
 

 

Physics 121 
 
EXPERIMENT IX – Mechanical Equivalent of Heat 
 
I.  Purpose 
 
To demonstrate experimentally and quantitatively the First Law of Thermodynamics 
and to show that doing work on a system can be equivalent to adding heat to it. 
 
II. References 
 
Serway and Faughn:  sections 11.1, 11.2 
 
Cutnell and Johnson:  sections 12.6, 12.7, 15.3 
 
III. Apparaus 
 
Copper cylinder 
Rotator with counter 
Nylon cord with hook 
5 kg weight 
Digital thermometer 
Vernier caliper 

Graduated cylinder 
Water at 16° C 
Room temp. thermometers 
Balance 
Paper Towels 
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Figure IX-1 

5 
kg 

mass

Note:  5 kg mass must 
be near the floor for 
the experiment. 
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IV. Introduction 
 
The First Law of Thermodynamics states that the change in internal energy of a 
system is equal to the heat added to the system plus the work done on the system by 
an external agent. Quantitatively this statement is written 
 

∆U = ∆Q + ∆W, (IX-1)
 
where ∆U is the change in internal energy of the system, ∆Q is the heat added, and 
∆W is the mechanical work done on the system. The purpose of this experiment is to 
verify the equivalence of work (∆W) and heat (∆Q) as contributors to changes in 
energy. 
 
The temperature of a system is an indication of its internal energy. Eq. IX-1 states 
that the internal energy or temperature of a system may be changed in either of two 
equivalent ways:  by adding heat to the system or by doing work on it.  
 
In this experiment a known amount of work (∆W) will be done on the system. This 
will produce a change in the temperature (∆T). You will calculate the amount of heat 
(∆Q) that, if injected into the system, would have produced the same change in 
temperature. If Eq. IX-1 is true, then you should find that 
 

∆Q calculated from ∆T measured  = ∆W performed on the system. 
 
The amount of heat that would have to be added to the same system to produce the 
temperature rise ∆T can be computed in the following way. The specific heat of a 
material is the amount of heat (measured in energy units) that must be added per 
kilogram, to raise its temperature 1° C.  Specific heat values are experimentally 
determined quantities found by recording temperature changes as known amounts of 
heat are transferred to a known mass of material. Just for discussion we will begin 
with a simple "system" composed of just one material. When no work is performed 
on the system (∆W = 0), the amount of heat, ∆Q, necessary to raise the temperature 
of a mass m1 (kilograms) of a material with a specific heat c1 (joules/kilogram. C°) 
by ∆T is predicted to be: 
 

∆Q1 = m1c1∆T. (IX-2)
 
If the ∆Q predicted by Eq. IX-2 equals the ∆W produced during the experiment 
within experimental error, then the validity of the First Law of Thermodynamics and 
the equivalence of adding heat and doing work will have been demonstrated. 
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V.  Experiment  
 
Before we perform this experiment let's think for a moment about what is going on.  
The apparatus consists of a mass (5kg in this case) supported by a nylon cord 
wrapped around a copper cylinder that contains water.  We do mechanical work on 
the system by turning the crank while the weight tightens the cord around the 
cylinder causing resistance to turning the crank.  The temperature of the assembly is 
raised because of the heat generated through friction between the stationary, 
tensioned cord and the rotating cylinder. 
 
We are interested in showing quantitatively, the equivalence between mechanical 
work (distance x the force) and heat.  The amount of heat generated depends on the 
coefficient of friction, a quantity we do not know very well.  To circumvent our 
ignorance, we can equate the force due to friction to something we do know - the 
force due to gravity.  The two forces will be equal when we provide just enough 
friction to levitate the mass.  That is, turning the crank provides the sole force 
(friction) to keep the mass at a constant height above the floor.  The crank provides 
the only force keeping the mass at a fixed height when there is virtually no tension 
on the cord on the side of the cylinder without the mass – you provide no additional 
force by holding the cord. 
 
At the very beginning of the experiment, when one starts to rotate the crank, the 
mass must be raised 3 - 5 cm off of the floor. During this period the experimenter 
applies a small force, but just enough force, to the free end of the rope to prevent any 
slippage of the rope on the copper cylinder. This causes the mass to rise from the 
floor. So far nearly all of the mechanical work has gone into raising the mass. As 
soon as the mass rises to 3-5 cm above the floor the experimenter rests his hand with 
the rope on the table so the rope can no longer move. At this point the tension in the 
rope lessens (less than 1% of the force produced by the 5 kg mass) and the mass 
ceases to rise and the cylinder surface slides with friction inside the loops of rope.  
 
During the remainder (bulk) of the experiment, when the mass is stationary, nearly 
all of the mechanical work is transformed to heat when the conditions of the previous 
paragraph are met. 
 
If m is the mass of the weight, the tangential force applied to the surface of the drum 
is mg. Suppose the drum is turned N times, then any point on the surface of the drum 
moves through a distance 2πrN where r is the radius of the drum. (Derive this 
result!) The total work done on the system is “force”  x  “distance.”  Thus  
 

∆W = mg2πrN. (IX-3)
 
If m is measured in kilograms, g in meters sec-2, and r in meters, then ∆W is given in 
joules. 
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After the work ∆W is done on our actual system with different materials with 
different specific heats, and the temperature rise is recorded, the amount of heat 
predicted to produce a similar temperature rise in the system is to be computed. This 
quantity of heat should be 
 

∆Q = m1c1∆T + m2c2∆T + mncn∆T (IX-4)
 
where m1 is the mass of the drum, m2 is the mass of the water, mn the mass of the 
nylon cord (all in kilograms) and  c1 is the specific heat of copper, c2 is the specific 
heat of water and cn is the specific heat of nylon (all in joules/kilogram.°C). 
According to the First Law, Qcalculated should equal Wperformed.  
 
 
VI.  Procedure     
 
A.  Weigh the calorimeter without the thermometer, but with the locking nut. 
 
B.  Weigh the nylon cord. (If it is wet, ask for a replacement. A wet cord will make it 
more difficult to control the altitude of the 5 kg mass, and will lead to errors in the 
measurements of the weight of nylon and in the total amount of water being heated. 
It will also distort experiment results by adding an evaporative cooling effect which 
is not included in the calculations. This effect is what you feel when you first get out 
of a bathtub or a swimming pool.) Calculate the length and mass of the section of the 
cord that will be in contact with the copper cylinder (4-1/4 turns around the cylinder) 
during the experiment.  
 
C.  Fill the calorimeter with 50 – 60 grams of water and re-weigh. The temperature 
of the water and drum should be 4-6°C lower than room temperature. Insert the 
thermometer and seal by turning the locking nut clockwise. 
 
D.  Secure the calorimeter (copper cylinder) on the rotator plate, Connect the nylon 
cord to the 5 kg mass, and wind it around the copper cylinder 4-1/4 times, 
counterclockwise as you face the thermometer end of the copper cylinder. Start the 
winding on the inboard/crank end of the copper cylinder. (If the 5 kg mass is not 
supported on the inboard/crank end of the copper cylinder, there will be excess 
mechanical stress on the copper cylinder which may cause the cylinder 
mounting pins to loosen and leak water in the event that the altitude of the mass 
has been changed too quickly.)  
 
E.  Hold the free end of the cord horizontally above the table and perpendicular to 
the copper cylinder axis. Just after you have started cranking (always clockwise), 
gently pull this cord until the 5 kg mass rises just 3 - 5 cm above the floor, then hold 
the cord stationary while cranking. Whenever you stop cranking, allow the free end 
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of the cord to move slowly back toward the copper cylinder until the 5 kg mass rests 
on the floor. It may be easier if one lab partner controls the mass altitude while the 
other does the cranking. Rotate the crank as shown in Fig. IX.1 until the thermometer 
reading rises to approximately three degrees centigrade below room temperature. 
(note: within 10-15 seconds after you stop cranking, the thermometer reading will 
increase by one or two tenths of a degree, because of the time required for newly-
generated heat to pass through the water and thermometer stem.)  
 
F.  Record the temperature, and begin the experiment immediately. Rotate the crank 
smoothly at a rate of 1-1/2 to 2 revolutions per second until the thermometer reads 
the same amount above room temperature. Fast cranking minimizes the effects that 
heat exchange with the room and with the rotator plate can have on the experiment. 
Maintaining the 5 kg mass 3 – 5 cm above the floor while cranking is critical, 
because, if the mass were to accidentally fall from a greater altitude, it might 
damage the copper cylinder mounting pins and possibly the thermometer, and 
perhaps even a toe!  If it is difficult to maintain a stable height for the 5 kg 
mass, this may due to a wet rope which would have greatly increased the 
friction. Ask for a replacement.  
 
G.  Record the final temperature. Record the total number of revolutions.  
 
H.   Using a Vernier caliper, measure the outside diameter of the copper drum. 

(Measure the diameter of the friction surface – not of the retaining ridges. Avoid 
any dented areas.) 

 
I. Repeat the experiment after refilling the drum with water at the proper 

temperature. 
 
J.  Helpful Hints:  
 

1. Keep everything dry, including hands.  
2. Be aware that the copper cylinder is heated slightly by your hands. 
3. Water at about 16 degrees Celsius is provided in a Styrofoam container on 

the front table. This water will be at about the right temperature for the start 
of your experiment by the time you fill the copper cylinder and get the 
apparatus assembled.   

4. Cranking is easier if your elbow is aligned with the axis of rotation such that, 
the motion of the forearm describes a cone with the elbow at its apex. 

5. To produce better results do not allow the working height of the mass to vary 
appreciably. 

6. Room temperature thermometers are at front and back of the room. Be aware 
that these readings may be different from each other due to open windows or 
the actions of room heating and cooling facilities. 
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VII. Analysis 
 
Do the analysis separately for each run. Do not average results. 
 

A. Calculate the amount of work ∆W done on the system. 
B. Calculate the amount of heat that is equivalent to the work done on the 

system.  (The specific heat (in joules/kg.°C) of water is 4185, of copper is 
385, and of nylon is about 1700.) 

C. Compare your results for ∆W and ∆Q as calculated above. 

D. Compute the relative experimental error (∆Q - ∆W)/ ∆W. 

E. List and discuss the various sources of error in this experiment. Where 
possible estimate the error each might produce. 

 
 
VIII. Question 
 

A. Why are readings taken starting at a temperature that is below room 
temperature and ending at a temperature that is above room temperature?  
Explain. 

 
 
 

Manufacturer's Technical Data on the Type NML48 Nylon Cord 
 
83.92% of the mass of the cord is in the nylon cover.  
The specific heat of the nylon is 0.4 cal/gramoC 
 
16.08% of the mass of the cord is in the polypropylene core.  
The specific heat of the polypropylene is 0.45 cal/gramoC 
 
The cord diameter is 1/8 inch. 
 
Mfr:  The Lehigh Group, 2834 Schoeneck Rd, Macungie PA 18062-9679 
       
                                                                                                                 Nov. 2002 
 

Jan 2003 
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