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1.0

INTRODUCTION
Purpose
There are two objectives for the experiments:

Experiment 1 is to measure the heat capacity of the calorimeter (HCcaiorimeter), and
Experiment 2 is to measure the specific heat capacity of a metal sample (Cpmetal)-

The experiments used the principle in the First Law of Thermodynamics that energy cannot be
created or destroyed and is transferred from one form to another.

Hypotheses to be Tested
For these experiments the hypotheses to be tested are:

Experiment 1: Calorimeter Capacity. To determine the heat capacity of the calorimeter and
whether it introduces significant errors or biases, and

Experiment 2: Specific Heat Capacity. To investigate the specific heat capacity of a metal and
whether it matches theoretical predictions or known values.

A method known as calorimetry will be used to calculate the heat capacity of a metal by
measuring heat exchange between the metal and the calorimeter with a measured heat
capacity.

It is likely that there will be accuracy errors in the experiment due to heat loss which although
small, will influence the results. Consequently, the calorific value of the material tested will
have a lower calculated value than its true value.

Equations

Calorimetry is a technique used in chemistry and thermodynamics to measure heat exchanges
that occur during a chemical reaction or physical process. The main equation required for
calorimetry is a heat transfer equation and its purpose is to calculate the total amount of heat
absorbed or released when a substance or object undergoes any change in temperature.

The following equations will be used in this experiment:
Equation 1: Q=mCpAT where:

Qis the heat (Joules)

m is the mass of the substance (grams)

Cp represents the specific heat capacity of the substance (J/g°C)
AT is the measured change in temperature (Celsius or Kelvin)

Equation 2: 'Q metal = Qwater + Qcalorimeter Where:

-Qmetal is the heat lost by the metal (Joules)
Quater is the heat gained by the water in the calorimeter (Joules)
Qcalorimeter iS the heat within the calorimeter system (Joules)



The negative and positive signs indicate the direction of heat flow. The sign is negative when
heat is lost and positive when heat is gained.

Equation 3: Qcatorimeter = HCcalorimeter X AT calorimeter

Qealorimeter IS the heat gained (Joules)

HCcalorimeter is the heat capacity of the calorimeter (J/g°C)

AT calorimeter IS the measured temperature difference in the calorimeter (Celsius or Kelvin)

Equation 4 is obtained by combining Equations 1, 2 and 3:

(mmetal X cpmetal X ATme'tal = '(mwater X cpwater X ATwater) + (Hccalorimeter X ATcanrimeter)

Equation 5: 'Qhot-water = Qcold-water + Qcalorimeter Where:

-Quotwater is the heat lost by the hot water (Joules)
Qeold-water IS the heat gained by the cold water (Joules)
Qealorimeter is the heat within the calorimeter system (Joules)

The heat capacity of water (Cpwater) is 4.186 J/g°K.

Equation 6: ATcalorimeter = ATmax - ATcold Where:

ATcalorimeter is the change in temperature in the calorimeter (Celsius or Kelvin)

ATmaxis the maximum equilibrium temperature of the hot and cold-water mixtures (Celsius or
Kelvin)

AT is the original water temperature in the calorimeter (Celsius or Kelvin)

Variables

Independent variables. The independent variables for these experiments were the initial

temperature of the water in the calorimeter and the temperature of the hot water and the
metal immersed in the hot water.

Dependant variables. These were the temperature changes which were observed in the

experiments. The temperature changes were used to calculate the heat capacity of the
calorimeter and the metal.

Controlled variables. These were conditions kept constant throughout the experiments. In

these experiments the controlled conditions were the ambient temperature and pressure
although these variables were not specifically controlled but were assumed to be constant
throughout the experiment.
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The potential variation due to apparatus differences was also controlled. The same type of
thermometer was used for the duration of the experiment because during a previous
experiment a variation in temperature between different types of thermometers had been

observed.
RESULTS
Measurement of Maximum Equilibrium Temperatue (T, )
1st Attempt
Step 1
Temperature [*c] Mass [g]
Theot 60 Mpge 30
Tl:nl:l 24 Mol 30
TITIEK :-2 mITIEK IDD
Calculation of Heat [Qpowater 8 Qrigwaer) USING Equation 1
1st Attempt
Step 2 Q] m [g] C, [I/gC] AT[C]
L —— -3,767.4 a0 4.186 -18
Qeoimater 3,767.4 a0 4,186 18

Calculation of Heat (Q.uorimer=r) USing Equation 5

1st Attempt
Step3 Qnotwate: [1] Qeotswater [J] Qestorimeter []
Qustorimeter -3,767.4 3,767.4 0.0

Experiment 1
Table 1 — First Attempt at Experiment 1

In the first attempt at the experiment, no apparent heat loss associated with the calorimeter
was calculated as shown in Table 1. It was realised that a Qcalorimeter Of 0J Was incorrect and
that in reality there had to be some energy gain by the calorimeter. It was unclear why the
measurement was incorrect but it could have been because the measurement was taken
before the calorimeter had reached its equilibrium temperature or that the actual temperature
was too small to be accurately shown on the thermometer.

A second attempt was made to complete experiment 1. A gain to the calorimeter equating to
4°C was assumed and equally applied to the hot and cold water as shown in Table 2. The
calculated Tmax reduced from 42°C (as shown in Table 1) to 38°C as shown in Table 2. The heat
capacity (HCcalorimeter) Was calculated to be 119.6 J.



Measurement of Maximum Equilibrium Temperatue (T, )
2nd Attempt
Step1
Temperature [°c] Mass [g]
Thet 60 Mgt 50
Teolg 24 Meolg 50
Trmax 38 Mmax 100
Calculation of Heat (Qonyater 8 Qoigwater) USing Equation 1
2nd Attempt
Step 2 Q m [g] Cp [1/gC] AT[°C]
Qhoterater -4,604.6 a0 4.186 -22
Qeotdater 2,930.2 50 4.186 14

Calculation of Heat { Q4 i05imeter) USing Equation 5

2nd Attempt
StEp 3 thtwater [J] anlrl«ater [Jl Qcalnrime'ter [J]
Qcatorimeter -4,604.6 2,930.2 1,674.4

Calculation of Calorimeter Temperature Difference (AT .i0imeter)
using Equation 6

2nd Attempt
Step 4 hTmaI [nc] aTcnld [nc] aTl:alnrimeter [nc]
lliT:;.:nrirr;t;r 38 24 14

Calculation of Heat Capacity of Calorimeter (HC ;o1 meter) USINE

Equation 3
2nd Attempt
StEp 5 th:alnrimmr [nc] Qcalnrirneter [J] Hccalnrimeter [ch]
HC:;.:rirr;t;r 14 1,6?44 115.6

Table 2 Second Attempt at Experiment 1

Key Findings in Experiment 1

The Qealorometer theoretically represents the heat within the Styrofoam cups, the lid, the
thermometer and stirring rod. The key finding from Experiment 1 was that the 1°C increments
on the thermometer may lead to inaccurate recording of temperature. Although, the energy
absorbed by the calorimeter appeared high, the value was still used to calculate the heat
capacity of the calorimeter as there was no obvious alternative at the time.



Experiment 2

Step 1
Temperat

TWJLE'

T".J il

Measurement of Water Temperatue [T, ae )

ure | Mass [e]
26.0 Msiowater 130.0
26.0

Measurement of Maximum Equilibrium Temperatue [T )

Step 2
Temperature [C] Mass [e]
Toat 90.0 Mot 185
Tosater 26.0 Mysaer 1300
Torae 30.5

Table 3 Calculation of Maximum Equilibrium Temperature (Tmax)

Change in Calorimeter Water Temperature with Time
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Step3
Experiment 2
Results
Time [s] Tiue [C]

10 27.00
20 26.00
30 29.00
40 29.50
30 29.50
60 29.50
70 30.00
80 30.00
90 30.50
100 30.50
110 30.00
120 30.00
130 29.50
140 29.50
150 29.50
160 29.50
170 29.00
180 29.00
190 29.00
200 29.00
210 29.00
220 29.00
230 29.00
240 29.00
250 29.00
260 29.00
m 29.00

Figure 1 Graph of Calorimeter Water Temperature with Time




Calculation of Temperature Differences [C]
Step 3 Teran [C] TenalCl AT["C]
AT meral 90.0 30.5 -59.5
ATpaer 26.0 30.5 4.5
AT cstorimeter 26.0 30.5 4.5

Calculation of Heat Capacity of Metal {CP,,...) using Equation 4
Step4 Mifretat [E] AT, [°C] My [E] Cpuste, [J/EC] AT e [C]  HCoicrimerer [J/C]  ATcuicrimetes [C]  Cpmesa [1/2C12dp
CPmetst 18.5 -59.5 130.0 4186 4.5 119.6 45 271

Table 4 Calculation of Heat Capacity of Metal

Key Findings in Experiment 2

The heat capacity calculated by experiment for the metal was 2.71 J/gC which does not suggest
a common metal. The metal used in the experiment looked like a sample of titanium or
aluminium based on appearance and mass. The published data for the heat capacity for
aluminium is 0.9 J/gC and the heat capacity for titanium is 0.52 J/gC both of which are
significantly less than the heat capacity calculated by the experiment. This suggests that the
maximum equilibrium temperature (Tmax) temperature and/or the corresponding heat capacity
calculated for the calorimeter (HCcalorimeter) CONtained experimental errors.
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DISCUSSION
Interpretation and Significance of Results and Potential Sources of Experimental Error

Incorrect Calculation of Heat Capacity of Calorimeter in Experiment 1

Experiment 1 demonstrated the First Law of Thermodynamics in that it was possible to
calculate and apportion all the heat energy from the hot material to the cold material and the
calorimeter (Figure 2).

Illustration of The First Law of Physics - Energy Conservation
6,000.0

4,000.0 !
1,674.4%

2,000.0 g
2,930.2

0.0

Energy, Q [Joules]

-2,000.0

-4,000.0

-4,604.6

-6,000.0
# Energy of Hot Object # Energy in Cold Object # Calorimeter and Heat Loss

Figure 2 Illustration of The First Law of Physics in Experiment 1

However, Figure 2 shows that the energy absorbed by the calorimeter represents 36% of the
heat exchange from the hot metal which seems excessive given the construction and material
of the calorimeter. Therefore, it is believed that the calculated heat capacity of the calorimeter
is incorrect.

As shown in the results for Experiment 1, the initial temperatures recorded indicated a ATcoq
water = AThot at 18°C resulting in a heat capacity calculation of 0J/C for the calorimeter. Having
analysed the 4°C adjustment during the analysis of results, a more appropriate adjustment
would have been in the region of 0.5°C. Table 5 shows the results of Experiment 1 using a
revised Tmax Of 41.5°C. The revised heat capacity for the calorimeter is 11.96 J/C which
represents 2.1% of the energy transfer and is a more realistic value.



Measurement of Maximum Equilibrium Temperatue (T, )
Experiment 1 - Discussion
Step 1
Temperature [°cl Mass [g]
Thm: 60 Mpot 50
TI:Dlﬂ 24 Meplg a0
Trnax 41.5 M e 100
Calculation of Heat (Qpomwater & Qepigwaer) USiNg Equation 1
Experiment 1 - Discussion
Step 2 QU] m [g] Cp [/eC] AT[°C]
Oroturster -3,872.1 50 4.186 -18.5
e R— 3,662.8 50 4.186 17.5
Calculation of Heat (Q.uzsimeter) USing Equation 5
Experiment 1 - Discussion
Step3 Qnctwater [J] Qcctswster ] Qcstorimetes [J]
Lo PE—— -3,872.1 3,662.8 209.3

Calculation of Calorimeter Temperature Difference (AT iorimeter) USiNE

Equation 6
2nd Attempt
Step 4 AT .. [°C] AT 4 [°C] AT csimerer [ C]
AT catoimeter 42 24 18

Calculation of Heat Capacity of Calorimeter (HC _izsimere,) Using Equation

3
2nd Attempt
Step 5 AT icsimeter [ C] Qestorimeter [J] HC C.icrimeter [J/C]
HC yicrimeter 18 208.3 11.96

Table 5 Revised Calculations for Experiment 1

Recalculation of Heat Capacity of Metal in Experiment 2

The calculations for Experiment 2 were repeated with a revised heat capacity for the

calorimeter from 119.6 J/C to 11.96 J/C and the heat capacity for the metal reduced from

2.71)/gCto 2.27)/gC as shown in Table 6.

Measurement of Water Temperatue (Tater )

Step 1
Temperature [°c] Mass [e]
Tosater 26.0 M water 130.0
Teatsrimaer 26.0

Measurement of Maximum Equilibrium Temperatue (T )

Step 2
Temperature [c] Mass [e]
Thet 90.0 Myt 185
Tsater 26.0 Mysater 130.0
T, 30.5

Calculation of Temperature Differences [C]

Step3 TonlC] TerlCl AT[C)

P\ — 0.0 30.5 -59.5

AT, cter 26.0 305 4.5
ATcatorimeter 26.0 30.5 4.5

Step4 Migymea [B] | ATmera[°C] My [8] CPuster[J/EC]  ATuure,[C]
CPumest 18.5 -50.5 130.0 4.186 45

Calculation of Heat Capacity of Metal {CP,,..4) using Equation 4

HC cazrimeter [/ C]
11.96

AT stcrimetes [C]
45

CPmeat [J/gC] 2dp
2.27

Table 6 Revised Calculation of Heat Capacity of Metal for Experiment 2 with Revised

Calorimeter Heat Capacity




Mass of Water in Calorimeter for Experiment 2

Whilst the calculation for the heat capacity of the metal is an improvement on the original
calculation, there must still be other experimental errors. The experiment brief was
misunderstood, and the apparatus used for Experiment 2 included the 100g mass of water
already in the calorimeter from Experiment 1. The 30g mass of water was added making a
total water mass in the calorimeter of 130g as shown in Tables 3 and 6.

The larger mass of water affected the temperature difference recorded in Experiment 2. The
temperature difference was 4.5°C resulting in possible error because the smallest increment
on the thermometer was 1°C. With the larger mass of water, a 0.5°C reading error would
result in a 10% calculation error whereas a 0.5°C reading error on the smaller 30g mass of
water with a larger temperature difference and so the relative effect of a 0.5°C error would be
reduced.

Evaluation of Results WITHOUT the Calorimeter

It was decided to explore by calculation the error in the temperature readings because of the
errors outline above. On the assumption that the metal was aluminium, the starting point was
the published heat capacity for aluminium of 0.89J/gC [1] Equation 4 was used but without
the terms relating to the calorimeter to calculate the heat capacity of the metal and water as
shown in Table 7.

Calculation of Heat Capacity using Equation 1
Experiment 2 - Discussion

m.Cp [J/C] m[g] Cp[l/gC]
HC et [°C] 16.02 18.0 0.9
HC,z1=,["Cl 544.18 130 4186

Table 7 Calculation of Heat Capacity for each material. Based on the heat capacity ratios the
temperature difference for each material was calculated as shown in Table 8.

Calculation of Temperature Differences with 130g water
Experiment 2 - Discussion

m.Cp[J/C] AT HC atic AT[°C]
L.\ P 16.47 64.0 62.06
AT orer 544,18 64.0 33.05 1.94

Table 8 Calculation of Total Temperature Difference for Experiment 2 using 130g of water used
the following calculations:-

mm Cpm ATm = mw pr A-l—W

AT = my Cpw ATw/ mm Cpm (Equation 1.)

ATm=((130x 4.186) / (18.5 x 0.89)) x ATy = 33.04 AT,

Using the data from experiment 2 we calculate AT by using:-
Twatery— Twater.= 900C — 260C =640C (Equation 2)
Substituting from Equation 1:-

33.04 x ATy + ATy = 640C

ATy =64 /34.04 =1.940C

ATm=33.04x1.88 = 62.060C
10



As a double check applying these calculated temperature changes to the spreadsheet used for
the experiment we obtain the heat capacity of aluminium using the formula in Equation 4 as

Calculation of Heat Capacity of Metal (CP,....) using Equation 4
Migymetal [E] AT e [°C] Myaer [E] Cpuste [WEC] AT zre, [C] CPmera[J/gC] 2dp
Cpometal 18.5 62.1 130.0 4,186 1.88 -0.89

shown in Table 9.
Table 9 Calculation of Heat Capacity of Metal without Calorimeter

The above calculations were repeated with a water mass of 30g as shown in Tables 10 and 11.

Calculation of Heat Capacity using Equation 1
Experiment 2 - Discussion

m.Cp [)/C] m [g] Cp [)/gC)
HC et [°C] 16.47 18.5 0.9
HCater “C] 12558 a0 4186

Table 10 Calculation of Heat Capacity for each material with 30g water

Calculation of Temperature Differences with 30g water
Experiment 2 - Discussion

m.Cp [J/C] Alyoea HC .52 AT[*C]
AT v 16.47 64.0 55.61
AT, e, 12558 64.0 762 8.39

Table 11 Calculation of Total Temperature Difference for Experiment 2 with 30g water

From these results with the incorrect calorimeter mass of 130g and a 1°C increment
thermometer it would be difficult to accurately record a temperature change in the water of
1.88°C. However using the correct mass of 30g resulted in a greater change in temperature of
the water which would have resulted in a lower margin of error of because the ratio between
the water and metal temperature changes is less. A temperature change of 8.390C is easier to
read than 1.940C using a thermometer that has 10C increments.

Relevance of Experiments to OME

Calorimetry plays an important role in understanding and predicting the energy contained
within ordnance, munitions, and explosives. Calorimetry experiments, like the assignment
experiments, are used to accurately calculate the thermal energy released when explosive
materials decompose. The energy released is directly related to the molecular mass of an
explosive and by using stoichiometric formulas the mass per Mol of explosive can be used to
calculate the energy (J)/Mol. The use of calorimetry is a non-destructive test method that
enables the power of an explosive to be measured without the need for full scale testing.

Figure 3 shows a bomb calorimeter where the explosive sample is placed within a sealed
container of fixed volume so that there is no pressure-volume work into the surroundings [3].
Therefore, all the heat put into the water of the calorimeter is exactly equal to the energy

11
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generated by the explosive sample. The sample is ignited by fuse wires and the heat
generated and absorbed by the water is measured by an electronic thermometer.

BOMB CALORIMETER

Ignition box

Fuse wires

Motorized stirrer

Thermometer

Sealed bomb

Thermometer

Sample cup
reader

Insulated container / Ignition coil

Figure 3 Diagram of Bomb Calorimeter [2]
Limitations

The resolution of the thermometers used in the experiment was 1°C intervals which made
measuring temperature in anything other than whole or half a degree quite challenging and
therefore limited the accuracy of the results. It is reasonable to conclude that using a
calibrated electronic thermometer may have increased the ease and accuracy of the
experiments.

CONCLUSIONS
Summary of Main Findings

The hypothesis of experiment 1 is supported by the results. Figure 2 demonstrates that the
heat energy was equal to the cold energy and the calculated calorimeter capacity, even though
the heat capacity of the calorimeter was too a high a proportion of the heat absorbed.

The hypothesis of experiment 2 is supported by the subsequent analysis and discussion results.
It is probable that the metal was aluminium and that the incorrect calculation of its heat
capacity was due to cumulative experimental error.

There are several sources of experimental error. The first was in the accuracy of the
thermometers because it was difficult to measure is increments smaller than half a degree.

12
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6.0

The second source of error was a misunderstanding of the experiment brief and the use of an
incorrect mass of water in Experiment 2.

The cumulation of small errors in the experiments resulted in a large error in the calculation of
the heat capacity of the metal. This demonstrates the importance of using instruments which
have the appropriate sensitivity, resolution and range and the need for very clear brief
instructions to prevent experiment procedure errors.

Future Research based on Findings

The findings suggest that future research into different types of thermometers with increased
levels of resolution and accuracy may be worthwhile for future experiments.

The findings prompted research into bomb calorimeters which was interesting and illustrates
how fundamental laws of physics can be applied to complex developments such as modern
missiles and munitions.
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APPENDIX A — Materials
Materials Required for Experiment 1

e Two Sytrofoam cups

e Onecuplid

e Two mercury thermometers

e Onestirrer

e Measuring beaker

o Beaker for heating water

e Bunsen burner

e Stand and clamp for calorimeter.
e Stand for heating beaker

e Pen and assignment for recording results
e 100g of water

Materials for Experiment 2

e As for Experiment 1 with the addition of:
e Asample of metal

13



Weighing scales

Tongs

Stop watch

30g of water

Pen and assignment for recording results

APPENDIX B — Methodology

Methodology Experiment 1

Set Up. Construct a calorimeter as shown in Figure Al.

Figure A1l — Set up of Experiment 1 — source assignment notes

Step 1.

Add 50 ml water to the calorimeter, replace the lid and record the temperature, Tcold
when temperature has stabilised.

Heat 50ml water in a beaker to approximately 80°C. Turn of the Bunsen burner and wait
until the temperature is approximately 60°C using a second thermometer.

Add the 60°C water to the calorimeter and replace lid quickly and stir to mix the hot and
cold water thoroughly while watching the thermometer.

Record the maximum equilibrium temperature, Tmax of the water.
14



Step 2

° Calculate the Energy of the hot water, Qnot-water Using equation 1.

° Calculate the Energy of the hot water, Qcold-water USing equation 1.
Step 3

° Calculate the Energy of the hot water, Qcalorimeter Using equation 5.
Step 4

. Calculate the calorimeter temperature difference using equation 6.
Step 5

. Calculate the heat capacity of the calorimeter using equation 3.

Methodology Experiment 2

Set Up. Using the same apparatus as in Figure A1 but WITHOUT any water in the calorimeter,
weigh a piece of metal and record its mass.

. Place the metal in a beaker of water and boil for 5 minutes to enable the metal to reach
an equilibrium temperature with the water. Shut off the Bunsen burner and wait two
minutes for the temperature of the metal and water to reach equilibrium.

° While the beaker is boiling, add 30 ml of water to the calorimeter and record the
temperature as Tcolg.

Step 1

° Measure the temperature of the hot water and record as Thot.
. Using the tongs, add the hot metal to the calorimeter and replace the lid quickly, and
stir.

Step 2

° Using a stopwatch record the temperature every 10 seconds until the water reaches a
maximum temperature and begins to cool.

° Identify the maximum equilibrium temperature of the mixture, Tmax.

Step 3

. Calculate the temperature difference for the metal, the water, and the calorimeter.
Step 4

° Using the heat capacity of the calorimeter calculated in experiment 1, calculate the heat
capacity of the metal using equation 4.
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