is a plot of the R-value versus the distance between the shade and the window for both a single and double pane window.  Figure 8 is a plot of the heat loss through the shade and system versus the distance between the shade and the window for both windows.  In can be observed in these two figures that the maximum R-value corresponds to the minimum heat loss.  For the single pane window the optimum location to place the shade is 1.75”, and the optimum location for the double pane window is 2.75”.  This difference in optimum location can be attributed to a difference in temperature gradients.  The double pane would have a smaller temperature gradient and thus the shade could be placed further away before the air started to move in the enclosure.  To determine the optimum location, the distance was varied in 1/4” increments from 0” to 12” inches.  It can be seen that past the optimum location there would be little loss in insulating properties, but if moved to close to the pane, much of the thermal resistance would be lost.  Thus, if this system were to be put into production, directions would need to be included that gave a minimum distance to mount the shade.  It would not be feasible to give the optimum distance since it is dependent on the temperature outside and inside.  For these optimum distances, the heat loss could be determined.  The heat loss from the system with the single pane window was 36.29 watts.  This value compared to an un-insulated window with no covering is astonishing.  The window with no cover had a heat loss of 201.41 watts.  This is a savings of 165.12 watts.  The double pane lost 25.01 watts with the system in place, and lost 102.48 without it.  This translates into a saving of 77.47 watts for the double pane system.  The R-values were 6.26 and 9.08 F*ft.^2*hr/Btu for the single and double panes, respectively, where both contain radiation heat transfer.  Determining these values lead to the conclusion that this design was feasible and required further analysis into other aspects and implications it might have.  





Economics:





	The underlying driving force of this entire design process was cost.  As stated previously, the major market for this designed system would likely be college students, who, by nature, have little income.  The initial parameter set the maximum cost that the system could cost the customer $20.00.  Once a complete design had been developed, a complete and accurate cost analysis was performed.  If the price had exceeded the $20.00 limit, the system would have been redesigned and the cost reduced.  The compiled cost for a single shade is performed in Table 2.  The total cost was determined to be $14.37.  The costs used were retail costs, so only one dollar extra was subsequently added for additional assembly cost due to labor.  These retail costs already have the cost of labor as well as a profit margin as components, and to find the actual production costs would have to be been done by determining the amount of time needed to produce one shade and multiplying that time by the current wage rate for that particular skill class, and then subtracting that from the retail cost.  The wage rate would probably be about $14.00 per hour.  Using the retail price eliminates these extra calculations.  The extra $1.00 was added as a safety factor for any unforeseen extra labor cost that could occur.  The price of $14.37, as compared to a similar size shade, is quite competitive.  As stated in the introduction, a low-cost vinyl shade retails for approximately $10.00, and since none of the components used in this design are more expensive than the components of the vinyl shade, the price estimate should be accurate.  The difference in price is due to the larger quantity of material used.  The calculation of the cost of the shade allows for a return on investment for the customer.  This is performed in Appendix E.   The calculated pay-back periods are shown in Table 3.  As stated in the assumptions, two different heating systems were used -- a standard baseboard heater and a heat pump system.  The coefficient of performance for the baseboard system is one and for the heat pump system is two.  The coefficient of performance is defined as the ratio of the heat loss to the work put into the system.  The calculation of the return on investment shows that each combination has a relatively low pay-back period, and the two combinations, which are the baseboard heating system with double and single pane windows, have a short pay-back period.  Because there is no maintenance cost or any other type of upkeep required, after the payback period is over the student will be effectively making money.  The student with an apartment or house with double pane windows and a heat pump system might may not be able to justify the shade because the pay-back period is approximately 3/4 of a normal college career, but each of the other combinations has a sufficiently short pay-back to be feasible to any student who wants to save money.  However, the combination of double-pane windows and a heat pump is inconsistent with typical college student housing.


	If this system were to go into production, it could have major economic implications for college cities and towns.  As seen from the analysis, the application of this shade can theoretically reduce the loss from a single pane window from 201.4 to 36.3 or  from 102.5 to 25.01, depending on the heating system.  This translates to a 555% increase in efficiency for the single pane and a 410% increase for the double pane.  If implemented in enough homes in college cities and towns, this shade could lead to a considerable reduction that the particular municipality had to produce, and if applied nationwide, the results could be astonishing.  





Aesthetics:





	Aesthetics is a major consideration in any design such as this one, but occasionally aesthetics and functionality conflict.  That was the case in this design.  It was quite difficult to fall below the price ceiling set, develop a good insulating barrier, and make a product that was aesthetically pleasing.  This particular combination led to a scheme that would only allow designs that omitted one parameter.  It was not possible to create a design that fell below the price limit and could look pleasing, so a system was devised to hide the system when appearance was important.  The shape of the bottom piece and the inclusion of the shield that is attached to the support rod permits the aluminized surface to be hidden when attractive appearance is necessary.  However, for most college students, appearance in the apartment is not extremely important.  The shield and the bottom plastic piece would likely be composed of smooth white plastic so they match most white walls.  This generates the best color coordination for most environments.     








Reliability:





	The structure for this design is very reliable.  Mechanically there is not much that could go wrong with this design.  This shade would be as reliable as any other comparable shade on the market.  If treated properly, this design shade should last up to fifteen years, though the common college student would not be able to keep track of it this long.  An added bonus of this design is its ability to withstand any of the negative effects that are induced by the sun.  It will not fade or crack because of exposure to the sun.  The aluminum sheets provide protection from this.  


	For continued reliability of the shade, both sheets of the aluminum would have minute perforations in it to allow moisture to pass through.  Without perforations, water would condense on the shade, and this would likely cause complications.  It would not be acceptable to have water condensing on the aluminum sheet, running down the sheet, and dripping onto the window jamb.  This could cause water spots, or may even cause the jamb to rot over an extended period.  


	A possible failure zone for this design is the aluminum sheet, as stated previously.  The retraction and extension of the shade would have negative effects on the shade.  If not constructed properly with the correct type of rubberized sheet, the aluminum could very easily fail.  This aspect of the design would require extensive testing of prototypes.  


	The mountings and strings included in the design do not fall under heavy scrutiny because they are proven parts that are already in production.  Tests on them have already been performed by other companies.





Social Impact:





	The implementation of this design would carry both good and bad social impacts, but most would be good.  This shade would not allow any light to pass through, and for the most part this would have a negative social impact.  However, for the college student this might be good.  In general, most college students become accustomed to sleeping late, and this shade would facilitate this because it would keep the room dark, allowing the student to sleep better during the morning hours.  


	The implementation of this design could inevitably have both good and bad effects on the environment.  The production of bauxite has only slight negative effects, but the production of plastics is highly pollutive.  On the other hand, these negatives are outweighed by the energy saved.  Nothing produces more pollution than the burning of large quantities of fossil fuels.  The energy saved using this design would translate directly into less energy burned to produce electricity; consequently, some pollution would be eliminated.  


	Finally, the purchase could have an impact on the student directly.  The purchase could initially put the student in some debt, but in the long run, the student would come out ahead.





Ethics: 





	In the desire for profit, many manufacturers of products alter numbers in hopes of making their product more appealing to the customer.  This applies to the suppliers of insulation as well.  In some cases, manufacturers of insulation will ignore one mode of heat transfer in order to raise the theoretical thermal resistance, and radiation is often the victim.  This was not the case for this design.  Every mode that was thought to have a significant contribution to the total heat loss was considered.  Anything less would have been unethical.





Safety:





	This design is extremely safe. The only possible threat is the burning of the support rod and the plastic bottom.  They are both composed of plastic and will likely produce toxic flames if burned, but this is an unavoidable aspect of this design.  The fabric of the shade will be covered with aluminum, so it cannot combust directly.  It could only be heated.  The adhesive used to attach the aluminum sheets to the fabric would have to be selected in a manner that considers combustion because, in general, adhesives are very toxic when burned.  Improper judgment in an area such as adhesive selection could lead to a lawsuit.  There is no real physical threat from the shade falling on someone.  The lightweight plastic would not likely cause any significant damage.





Summary:


	


	All of the initial design criteria have been addressed by this design project.  As the figures and tables show, the heat loss is greatly reduced by the addition of the final design.  Therefore, the functionality of the shade has been established.  The affordability of the design is also substantiated, as the cost analysis showed that the final product should sell for less than fifteen dollars.  The only problem that occurred was that the final design was not exactly aesthetically pleasing to most people.  However, this problem has been addressed through the design of a casing that hides the aluminum when the shade is retracted.  Although the bare aluminum would still show when the shade was in use, the target market would probably be willing to accept the appearance of the extended shade.  The R-value for a single pane window with this shade installed is increased from 1.13 to   6.26 and for a double pane window from 2.22 to 9.08.  The payback periods for dwellings with a baseboard heating system are from just over seven months with a single pane window to just under a year and a half with a double pane.  In either case, the normal student will see the benefits during his short time in college.  This design should definitely be pursued further, and there are only a few more procedures that must be conducted.


	As mentioned earlier, fatigue analysis is important for a system such as this design that will be cycled many times during its life.  Further development of the filler material between the aluminum surfaces must also be pursued before production can be begun.  Also, some prototypes should be built to ensure that all the mechanisms work properly, the materials adhere adequately, and the insulative properties of the system have been predicted correctly.  Once these steps have all been performed correctly, then initial production runs should be possible.


