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SUMMARY OF PROJECT 

Bomb Calorimetry is a useful process for determining the heat of combustion of elements.  The optimal use of a bomb calorimeter involves the digital reading of the temperature change rather than a manual recording.  The three devices (mercury thermometer, NTC thermistor, and LM135 temperature sensor “chip”) yielded temperature versus time data, which was used to calculate the energy equivalent factor of the calorimeter (W).  Nine trials were performed at various initial temperatures to determine if a given device was universally better or if one was more accurate at room temperature (24.5 ºC) while the other is better at higher or lower temps
.  The mean W values obtained for the mercury thermometer, chip, and thermistor were: 2505.12±1.90%, 2464.31±1.80%, and 2729.02±11.80%, respectively.  Based on the precision of the values between trials, accuracy of the instruments, ease of use and cost, the chip is the best device at the range of temperatures tested in the experiment (20 to 29 ºC). 

OBJECTIVES

The main objective was to evaluate the possibility of replacing the mercury thermometer with either the negative temperature coefficient thermistor or the LM135 temperature sensor (“chip”) electronic devices so that users of the Parr 1341 Bomb Calorimeter could bypass the inaccurate and time-consuming process of recording the temperature-time data points during a reaction.  The first aim was to create a workable thermistor and chip circuit to measure the temperature changes in the calorimeter during the reaction.  Second the thermistor and chip were calibrated using the mercury thermometer as the basis for calibration.  The third aim was to perform heat of combustion reactions using pure benzoic acid so that the energy equivalent factor of the calorimeter (W) could be calculated.  The best device was then determined based on the precision of the values between trials, the accuracy of the instruments, and their ease of use.  Recommendations were made based on all of these factors as well as the cost options.

.

BACKGROUND


The manufacturer of the chip provided its specifications and information related to its use.
  The suggested one-point calibration method was used for the chip sensor.  The circuitry used to connect the chip to the virtual lab bench software was also described in the provided information.  The calibration also determined the input for the linear constants in the program, a method the manufacturer describes in detail.  In an ideal experiment, the input for the y-intercept would be –273, corresponding to the conversion from degrees Celsius to Kelvin, and the slope would be 100 corresponding to the conversion of the units of voltage.  

The thermistor manufacturer also provided information associated with calibration and use methods.  The circuits were built according to the provided guidelines.  The internal energy (ΔU) of a system, when held at a constant volume, is equal to the amount of heat (q) dissipated by the system, by the first law of thermodynamics. A physical chemistry textbook was used as a reference for this formula and other laws related to constant volume, adiabatic systems. The heat of combustion of benzoic acid was also found to be 6318 cal/g

Theory and Method of Calculation


The three temperature sensors were calibrated according to their respective equations. The thermistor was calibrated using the Steinhart-Hart equation, 1/ Tk = a + b * ln(Rt) (equation one), which was programmed into the computer software. This equation relates the temperature in Kelvin, Tk, to the resistance of the thermistor at that temperature, Rt. The chip sensor is calibrated using the equation: Temperature = Slope*Voltage output - 273.15 (equation two). Here, the slope converts the 10mV per Kelvin to volts per Kelvin, and the negative 273.15 converts ºC to Kelvin. 

For the standardization of the bomb calorimeter, the value of W is determined using: –W = (H*m + e1 + e3)/ t (equation three); 
where H is the heat of combustion of standard benzoic acid (6318 cal/g), m is the mass of the standard benzoic acid sample, e1 is the correction for heat of formation of nitric acid and e3 is the correction for the energy lost to the consumption of the fuse wire. The value of t is the net corrected temperature rise. 
Materials, Apparatus


The materials used for the reactions using the 1341 Parr bomb calorimeter are listed in the BE210 Spring 2001 lab manual. In addition, the negative temperature coefficient thermistor and the LM135 series precision temperature sensor were used, together with the virtual bench analysis software. The sucrose pellets were replaced with calorific grade benzoic acid pellets. 

Method

CALIBRATION OF THE THREE TEMPERATURE SENSORS

The three temperature sensors were bound together with a rubber band and staggered to ensure that nothing was blocking the mercury bulb of the thermometer and that the water was flowing all around the three sensors. For the wide range calibration, they were immersed into 5 beakers of water ranging from 22˚C to 29˚C and the temperature-voltage data was recorded after equilibrium was reached. The three temperature sensors were then calibrated over two narrow ranges (20-23˚C and 29.5-32˚C).  The initial temperatures of the trials determined which set of calibration data was used. The voltage-temperature readings from the thermistor and the chip were entered into the virtual bench analysis program.

CALORIMETRY


The calorimetry process is essentially the same as that described in the Parr instrument manual. A pressurized oxygen cylinder containing the pure benzoic acid pellets was submerged in a bucket of water. The bomb was then fired and the energy released from the combustion heated the surrounding water. The virtual bench analysis software was used to continuously record the temperature values for both the thermistor and the chip. W was then determined using equation three.


Six trials were performed with an initial temperature around room temperature, 20 to 26˚C. Three trials were performed at a higher initial temperature, about 27 to 30˚C. The 95% confidence limits of the W values obtained were compared to determine which device was more accurate and precise compared to the results of the mercury thermometer.

RESULTS

The calibration of the chip and the thermistor (with respect to the mercury thermometer) was performed over a temperature range of 22-29˚C.  The thermistor calibration required three temperature-voltage pair readings due to its nonlinear output and the chip required only one temperature-voltage pair because of its linear output properties.  


The linear equation for the chip wide-range calibration was:

T = 96.55 *V -262.39

For the non-linear calibration, the following numbers were used for the constants in the Steinhart-Hart equation:

	a
	b

	 0.0009
	0.0003


After performing the wide range calibration, two narrow range calibrations were done at the extreme temperatures: 20.5-24.5˚C and 28.5-29.5˚C.  For the range of 20.5-24.5˚C, the chip equation was:

T = 96.23 *V -261.54

For the range of 28.5-29.5˚C, the chip calibration equation was:

T = 97.09 *V -264.21
Calibrating at the narrow range temperatures ensured that the thermistor and chip were calibrated accurately at the extreme temperatures.
Since the thermistor and chip were calibrated to the mercury thermometer, ideally they should all output the same temperature values.  However, it was clear from the initial and final temperatures that this was not the case.  The thermistor consistently outputted temperature readings that were about 0.6(C higher than the chip and the mercury thermometer.  However, the chip and mercury thermometer started to measure higher temperatures than the thermistor for the final temperatures during trials that started at 29(C or above.  Figure 1 shows the initial and final temperatures measured by the mercury thermometer, thermistor, and chip for all nine trials.
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A paired t-test was carried out to test for significance between the mean values of the initial and final temperatures measured by the thermistor, chip and mercury thermometer.  The test was carried out on a 95% confidence interval.  T-stat is the t value that is calculated using the data while t-critical is the t predicted by the distribution for this probability and the size of the sample.  T-critical is 1.86 for all of these paired t-tests.  When t-stat is less than t-critical, there is no significant difference between the initial or final temperatures of the two devices being compared.  The following three t-tests for initial temperatures between the chip and mercury thermometer, thermistor and mercury thermometer, and the chip and thermistor show that there is no significant difference between the chip and mercury thermometer, but there are significant differences between the thermistor and chip and the thermistor and mercury thermometer.  All three tests for final temperatures measured by the chip, thermistor and mercury thermometer result in no significant difference between any of the devices.  Figure 2 shows all the t-stat values:
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Figure 3 displays three representative trials from the entire range of temperatures used throughout the experiment.  The bottom most set of graphs starts at 20˚C, the middle at room temperature (RT) 24.5˚C, and the top at 30˚C.  The pre-period and post period are labeled below.  The top and bottom graphs in Figure 3 had much variation due to the noise collected in the readings.
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The resulting W values from the thermistor, chip, and mercury thermometer and the average initial temperatures at which the reaction began can be seen in Figure 4.  Nine trials were completed with initial temperatures of the water ranging from 20(C to 30(C.  The higher initial temperatures seemed to negatively affect the performance of the thermistor but did not have any noticeable affects on the mercury thermometer or the chip.  Temperatures about 27.5(C caused the resulting W values from the thermistor to increase by about 600 cal/˚C.
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To determine if the results from the thermistor, chip, and mercury thermometer are not significantly different from one another, 95% confidence limits were calculated and analyzed in Figure 5.  The 95% confidence limits were calculated using all of the data for the thermistor, chip, and mercury thermometer.  In addition, the 95% confidence interval was calculated for the W values that resulted from the thermistor when the initial temperatures were between 20 and 27.5(C.  To calculate the 95% confidence limits using the small data set of only 9 trials (n), the mean (x), standard deviation(s), and the “t” distribution (t) values were determined so that the confidence interval around the mean became: x ( t*s/n(1/2).  Since all of the confidence intervals overlap, none of the W values that resulted from each of the three devices are significantly different from one another.  Since the range for the chip is the smallest, it has the best precision while the thermistor has the worst.
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ANALYSIS:

Figure 2 compares the means of the initial and final temperatures of each device and shows which device was better calibrated to the mercury thermometer.  The chip was not significantly different from the mercury thermometer in the initial or the final temperature readings.  In contrast, the thermistor was significantly different from the mercury thermometer for the initial temperatures but not the final temperatures.  According to Figure 1, the thermistor consistently outputted temperature readings that were about 0.6(C higher than the chip and the mercury thermometer until the initial temperature of the reactions was about 29(C.  A narrow range calibration had been applied to the thermistor and chip for these reactions, starting above 29˚C.  Since the output of the thermistor in non-linear, this narrow calibration could have caused the final temperatures of the thermistor to be closer to the mercury thermometer than it would have been with the wide range calibration.  The narrow range calibration did not affect the chip because it has a linear output so that one temperature-voltage reading is sufficient for calibration.  So, the final temperatures for the three trials with the highest starting temperatures could have affected the mean temperatures in such a way that they were no longer significantly different from the mean mercury thermometer temperature readings.  The chip seems to be the better choice for use in future experiments due to the fact that it is easier to calibrate, is closer to the mercury thermometer after calibration, and is consistent even at higher temperatures.

In Figure 3, the chip, thermistor, and mercury thermometer graphs do not overlap (for each respective trial) because there is an inherent time lag in each device.  There was not enough time to further study the time lag.  The two reasons for the noise in the temperature vs. time data were that the wiring of the circuits (for the chip and the thermistor) was not tight enough and also that the water may have started to seep past the silicon seal (which was around the sensors) and changed the readings.  
During the calculation of the energy equivalent value, the most difficult value to determine was the value of c, which is the beginning of the post-period used in the Heat of Combustion equation.  To overcome this obstacle, the beginning of the post-period was defined as the time when the rate of temperature change was consistently between –0.01 to 0.01 ˚C/minutes for one minute. In order to understand how sensitive the energy equivalent value was to potential errors in measurements, sensitivity tests of the mass of the pellets, volume of titrant obtained, length of the fuse wire consumed, and the value of c were performed.  The following Figure 6 lists the results of these sensitivity tests.  

	Change in c1
	Change in W (cal/ºC)
	Change in c3
	Change in W (cal/ºC)
	Change in m
	Change in W (cal/ºC)
	Change in Tc
	Change in W (cal/ºC)

	±0.005
	±0.002
	±0.005
	±0.004
	±0.005
	±11.42
	±0.005
	±4.384

	±0.05
	±0.018
	±0.05
	±0.0415
	±0.05
	±114.201
	±0.05
	±43.85

	±0.5
	±0.181
	±0.5
	±0.416
	±0.5
	±1142.008
	±0.5
	±453.207


      Figure 6: Table of values used in order to determine the sensitivity of the energy equivalent value of the Benzoic Acid Pellets.

As can be seen in Figure 6, the value of the energy equivalent of the bomb calorimeter is most sensitive with the value of c and the mass of the pellet measured.  Changing the value of c by ±0.05 changed the value of the energy equivalent by about 43.85 cal/ºC.  Changing the value of the mass by ±0.05 changed the value of W by about 114.201 cal/ºC.  As the change increased by a factor of ten, the difference in the value of the energy equivalent also changed by a factor of 10.  Thus, it is extremely important that the values of mass and c obtained are accurate and precise.  The errors that are investigated with the sensitivity tests have the same effect on all three of the temperature sensors, so it does not help differentiate which device is best.  The main aspect of the experiment that needs to be improved upon is the temperature-time data collection.  


A cursory glance at Figure 4 reveals that the W values calculated from using the thermistor jump to about 600 cal/(C when the initial temperature is about 27.5(C.  This does not happen with the chip nor with the mercury thermometer and it could be explained by the same narrow range calibration explanation discussed above for the paired t-tests.  However, since the chip and the mercury thermometer are not negatively affected at higher temperatures, it could also lead to the conclusion that the thermistor does not perform ideally at temperatures above 27.5 (C.  One possible future experiment is to determine the ideal temperatures at which the thermistor and chip work, and also to quantify the change in W values as the initial temperature in water changes.

Figure 5 shows the confidence intervals for the W values resulting from the chip, thermistor, and mercury thermometer.  The significance of these intervals can be analyzed by comparing the chip and thermistor to the mercury thermometer’s confidence ranges. The values of W obtained from the thermistor and chip are not significantly different from those obtained from the mercury thermometer because the 95% confidence ranges all overlap.  All of the ranges fall within the thermistor’s widest range of [2407.64, 3050.38] cal/(C.  This means that either device could replace the mercury thermometer in future experiments.  However, to determine which device is more precise, the range of the confidence intervals must be examined; a smaller range signifies higher precision.  The chip has better precision than the thermistor because its range for the 95% confidence limits is 45.68 cal/(C while that of the thermistor is 321.37 cal/(C. 

CONCLUSIONS

After performing nine trials of the combustion of benzoic acid, the temperature sensor device that is recommended for future experiments with the Parr Oxygen Bomb Calorimeter is the LM135 chip sensor.  Students maximize the efficiency during the heat of combustion experiments with the chip sensor instead of with the thermistor for several reasons.  One being the chip is easily calibrated by its linear output property whereas the thermistor calibration entails a lengthy mathematical process with the Steinhart-Hart equation.  The student can save time on obtaining the most precise and accurate temperatures during the experimental run since the chip also proved not to be significantly different from the mercury thermometer using the initial and final temperatures.  Second, according to the 95% confidence tests, the chip obtained the most accurate and precise energy equivalent values when compared to the mercury thermometer. It also performs consistently over a wide range of temperatures, 20-29 ºC, whereas the thermistor performed poorly at higher temperatures.  Third, the chip is much cheaper than the mercury thermometer: $5 for the chip in comparison to $200 for the mercury thermometer.  Also, when the input channel for the chip circuit was incorrectly connected to a +5 V power source, the chip became extremely hot and was immediately disconnected.  Then the chip was tested again to see whether it would work, and miraculously it gave correct temperature-time values.  Thus, the chip has a protection mechanism that adds to its benefits.  Overall, it is easier to use, cost effective, and has a large threshold for heat.  

Appendix A

Automation


Eventually, most of the experiment could be automated so that after the experimenter sets up the bomb, he or she can click start on the program and have the corrected temperature rise be calculated.  Then the corrections for the length of fuse wire burned, amount of NO2 created, and the value for the mass of the pellet would be inputted into the program so that the energy equivalent value, W, can also be calculated by the computer program.  The following is the written description of the steps that would take place in the automated process.


Step 1- Calibration: Since each measuring device is slightly different, the program needs to calibrate it.  Since the chip has been recommended for use, the program will needs to measure the voltage while the experimenter enters the temperature that the mercury thermometer has measured.  The linear output of the chip allows one temperature-voltage point to calibrate the chip for the entire temperature range of the experiment.  So the program will be measuring the voltage from the chip and converting it into temperature readings for the experimenter to use.


Step 2- Pre-Period: The program will be recording the temperature values per 0.5 seconds. The student presses the run button on the program at time zero.  The data will be recorded until the internal timer in the computer fires the bomb at 6 minutes.  A signal will be sent to a trigger than can mechanically start the bomb.  The variables A, Ta, and R1 will be given the values of 6 minutes, the measured temperature at the time of firing, and calculated slope from time zero to 6 minutes, respectively.  


Step 3- Rise Period: In addition to recording the temperature-time data, the program will begin to record the instantaneous rates of change of the temperature over 5-second intervals.  This way, once the slope is consistently between –0.1 and 0.1 for about 1 minute, the C and Tc variables can be assigned the values corresponding to the time and temperature at the point at which the consistent slope period began.  


Step 4- Determining B: To determine the time at which the temperature of the water reached 60% of its total rise, the program will first determine the temperature at 60% of the total rise: 0.6* (Tc - Ta) + Ta.  Then it will assign the corresponding time value to B.  However, if there is not a time point for the exact temperature at 60% of the total rise, the program will run a linear regression between the two time points corresponding to the temperatures that surround it.  Then the time for variable B can be interpolated using linear regression.

Step 5 – Post-period: The program will continue to record data 5 minutes more than that time at C.  R2 will be assigned the value of the slope from point C till the last point.  If the ending temperature of the reaction is lower than room temperature, one can expect R2 to be a positive slope because the outside room temperature would slowly heat up the water.  And R2 should be a negative value if the temperature of the water is hotter than room temperature and the cooler environment is cooling the water.

Step 6- Measure Net corrected temperature rise: A graph of the temperature vs. time will be created for the student to visually see the temperature (C() vs. Time (minutes) curve.  It will also calculate the net corrected temperature (T) rise using the following equations that incorporates the variables that were measured in Steps 1-4:  T= Tc – Ta–R1*(B–A) –R2 *(C–B).

Step 7- Measure W:  The program will ask the experimenter to enter the known value of the heat of combustion (H), the mass of the pellet in grams (m), the milliliters of 0.0709 sodium carbonate used to titrate the nitric acid (e1), and the centimeters of the fuse wire consumed in the reaction (e2).  Then the energy equivalent of the bomb calorimeter, W calories per C(, is calculated using: W= [mH + e1+ 2.3(e2)]/T.

Appendix B:  Temperature vs. Time graphs for All 9 Trials
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:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 1.
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Figure B2:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 2.
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Figure B3:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 3.
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Figure B4:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 4.
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Figure B5:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 5.
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Figure B6:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 6.
[image: image16.wmf]Temperature vs Time of Heat of Combustion of 

Benzoic Acid:  Trial 9

29.5

30

30.5

31

31.5

32

32.5

33

33.5

0

5

10

15

20

25

Time (min)

Temp (C)

Thermistor

chip

Mercury

Figure B7:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 7.
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Figure B8:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 8.
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Figure B9:  Temperature vs. Time of chip, thermistor, and mercury thermometer data for trial 9.
Appendix C: Paired T-tests to test significance of initial and final temperatures measured by the mercury thermometer, thermistor, and chip.
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Figure 1: These tables show the initial and final temperatures measured by the mercury thermometer, thermistor, and the chip during each successive trial.





Figure 2: This table lists the t statistic values that are then compared to the t-critical value of 1.86.  The thermistor’s initial temperature readings are significantly different from that of the chip’s and mercury thermometer’s since the t-stat values 22.41 and 6.41 are greater than 1.86.





Figure 3:  This graph depicts three different trials of Heat of Combustion of Benzoic Acid at initial temperatures of 20, 24.5, and 30 ºC.
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Figure 4: This table displays the average of the initial temperatures measured by each device and the energy equivalent (W) values that were calculated using the mercury thermometer, thermistor, and chip as the measuring devices.  
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Figure 5: This table displays the mean W value, 95% confidence limit, size of the range, and the confidence limits as a percentage of the mean for the W values that were calculated using the mercury thermometer, thermistor, and chip. 





Figure � SEQ Figure \* ARABIC �1�: The paired t-test between the means of the initial temperature readings of the chip and mercury thermometer are not significantly different because the t stat, 1.28 is less than the t critical, 1.86.  





Figure � SEQ Figure \* ARABIC �2�: The paired t-test between the means of the initial temperature readings of the thermistor and mercury thermometer are significantly different because the t stat, 22.41 is greater than the t critical, 1.86.  





Figure � SEQ Figure \* ARABIC �3�: The paired t-test between the means of the initial temperature readings of the thermistor and chip are significantly different because the t stat, 6.41 is greater than the t critical, 1.86.  





Figure � SEQ Figure \* ARABIC �4�: The paired t-test between the means of the final temperature readings of the thermistor and mercury thermometer is not significantly different because the t stat, -2.36 is less than the t critical, 1.86.  





Figure � SEQ Figure \* ARABIC �5�: The paired t-test between the means of the final temperature readings of the chip and mercury thermometer are not significantly different because the t stat, -2.97 is less than the t critical, 1.86.  





Figure � SEQ Figure \* ARABIC �6�: The paired t-test between the means of the final temperature readings of the chip and mercury thermometer are not significantly different because the t stat, 1.08 is less than the t critical, 1.86.  
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