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GOALSFigure 1: Ben and Blaine running the Pelletizer. The 55HP Tractor was generously supplied by Roger Howes.

Vermont Tech sought to identify the process parameters of making biomass fuel pellets with a small-scale pellet mill. The 2012 SOAR team developed operational procedures needed to produce pellets with the Buskirk pellet mill and conducted pellet production experiments modifying the speed of the pellet die, feedstock type, and moisture content, mass flow rate of input material, and additives.
RESEARCH
We began research by conducting an internet search on biomass pellets. We found various sources suggesting that moisture content and lignin content of the feedstock have the most impact on biomass pellet quality (Pelheat.com and Biomass Energy Resource Center). Lignin is a naturally occurring chemical compound that acts as a binding agent when heated in the pelletizing process. It is general knowledge that attempts to make 100 percent grass pellets have been unsuccessful because of low lignin content. The moisture content of the feedstock governs the ability of the pellet mill to melt the lignin and glassify the exterior of the pellet. If the moisture content is too high, the pellet mill is unable to evaporate the moisture and pellets are not produced.  Too low, the heat transfer rate from the pellet mill die to the feedstock drops and the feedstock exits the mill as dust rather than cohesive pellets. 
Next we began research on the pellet mill itself. Using U.S. Department of Energy funds obtained with the help of Vermont Senator Bernie Sanders, Vermont Tech purchased a “turn-key” system manufactured by Buskirk Engineering of Ossian, IN. This system includes a hammer mill, blower, surge tank, pellet mill, water pump and cooling conveyor, all mounted on a 5’ x 10’ steel base. We mounted this self-contained system on a 7’x 16’ trailer. Though the system was advertised as “turn-key” it was clear that this machine was complex and that a thorough investigation of the operating parameters was necessary before any laboratory experiments could be conducted. 
First, we analyzed each component of the system and became familiar its individual operating parameters. Documentation included with the system was sparse and required us to look up specific information from the manufacturer of each specific part or device. Once we understood how each component worked, we were able to look at the system as a whole and start developing operating procedures and key parameters.



COMMERCIAL PELLET MILL TOUR
We were fortunate enough to take a tour of Vermont Wood Pellet Company in North Clarendon, Vermont on May 23. Although our pellet mill is much smaller than theirs, our Buskirk system replicated every step and process of their larger mill. Brian Pinsonault the maintenance manager reiterated the fact that lignin and moisture content of feedstock are major factors in the pellet making process. He also said that the type and depth of your die can be a factor in production. Vermont Wood Pellet uses a vertical-ring die where the rollers roll on the inside of the ring.  Our system has a horizontal die in which the rollers rotate on top and force the material down through the die. The tour gave us firsthand knowledge about the process of making a wood pellet, and we were able to apply this knowledge directly to our own system. Figure 2: Top view of Safety Platform with tractor on the right and trailer and pelletizer w/ safety deck on left

SAFETY
As delivered, the pellet mill did not have all of the safety equipment in place that we felt is necessary. The biggest risk we identified with this pellet mill was the PTO (power take off) driven portion of the machine. We determined that a safety platform would need to be built to keep operator away from the PTO shaft.  The safety platform also includes handrails and is only accessible from the left side of the trailer.  The safety platform allows the person operating the electrical panel to oversee the entire machine during production and react quickly to any issues that may arise. The tractor cannot be operated from the safety platform; however an emergency cord was run from the fuel shutoff on the tractor to the platform so if a problem arises the tractor and PTO can be shut down quickly from the safety platform. Two or three people can observe the pellet mill during production from the platform. Figure 1 shows the safety platform as-built drawings. Figure 3: Operation of hammer mill

During production, eye and hearing protection are a must. We used clear safety glasses to protect our eyes. The hammer mill poses the greatest risk for eye injuries because when feedstock is fed into the mill, the machine tends to kick some particles back out through the hopper. The tractor, pellet mill, hammer mill and blower are the loudest components of the system and require hearing protection when they are running. During production runs, we used over-the-ear hearing protection with an NRR of 29. General-purpose nuisance dust masks are strongly recommended. We used leather safety gloves to protect our hands when feeding material into the hammer mill as seen in figure 2.
INITIAL COMPONENT TESTING
The primary focus of the first rounds of testing was to familiarize ourselves with the operation of the “turn-key” pellet mill. Though the manufacturer provided some specifications about the machine and its capacities, it was necessary to confirm these specifications and determine if correction factors needed to be included in any of our pre-production calculations. 
UNIVERSAL FRICTION CLUTCHFigure 4: Universal Slip Clutch

The manufacture did not provide method of separating the pellet mill from the tractor.  For safety purposes we installed a universal friction clutch (slip clutch) on the pellet mill side of the PTO.  The slip clutch (Figure 4) protects the tractor and the machine in the event of the mill rollers locking. If the pellet mill locks, the torque spikes and the tractor slips the friction clutch, and the pellet mill isolates from the tractor. If the slip clutch was not in place, the tractor could shear the pellet mill shaft or break the PTO transmission. We adjusted the clutch springs to allow the clutch to spin during a lock up situation but hold during normal operation.
HAMMER MILLFigure 5: Inside hammer mill

The Hammer Mill utilizes a single phase VFD controlled 10 HP motor that spins a series of beater arms or knives at 3600 RPM.  These beater arms are encircled by an 18” circular screen with perforations of a material specific size.  Material is inputted through a Plexiglas hopper that incorporates a plate magnet to catch any metals that may be in the mix.  The material is hammered with the beater arms against the circular screen which reduces the input material to the size of the perforations.  The reduced material is then transferred from the Hammer Mill to the Surge Tank via a pneumatic air system that draws the processed material from the bottom of the metal cabinet towards the front of the pelletizer unit.  The air system draws air from both the hopper intake and a 4” drilled plate, and other parts of the pelletizer unit.    
FEED AUGER RATEFigure 6: Measuring Flow Rate

	Sample
	Moisture Content (%)
	Hertz
	Mass Flow Rate (lbs/hr)

	Farm Sawdust
	45
	15
	97.3

	Farm Sawdust
	45
	30
	189.8

	Farm Sawdust
	45
	45
	276.7

	Farm Sawdust
	45
	60
	358.8

	Farm Sawdust
	45
	75
	445.2

	Kiln-Dried Shavings
	9.7
	30
	85.0

	Kiln-Dried Shavings
	9.7
	45
	130.7

	Kiln-Dried Shavings
	9.7
	60
	151.0


The feed auger moves the feedstock from the surge tank through screw action into the pellet mill. It is electronically controlled by a variable frequency drive (VFD) connected to a Human Interface Module (HIM) located on the main power enclosure. The feed auger frequency, in hertz, is displayed on the HIM. The HIM allowed for on-the-fly adjustment of frequency, which in turn changed the speed of the auger motor. However, the module does not display the mass flow rate of the material being moved. During the initial testing of this component we realized that we needed to know delivery rate (mass flow rate) of the auger at different frequencies. It was important to determine this mass flow rate because we need to know how many gallons of water per unit time needed to be added to the feedstock mix to bring it up to the optimum moisture content for pellet production. To determine the mass flow rate of the auger at different motor speeds we collected several samples at various feed auger motor speeds and recorded the amount of time needed to deliver a specific volume. Figure 4 shows the feed auger and one gallon bucket used. These measurements allowed us to calculate a volume per unit time, or mass flow rate. It should be noted that the mass flow rate is dependent on the density of the feedstock and its moisture content. These rates are only applicable for the materials tested and must be determined for any feedstock used to make pellets. Table 1: Mass Flow Rate Results for the Farm Sawdust
Figure 7: Surge mixers in surge tank

	Gauge Reading (gal/hr)
	Actual Output (gal/hr)
	Percent Error

	12
	9.5
	21%

	10
	8.8
	12%

	8
	7.5
	7%

	6
	5.1
	15%

	4
	3.1
	23%

	3
	1.9
	36%

	2
	1.2
	38%

	1
	0.5
	50%


WATER PUMP FLOW RATE
The second parameter tested was the water pump flow rate metered by a King 7530 2C-04 inline flow gauge measures in gallons per hour (GPH).  As described on the manufacture’s website, the meter has an accuracy of ±6% of full scale flow, or ±.72 GPH.  We repeated the method used to determine the auger mass flow rate and found that the gauge was inaccurate and required a correction factor. Table II shows the percent error of the meter at different gauge readings with an average error of 25%.

       Table 2: Water Meter Actual Output

COOLING CONVEYOR
The Buskirk pellet mill has a cooling conveyor that is used to cool down the hot pellets coming out of the die and to suck out the fines that made it through the pellet mill (Figure 9).  The blower that is hooked up to the conveyor sucks out the fines to be reused in the surge tank. The fines become very dry after exiting the die and are blown back into the surge tank; this caused some problems with our moisture content. We also noticed that the pellets were coming out warm even after exiting the conveyor.  We decided to slow down the cooling conveyor speed from 60 Hz to 30 Hz to give the pellets more time to cool and more time for the fines to be removed.  Figure 8: Pellets entering Cooling Conveyor
Figure 9: Cooling Conveyor





DIE THERMOCOUPLE
Buskirk Engineering specified a normal operating temperature for the pellet mill die of between 160-200 degrees F.  Buskirk did not provide a method of measuring this temperature so we installed a thermocouple to one of the mounting bolts on the die. This thermocouple is attached to a multi meter that displays the temperature of the die. We mounted the multi-meter next to all of our other controls and included the die temperature in the data collected during a production run (Figures 10 & 11).  We found that a die temperature of ±170°F contributed to a durable pellet. Figure 10: Thermocouple Lead
Figure 11: Black Bolt where Thermocouple is Mounted

Moisture Analysis & Feedstock
	Samples before pelletizing
	Moisture Content

	Dry sawdust from the farm
	19.47%

	Wet sawdust from the farm
	46.70%

	Pre-hammer mill Control sample
	48.10%

	Post hammer mill sample
	41.70%

	Central Supply Commercial bedding sawdust
	9.70%

	Round bale of switch grass
	13.50%

	50/50 mix switch grass and sawdust
	25.80%


Before we started to make pellets we needed to identify a good test feedstock that would allow us to determine optimal moisture content for pellet production. Our research told us that lignin holds the pellets together and is a chemical compound of wood and found in plants and algae.  We had a few materials like feedstock from the farm and commercial bedding sawdust which were easy to get. 

We used an oven and electronic balance to determine the actual moisture content, and then we tried to duplicate those results using a microwave.  We concluded that the tests were very similar and that we could use the microwave oven, saving time while completing our moisture testing.Table 3: Feedstock Moisture Contents


The first material that we tested was sawdust from the Vermont Tech farm which is used for bedding. The sawdust appeared very moist in the middle of the pile and drier on the outside so we decided to take samples from each part of the pile for testing.  We found that the average dry sawdust moisture content was about 19.47% and the wet sample had about 46.7% moisture.  Both values seemed relatively high given that we a wanted a moisture content of 10%-15% going into the die to produce good pellets.  We then decided to test moisture content after the sawdust was processed through the hammer mill and blown into the surge tank.  We found the sample to be about 7% drier after going through the Hammer Mill.  This meant that we would have a lower moisture content going into the die, but that moisture content would still be high enough so that no water would need to be added.

The next material we tested was commercial bedding sawdust from Central Supply; a much drier material.  We tested the moisture content of the bedding sawdust and found it to be about 9.7%.  Because this material was drier, we needed to add water to bring it up to a moisture content of about 15% for production.  

Our third biomass sample was switchgrass. Switchgrass is native to the United States and has a lower ash content than other grasses which makes it a promising biomass crop.  “Switchgrass, as a C4 species, has greater photosynthetic, water and N use efficiencies compared to C3 species.” (Jerry H. Cherney) Switch grass has high productivity, high moisture content and nutrient use efficiency that adapts to marginal soils.  The switchgrass we used came from one of Sid Bosworth’s test fields in Shelburne Vermont.  We used a bale chopper to chop the grass into smaller pieces for the hammer mill.  We found that the moisture content of the switchgrass was about 13.50%. 

PELLETIZING TRIALS & RESULTS                                        
 In order to learn about this system and see how it actually worked we ran it several times and focused more on our safety and getting used to running it than on pellet production. We couldn’t see the sense in doing experiments with this system before we could run it in a somewhat flawless way. In these first trial runs we had some success, and after running the machine several times we had a system down, but the production rate and pellet quality was poor. We consulted with Buskirk and they suggested that we adjust the distance between the rollers and the pellet die. Buskirk said that the rollers in the pellet mill could be spaced too far away from the die, therefore not making enough contact to push the material through the die. We tightened the large bolt on top of the roller shaft that you can see in Figure 11. We immediately saw improvements in our next experiment, when we were able to make some pellets out of Pine shavings from our local supply store. We noticed that the pellet production rate was much faster. This small adjustment made the pellet mill work the way that it is supposed to. For two days we experimented with the commercial feedstock from the supply store and the sawdust that the college farm uses for bedding. We were able to make consistently good pellets by dialing in the right amount of water, feeding the stock into the mill at the right rate and monitoring the speed of the PTO.Figure 12: Inside the Pellet Mill 

Moisture content and relative humidity seem to be the factors with the most influence on our pellet production rate. Our data demonstrates that humidity does not affect the pellet quality, but they significantly lower the rate of pellet production. In one of our experiments, relative humidity was low and we had great quality pellets out of feedstock that had a moisture content of 46%. We saw that the pellet mill would go through a cycle when we were making these pellets. This was a lag period which would spin for about 10 seconds without pushing pellets out, and then send them out for about 4-5 seconds. We came to the conclusion that as the feedstock material sat and the rollers continued to spin, the feedstock was losing a large amount of the moisture, until it was at an optimum moisture content that would allow for pellet production. In fact, the process was evaporating roughly 40% of the moisture, because the finished pellets from those experiments consisted of 6-7% moisture. The optimal temperature has been anywhere between 155-175 °F. Graph 1: Moisture Content of Feedstock and Finished Pellets

 Once we achieved some success with wood feedstock, we moved on to switchgrass. We used a bale chopper to roughly chop up about half of a round bale of switchgrass that was grown on the college farm last year. We were finally ready to start making pellets with grass. We didn’t want to start with 100% grass because we had read about how challenging grass pellets could be, so we started with a 50/50 (w/w) mixture of wood sawdust from the farm, and switchgrass, Panicum virgatum. We mixed the two together and ran the mixture through the hammer mill and into the surge tank. We knew the moisture content of the wood and the switchgrass, but wanted to confirm that addition of water was not needed. The moisture content of the wood/grass mixture was 25.8%, so we proceeded to make pellets without additional water. We used old pellets to warm up the die to about 165°F. We fed the wood/ grass mix in at 40 Hz and immediately pellets started coming out at a very fast rate. The temperature climbed into the 170-180°F range, and we continued the pellet making process for about an hour until we ran out of material. This mix of grass and wood made a very durable pellet at an increased production rate. There was no lag time as there had been with the wood feedstock. 
Our next step was to try a mix that was 75% grass / 25% wood. We created the mixture as described above, with the moisture content of the mixture being 20.5%. We fed the 75 / 25 mixture into the pellet mill at 40Hz, when the die was about 160°F. Pellets began forming soon after we started the feed auger. The pellets were not the quality of the ones that we made in the previous experiment, but they were not the worst pellets we had made either. We saw some signs of insufficient lignin in this mixture, as some of the pellets began to fall apart as they cooled.
The final experiment of our three-week pelletizing project was to make 100% grass pellets. We knew that we would have to add a small amount of water because the moisture content of the switchgrass was 13.8%. We started the process when the die was about 160°F, and did not add water. The initial result without addition of water was that the pellet mill was pushing out fines, but no pellets. We started to add water, and nothing seemed to happen. We then added vegetable oil, which acts as binder. We added small amounts of the oil and began to make pellets. We kept adding about 2 gallons per hour of water, and stopped adding the oil, and the mill continued to make pellets for the remainder of the batch. We think that the oil helped bind the grass long enough to plug the holes in the die and slow down the material as it passed through the die. 

We did a standard PFI (Pellet Fuel Institute) durability test on all of the pellets we had produced. All pellets passed the durability test, in which means they are placed in the durability testing apparatus for 10 min at 50 RPM (See Figure 13). We determined the mass of pellets after removing fines in a 1/8” sieve before and after durability testing. If the Pellet Durability Index number is above 96.5 then the pellets are considered premium grade, and all of our pellets were graded as premium. Graph 2: Heat Content of Pellets


Figure 13: Pellet Durability Tester

NEXT STEPS
  The SOAR research funded by this grant identified the operating parameters of the pelletizing process for this PTO and electricity powered Buskirk mill.  Our results are promising, but more work needs to be done to further define the factors required for successful processing and to develop a “recipe” for pelletizing success.Graph 3: Heat content of finished pellets

First, we need to determine what blends of wood and grass produce a durable pellet, and what additives, if any, could be introduced to create a stronger pellet. Alongside this, we should develop a reliable method to quickly determine the moisture content of the feedstock. The microwave test worked well but still took about 30 minutes to test the feedstock so we had to wait on production until the test was complete. 
Secondly we have only been able to consistently produce pellets at about 60 lbs/hr, though the Buskirk system is said to be capable of producing 800 lbs/hr. A next step would include identifying the characteristics that constrain pellet production rate.  Preliminary testing shows a strong correlation between moisture content and production rate. 
Lastly we will continue to test these pellets for their heat content with the Parr 1341 Bomb Calorimeter. The standard operating procedures for the bomb calorimeter are attached in the appendix section of this report. Graph 3 shows that our grass pellets have slightly lower heat content than wood ones. These results are approximate, because we were only able to test 1-2 samples of each type of pellet. As we do more tests we will be able to compare different types of feedstock and different pellets. [Note: BTU values have not been corrected for sulfur content.]
Taking these steps will allow us to more clearly refine the pellet production process.  Wood and grass blends could help create a niche market for these types of pellets. Further research into increasing production rates could make this particular unit feasible as a mobile pellet production facility. If production could be increased with this unit, it could be used similar to the way that some people use mobile sawmills. Woodlot and grassland management could be used to produce heating fuel for landowners and a portable pelletizer business might be a viable option for farmers and loggers. 
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APPENDIX A

PROTOCOLS FOR RUNNING THE PELLET MILL

Before doing anything with the pelletizer, make sure all safety protocols are followed. 

Warming up the Die

To warm up the pelletizer the first time we used the conditioning pellets that Buskirk provided. Start by adding a few handfuls of either new feedstock or old pellets that were poor quality into the pellet mill. In our first runs we had pellets that were poor quality that we stockpiled for this purpose. Once you have added some stock to the pellet mill start up the tractor. Make sure your PTO is disengaged when you start the tractor. You’ll need three people to warm up the die. One person will run the tractor to maintain the speed of the PTO, one will dump pellets into the pellet mill, and the other will transport material from the cooling conveyor to the pellet mill. At this point, start the PTO on the tractor, if you have a tractor with a tachometer that is ideal, but if not use a manual one. Bring the speed up to about 300 rpm, and start adding feedstock into the pellet mill. Add it at a rate that doesn’t stall the tractor, but is fast enough to keep material moving through the die. If the feedstock you are using is too dry it may just come out as fine dust, in this case add some water. When the temperature of the die reaches about 160°F you can start adding the feedstock that you plan to make pellets out of.Figure 1-a: The Hammer Mill


Hammer Milling Feedstock

Make sure the feedstock that is used is small enough to make it through the hammer mill. If woodchips are too big they could damage the die, and if grass is too long it will not make it through the screen in the hammer mill hopper. Turn on the blower and the surge tank mixers first, then the hammer mill. Pour the feedstock into the hammer mill at a rate that does not stall the mill. Fill the surge tank to the top, and then turn the hammer mill off. If you plan on making a large amount of pellets this process will have to be done while pellets are being made. 






Making Pellets
Figure 2-a: Making Pellets

To make pellets the die needs to be about 160°F. The temperature seems to settle in a certain range when you start making pellets, but 160°F seems to be a good starting temperature. Make sure that there is some kind of container to catch finished pellets at the end of the cooling conveyor. Start Feeding feedstock into the pellet mill from the surge tank. If you have calculated that water needs to be added, then set the water pump on, and dial in the gauge to the correct amount. Watch and make sure everything runs smoothly. Pellets should start forming instantly or very soon after starting.

Shutting Down

When you are ready to stop making pellets for the day, mix up about a gallon of our feedstock and some kind of oily substance. Vegetable oil works well for this mixture, but Buskirk says that you can use used motor oil or anything that will keep the material from hardening and sticking in the die. Pour this mixture into the pellet mill, and keep the mill running until pellets stop coming out. Turn everything off, and shut off the power supply. Store your pellets in a suitable container such as a clean 5 gallon bucket.

Moisture Content

To test the moisture content of the input material and the finished pellets we used a microwave oven.  We found that the microwave oven gave us similar results as the regular oven and was much faster.  To test the moisture we gathered our sample and weighed it before we started to get an initial weight about 50-100 grams of material per test worked well.  Place a small glass of water into the corner of the microwave oven to protect it.  We then put the sample in a ceramic bowl and put it in the microwave oven for 2 minutes.   When to 2 minutes were up we removed the sample and weighed it and recorded the loss of weight.  We then put it back in the microwave oven for 1 minute intervals weighing it after every minute.  When the weight of the sample stopped dropping the test was complete and then we got the final weight.  The difference in weight was then determined by subtracting the initial weight from the dried weight.  The difference was then divided by the initial weight and multiplied by 100 to determine the percent of moisture content.  





APPENDIX B

[image: ]
Introduction: 
The Parr 1341 Plain Jacket Bomb Calorimeter is used to find the calorific value of any solid or liquid that can be burned safely in an oxygen bomb. Calorific value is defined as the heat produced by a unit weight of a fuel. Parr has been manufacturing this reliable unit for over 80 years. The system consists of a bomb jacket with attached motor that spins a propeller inside the calorimeter bucket to equalize the temperature of the water. Temperature readings inside the bomb bucket are taken with a 6775 Digital Thermometer that has a working range of 10 to 40°C and a resolution of 0.0001°C. Using the 6775 Digital Thermometer, Parr states that standard deviations in a series of tests with a uniform sample such as benzoic acid should not exceed 0.3%. There is a separate ignition unit which is used to detonate the bomb. The Oxygen Bomb is the 1108 model that comes standard in all 1341 calorimeters. This is a heavy duty container that can withstand the small explosion that occurs to measure the calorific value of the substance. Oxygen is supplied manually to fill the bomb, from a separate tank. In addition to the Bomb Calorimeter itself a scale with an accuracy of .1 grams is need for weighing samples.
We are using the calorimeter to test biomass samples, in either pellet or feedstock form from our Grassbasket and Pelletizing projects. We will utilize the calorimeter for testing different grass and wood samples so that we can compare their calorific values.




Procedure:
Prepping the Bomb
1. [image: ]Make sure all parts of the bomb are clean and free of residue from previous tests. (Rinse with distilled water)
2. Weigh a ±1gram test sample and place in the fuel capsule. Never exceed 1.5 grams of sample in the bomb as this may result in a bomb malfunction and possible injury. 
3. Weigh one gram of distilled water by placing a small beaker with a small amount of distilled water in it on a scale. Then using a small eye dropper suck up a gram of water into that. Unscrew the top of the bomb and remove the top, then squirt it all into the bottom of the bomb. Figure 1: Oxygen Bomb

4. Remove the cover from the bomb, and place the top of the bomb on the A38A support stand.
5. Attach a 10cm length of Parr 45C10 Nickel alloy wire between the two electrodes. Make a small U shape that dips down into the fuel capsule as shown in Figure 1. Measure this section of wire by the ruler on the card that it is wrapped around.
[image: ]
6. Place the fuel capsule with the sample in it, into the electrode loop.
7. Making sure not to disturb the sample, place the bomb head on the bomb, and secure it by simply hand tightening the knurled cap supplied with the bomb.
8. If this is not already done, attach the oxygen filling connection to an oxygen tank. Make sure that all valves on the connection are closed before doing this. 
9. Once the connection is in place, open the valve on the oxygen tank until the small gauge shows that there is pressure coming out of the tank. The amount of pressure that shows on the small gauge will be the amount of pressure that is in the tank. This has no effect on the test, as long as the correct pressure in the bomb is reached.Figure 2: Oxygen Filling Connection

10. Attach the small brass nozzle from the hose on the oxygen tank to the top of the Bomb. 
11. Slowly turn the valve on the connection until it the gauge starts to read a pressure. Charge the bomb with oxygen to a pressure of about 30 atm and then close all valves. 
12. Release the black pressure relief switch on the connection, before removing the nozzle from the bomb.
13. Once the bomb is charged, fill the calorimeter bucket with ±2000 grams of distilled water. 
14. Set the bucket into the calorimeter.
15. Attach the lifting handle to the top of the bomb, and partially lower it into the water. 
16. Connect the ignition lead wires into the terminal sockets on the bomb head. 
17. Lower the bomb into the bucket in the given spot which is a round protrusion in the base of the bucket, and release the handle. The bomb should sit in the bucket and be out of the way of both the stirrer and thermistor. 
18. Shake off any water that is on the handle, and check for gas bubbles in the bucket. If you see gas bubbles in the bucket then you must start the whole process over.
19. Set the cover on the calorimeter, and attach the belt to the stirring propeller. 

Firing the Bomb
1. Turn on the stirring motor and let it run for 5 minutes to reach equilibrium. Turn on the thermometer and record the temperature at the end of this period.
2. Record temperatures at one minute intervals for five minutes. 
3. At the start of the sixth minute, stand back and fire the bomb. Hold the button down for about 5 seconds or until the red light turns off.
4. Measure temperatures at 45, 60, 75, 90, and 105 seconds after firing.
5. Measure temperatures at one minute intervals until the rate of temperature change becomes constant for 5 minutes.
6. Stop the motor, remove the belt and lift the cover off. Set the cover on the stand and wipe off the thermistor and the stirrer with a clean cloth. 
7. Remove the ignition leads from the bomb and lift it out of the bucket. Wipe off excess water.
8. Open the knurled knob on the bomb head to release the pressure in the bomb. Release the pressure slowly to avoid entrainment losses, but not for a period of less than a minute. Entrainment losses could result if you let the pressure out too fast any residue that is collected in or near the pressure relief valve will be pulled out.
9. After all pressure is released, unscrew the top and lift the head out of the cylinder and set it on the stand. Examine the capsule for evidence of incomplete combustion. If any ash or soot is found then the test needs to be discarded.
10. Wash all interior surfaces with a jet of distilled water from a squirt bottle. Perform a number of small volume washings and collect each wash in a small beaker. Use pH paper (acidic range of 0 – 14 range) to test each wash. The initial wash is likely to be quite acidic (pH 1 – 2), but the pH values of subsequent washes should increase. Stop washing when wash pH reaches a value of 5, or the same pH as the distilled water used to do the washing.
11. NOTE: If pH values don’t increase to 5, consider washing the bomb with isopropanol or acetone. Rinse with distilled water and repeat pH measurement.
12.  Remove all unburned pieces of fuse wire, and measure them with the correction ruler on the wire card. Record this measurement.




[image: ]Titrating the Bomb Washings

1. Pool the total water washings in a single large beaker or Erlenmeyer flask.
2. Add about a gram of the methyl red indicator to the sample of distilled bomb washings.
3. [image: ]Place the beaker of washings under a burette filled with 0.0709N sodium carbonate solution. [The sodium carbonate solution is prepared by dissolving 3.76 grams of anhydrous Na2CO3 in water and adjusting the total volume to one liter. Sodium or potassium hydroxide solutions of the same normality may be used instead of the sodium carbonate. Record the initial volume of the solution in the burette. Then slowly add the sodium carbonate solution to the washings drop by drop.Figure 3: Pinkish red color before titration begins

4. The washings start out as a pinkish red color (Figure 3) and should be titrated until the color turns yellow (Figure 4). 
5. As soon as the solution turns yellow, stop titrating and record the final volume of the burette.Figure 4: Yellow color achieved after titration


Standardizing the Calorimeter (Calibration):
Standardization is the process of calibrating the calorimeter in order to determine the effective heat capacity. The effective heat capacity is the amount of energy required to raise the temperature of the calorimeter one degree a standardized test needs to be performed. The effective heat capacity or energy equivalent is needed in the final equation used to determine the heat content of the sample being tested. The energy equivalent for the 1341 calorimeter with an 1108 oxygen bomb generally falls in the range of 2410 to 2430 calories per degree Celsius. To determine the exact number, at least four (preferably more) tests need to be performed from which the average can be taken to determine the true value for the individual calorimeter. 
Standardization Procedure:
The procedure for standardization of the calorimeter is exactly the same as for testing a sample except no sulfur analysis is needed because benzoic acid contains no sulfur. Use a pellet of Benzoic Acid weighing exactly 1 gram with the heat content already known. Then determine the corrected temperature rise (t) from the observed test date. Also titrate the bomb washings to determine the nitric acid correction and measure the unburned fuse wire. Compute the energy equivalent using the following equation:

Where:
W = Energy equivalent of the calorimeter in calories per Centigrade
 H = Heat of combustion of the standard benzoic acid sample in calories per gram
m = mass of the standard benzoic acid sample in grams
t = net corrected temperature rise in °C
e1 = correction for heat of formation of nitric acid in calories
e3 = correction for heat of combustion of the firing wire in calories


Sulfur Analysis:  
[Note: We are currently working on an alternate, easier, method for sulfur determination.]
1. Burn a 1.0-g sample & then let the bomb sit for 5 minutes.
1. Remove the bomb from water and slowly & carefully vent the gases. Venting should take over 1 minute.
1. Open the bomb and wash all parts of the interior with a fine jet of dH2O containing 1 mL of saturated methyl orange solution/L.
[Saturated methyl orange: Bring 0.1 g of methyl orange to a final volume of 100 mL with dH2O.]
1. Continue washing and collect the washing until no acid reaction is observed; until the added wash water stops turning yellow. Be sure to transfer any precipitate from the bomb into the washing beaker. The collected washing solutions should be neutral.
1. Add 1 mL of ammonium hydroxide.
1. Heat to boiling.
1. Filter the solution through rapid qualitative filter paper.
1. Wash the filter paper with hot dH2O, increasing the volume of the filtrate.
1. Bring to total volume of the filtrate to 250 mL.
1. Neutralize the solution with concentrated (11.6 M) hydrochloric acid and then add 2 mL of excess hydrochloric acid.
1. Add 10 mL of saturated bromine water.
1. Use a stirring hot plate (or other heating source) to reduce the volume to 200 mL.
1. Adjust heat to a slow boil and stir constantly.
1. While stirring, add 10 mL of a 10% barium chloride solution from a pipette or burette.
1. Continue stirring for 2 minutes. 
1. Cover with a fluted watch glass and stir over heat (hot plate or steam bath) until volume is reduced to 75 mL.
1. Remove from heat & stirring and let the precipitate settle for one hour while the solution cools.
1. Filter through ashless filter paper.
1. Wash the precipitant thoroughly with warm dH2O.
1. Transfer the filter paper to a weighed crucible.
1. Dry at low heat.
1. Char the paper without flaming.
1. Raise the temperature to about 925°C (the crucible should glow red) and heat until the weight remains constant.
[If the crucible with wet filter is placed in cold electric muffle furnace & the current is then turned on, the rate of drying, charring and ignition should work well.]
1. Cool the crucible to room temperature and weigh. Be sure to subtract the mass of the crucible and filter paper.
Determine percentage of sulfur in the sample as:


 Calculating Heat of Combustion:

Where: 
Hg = Gross Heat of Combustion in calories per gram
t = tc – ta –r1 (b-a) – r2 (c-b)
a = time of firing
b = time (to nearest 0.1 min.) when the temperature reaches 60 percent of the total rise
c = time at beginning of period (after the temperature rise) in which the rate of temperature change has        become constant. 
ta = temperature at time of firing
tc = temperature at time c
r1 = rate (temperature units per minute) at which the temperature was rising during the 5-min. period before firing
r2 = rate (temperature units per minute) at which the temperature was rising during the 5-min. period after time
c1 = milliliters of standard alkali solution used in the acid titration
c2 = percentage of sulfur in sample
c3 = centimeters of fuse wire consumed in firing
W = energy equivalent of the calorimeter, determined under standardization
M= mass of sample in grams

Thermochemical Corrections:
e1 = correction in calories for heat of formation of nitric acid (HNO3)
    = c1 if 0.0709N alkali was used for the titration
e2 = correction in calories for heat of formation of sulfuric acid (H2SO4)
    = (13.7)(c2)(m)
e3 = correction in calories for heat of combustion of fuse wire
    = (2.3)(c3) when using Parr 45C10 nickel chromium fuse wire, or
    = (2.7)(c3) when using No. 34 B. & S. gage iron fuse wire
  
Procedure and information about the Parr 1341 Plain Jacket Bomb Calorimeter was obtained through http://www.parrinst.com/files/204M_Parr_1341-Calorimeter-Inst.pdf and http://www.parrinst.com/files/205M_Parr_1108-Oxygen-Bomb-Inst.pdf
 You must register (for free) through Parr’s website in order to view the manuals.
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