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Introduction

Since the beginning of time, man has been awestruck by the magic that is fire. The question following this mysterious magic is how to make it last. Should one blow on it to make the flame bigger? Add more fuel? Or how about an even more difficult question: can the flame be made hotter? Scientists have long since uncovered the secrets of the “magic” that is fire, but one question still remains: how can the fire be transported? In the early twentieth century, scientists put even this perplexing question to rest, with the discovery of Sterno, an easily stored gel-like fuel. The gel fuel was less volatile that it’s liquid predecessor and could be safely handled and stored. The steric hindrance within the molecule created considerable resistance for the bonds to break apart, which caused the gel to combust more slowly and more efficiently than ever before. However, there is always room for improvement, and in this chapter the improvements upon multiple aspects of the Sterno gel fuel will be examined, discussed, and compared. These aspects include: consistency, burn efficiency, and the heat transferred.


Consistency

	The chemistry of the gel on the molecular level is what gives the gel its consistency. In this experiment, the gel fuel was created in a two step process by the chemical reaction of calcium carbonate and acetic acid to produce calcium acetate, water, and carbon dioxide gas: CaCO3(s) + 2CH3COOH(aq)  Ca(CH3COO)2(aq) + H2O(l) + CO2(g).  Then the resulting aqueous solution was distilled to a desirable consistency and added to one of three alcohols—ethanol, isopropanol, and methanol—or a mixture of two of the three. The reaction between calcium acetate and any alcohol is purely physical. It is the ionic-dipole and dipole-dipole interactions that create a structure that is somewhere between the rigid crystal lattice of a solid (ice, for example) versus the weakened hydrogen bonds (of water) in the liquid phase. The gel fuel is a non-fluid liquid comparable in consistency to Jell-o. It gets its texture and consistency based on the level of saturation of the solution. A fully saturated solution will have a waxy, polymer-like composition, (making it harder to burn) while a less saturated solution will edge closer and closer to a runny gel. A runny gel is often characterized by an excess of alcohol. However, if the gel is too runny, it loses the advantages it formerly possessed of being controllable and safe. 
	A gel with favorable consistency is one that is saturated only about 2/3 of the calcium acetate’s maximum solubility. By maintaining a high density gradient, the gel prohibits any hexagonal bonding possibilities, and therefore, prohibits the possibility to become a waxy, dynamic polymer that does not burn well. The steric strain created on the molecule structure by a mostly-saturated solution helps maintain the non-fluid liquid form, and thus optimizes the potential combustion energy. Such a gel offers all the capabilities and advantages of a liquid fuel without the potential danger. 






Burning Capabilities

	The most efficient fuel is one in which the activation energy is minimal, and the resulting energy from the combustion reaction is high. A gel fuel allows for this to occur, as it is easily combustible, but it burns longer than a liquid fuel by itself would. In this experiment, the gels were tested for the duration of burn time. Burn times depended highly on the consistency of the gel and the way it was prepared. For example, a dilute solution made from calcium carbonate and distilled vinegar (dilute acetic acid) had to be boiled to increase the solution’s concentration. If the resulting calcium acetate solution was too dilute, the physical reaction between methanol and calcium acetate would not occur. However, the burn durations for the ethanol and isopropanol gel were substantially longer at this concentration (a 100mL solution with a 24 minute boiling time, see Appendix A).  Later, in another experiment, the same calcium carbonate and vinegar solution was boiled for 67% longer to make a stronger calcium acetate solution. Although all the gels (including methanol) formed almost instantaneously, the burn durations of the gels were significantly less [see Appendix B], while Sterno’s average burn time held a steady 222 seconds. The alcohol mixtures performed very poorly on the burn duration tests [see Appendix C].  From this the conclusion was formed that burn time depended almost entirely on the gel’s consistency. Now, to create a gel with optimum efficiency, this consistency must be perfected. But the question then arose: what good is long burn duration if very little heat is produced?
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                                            Burn Duration (Seconds)
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	Gel Type
	Trial 1 (Seconds)
	Trial 2 (Seconds)
	Trial 3 (Seconds)
	Average (Seconds)

	Sterno
	208
	234
	224
	222

	50% Ethanol / 50% Isopropanol
	203
	217
	219
	213

	25% Methanol / 75% Ethanol
	150
	235
	250
	211.7

	50% Isopropanol / 50% Methanol
	191
	203
	205
	199.7

	25% Ethanol / 75% Isopropanol
	179
	183
	216
	192.7

	50% Ethanol / 50% Methanol
	174
	179
	192
	181.7

	25% Methanol / 75% Isopropanol
	165
	166
	206
	179

	25% Isopropanol / 75% Ethanol
	130
	159
	160
	149.7
















Heat Transferred – Heat Source

In the real world, fire is used for many things; heating, cooking, and camping are just a few examples. All of these have one thing in common, the demand for a specific amount of heat. The problem with the gel at this point was that its performance was graded solely on how long it burned, not how hot it burned. The goal for a better gel fuel meant not only optimized consistency and burning capabilities, but also burn duration and burn efficiency – in this case, the heat it transferred. 
	Alcohol
	Heat of Combustion(MJ/Kg)
	Density (g/cm3)

	Methanol
	22.7
	0.791 

	Ethanol
	29.7
	0.789

	Isopropanol
	33.6 
	0.786



An efficient fuel, as discussed before, is one which the ignitability and the heat produced from the combustion are maximized; this became the goal in this experiment. For the sake of time, the heat transferred tests were only performed on gels of an already desirable consistency, because if the gel would not burn well or stay lit, it would be hard to determine an even heat flow from it (the gel’s potential would not be maximized in this case). In this experiment, a solution of 1.5 grams of calcium acetate monohydrate and 5mL of distilled water was formed, and then added to 20mL of each alcohol to form a near-perfect consistency gel. Then, the initial temperature of the water was recorded and the gel was set aflame. When the gel extinguished itself, the final temperature was recorded and the change in temperature was converted to degrees Celsius. After this, the heat transferred by each was quantified as “q” and found using the equation q = m∆TCp, where m stands for mass in grams, and Cp is the specific heat capacity of water (4.186 joule/ gram °C) at atmospheric pressure. 
	On average, the isopropanol gel transferred slightly more heat than Sterno (3.18 Kilojoules vs. 3.17 Kilojoules), while the other pure alcohols transferred significantly less heat per gram [see Appendix D]. The heat of combustion is the heat given off when all the bonds in the alcohol are broken (when reacted with oxygen), so the more orientations and types of bonds available to be broken, the better. This matched the prediction that the largest alcohol molecule would burn the hottest. After this, the alcohol mixtures were tested. The chemical structure of calcium acetate suggested that the alcohol mixtures should produce the most heat because of the trigonal planar structure of isopropanol and the trigonal pyramidal and linear structures of the hydrogens in ethanol and methanol (allowing them to bond in and out of plane). The 25% ethanol/75% isopropanol gel transferred 3.68 Kilojoules per gram, and the 25% methanol/75% isopropanol gel transferred 3.60 Kilojoules per gram (on average). The other mixtures all transferred slightly less heat than isopropanol or Sterno, with the last mixture gel at 2.16 Kilojoules per gram [see Appendix E]. 
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Heat Transfer (Kilojoules)
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	Gel Type
	Trial 1 
(Kilojoules)
	Trial 2 (Kilojoules
	Trial 3 (Kilojoules)
	Average (Kilojoules)

	Sterno
	3.11
	2.87
	3.52
	3.17

	50% Ethanol / 50% Isopropanol
	3.38
	3.48
	2.23
	3.03

	25% Methanol / 75% Ethanol
	3.15
	3.29
	2.60
	3.01

	50% Isopropanol / 50% Methanol
	3.38
	2.74
	3.01
	3.04

	25% Ethanol / 75% Isopropanol
	3.20
	3.85
	3.99
	3.68

	50% Ethanol / 50% Methanol
	2.32
	2.18
	1.99
	2.16

	25% Methanol / 75% Isopropanol
	3.76
	3.66
	3.38
	3.60

	25% Isopropanol / 75% Ethanol
	3.11
	3.62
	2.50
	3.08




Conclusion

The original goal was to create a better, more efficient gel fuel then Sterno, and this goal was slightly less than accomplished. The isopropanol gel did produce more heat than Sterno, but it burned an average of 39 seconds less than Sterno per gram. Sterno is predominantly used to keep food at a warm temperature for an extended period of time, in which case, burn time would have a major impact on the consumer’s decision of whether or not to buy. If Sterno is used for camping or cooking, perhaps a product that transfers more heat is desired. In this case, our 25% ethanol / 75% isopropanol or 25% methanol / 75% isopropanol gel would be optimal. However, to create a quality product, it must please both crowds by having quality performance in both categories. To find this happy medium, more testing would need to be done in the mixtures of alcohols, where burn time and efficiency can both be optimized. 
Average Heat Transfer (Kilojoules)
Average	Sterno	Ethanol	Methanol	Isopropanol	3.17	2.4299999999999997	1.9500000000000017	3.18	Fuel
Energy (Kilojoules)
Burn Duration - 24 Minute Boil Time
Ethanol	Trail 1	Trail 2 	Trial 3 	216	217	241	Methanol	Trail 1	Trail 2 	Trial 3 	0	0	0	Isopropanol	Trail 1	Trail 2 	Trial 3 	209	213	237	Trial
Time (Seconds)
Burn Duration - 40 Minute Boil Time
Ethanol	Trail 1	Trial 2	Trial 3	107	124	153	Methanol	Trail 1	Trial 2	Trial 3	135	139	172	Isopropanol	Trail 1	Trial 2	Trial 3	158	197	215	Trial
Time (Seconds)
