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LAB 15:
HEAT ENGINES AND
THE FIRST LAW OF THERMODYNAMICS

. . the quantity of heat produced by the friction of bodies, whether solid or
liquid, is always proportional to the quantity of energy expended.
—James Joule

The production of motion in a steam engine is always accompanied by a
circumstance which we should particularly notice. This circumstance is the
passage of caloric from one body where the temperature is. . . elevated to
another where it islower.

—S.N.L. Carnot

OBJECTIVES

* To quantify the relationship between the heat gnaansferred to a system and
the change in temperature of the system.

* To understand the meaningspkcific heat and to measure its value.

* To understand phase changes as processes in wiachyds transferred to or
from a system without the temperature changing,tanohderstand the concept of
latent heat.

* To understand the energy balance of a system bethest energy transfer, work
done, and changes imternal energy, as described by the first law of
thermodynamics.

OVERVIEW

We understand that interactions take place whenstbstances in thermal contact are at
different temperatures. We call these interactitmeat energy transfer.” There are other
ways to raise the temperature of an object. Fomgika, by rubbing your hands together
rapidly, you feel an increased temperature. Alsa, grobably have seen, it is possible to
produce a temperature increase using an electaiehby supplying electrical energy to
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252 Lab 15 — Heat Engines and thstfEiaw of Thermodynamics

it. Observations like these caused physicists agtheers in the middle of the nineteenth
century to conclude that heat is just a form ofrgnethe form that flows when there is a
temperature difference between two objects.

We want to examine the mathematical relationshtpvéen the heat energy transferred to
a system and the temperature change of the systemvestigation 2 you will look at the
amount of heat energy transfer needed to raiseetin@erature of one unit of mass of
water by one degree, which is called $hecific heat of the water.

The common unit of heat energy is the calorie. Madatal energy is measured in joules,
a familiar unit used in your study of mechanicseonversion factor between calories
and joules is commonly known as timechanical equivalent of heat.

The nineteenth-century industrial revolution wasdzhon the invention of heat engines.
Heat engines have much in common with the chengiogines that power humans. For
instance, both human engines and heat enginescexteat energy at a higher
temperature, do work, and then transfer waste lee&rgy to lower temperature
surroundings. We will begin our study with heatieeg in Investigation 1, because of
their great importance in understanding the lawgthefmodynamics. We shall see how
we can place absolute limits on the efficiency efthengines. The steam engine, which
ushered in the industrial revolution, and the m&rcombustion engine both depend on
cycles in which gases (the working medium of the engene) alternately expanded and
then compressed. The end result of these cycthati® portion of heat energy transferred
to a gas is converted into work. An understandinip® detailed physics of the expansion
and compression of gases has helped engineersigmdrore efficient engines.

Work is associated with a gas that expands ornspcessed in a cylinder with a piston.
This leads to the idea that the energy storednatlrin a system can be increased by
either transferring heat energy t@itby doing work on it. The law that keeps trackio# t
internal energy of a system, thevork done by the system, andheat energy transferred to

the system is the first law of thermodynamics. An understanding of this extended
conservation of energy law is important in pradteradeavors, such as the design of heat
engines.

In this lab we will examine a real heat engine tlogerates on expansions and
compressions of a gas, and attempt to determinartieaint of work that it will produce
on the basis of our understanding of the physicgad expansion and compression.
Finally, we will calculate the efficiency of thi:igine and compare it to the maximum
possible efficiency for an engine operating betwthensame temperatures.

In Investigation 3 you will consider how the tragrsbf heat energy can change a system
internally without changing its temperature. Thegass you will examine is the change
of a substance from solid to liquid or liquid tasgar vice versa, calledchange of phase.

You will measure the latent heat of vaporizationwater—the amount of heat energy
transfer required to transform one unit of maswater from liquid to steam.
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INVESTIGATION 1. HEAT ENGINES

Internal combustion engines inside cars and tracksexamples of heat engines that burn
a gasoline-air mixture in the cylinders. The rablosteam engine, which spanned the
American continent in the mid-nineteenth centusyanother example of a heat engine.
The word “engine” conjures up an image of somethimgt is started up, runs, and

provides a continuous flow of work. In the caseaofar, the work done by the engine
accelerates us until we reach a suitable speedhamdhelps us maintain that speed by
overcoming friction and air resistance.

The basic goal of any heat engine is to convert éeergy into work as efficiently as
possible. This is done by takingvarking medium — some substance that can expand and
thus do work when heat energy is transferred-tcaind placing it in a system designed to
produce work in continuous, repeated cycles.

An engine that is 100% efficient would have a wogkmedium that transforms all of the
heat energy transferred to it to useful work. Saigrocess would not violate the first law
of thermodynamics, since energy would be conveftecth one form to another, and
conserved. However, no heat engine has ever b@ablesof transformingll of the heat
energy transferred to it into useful work. Somehaf heat energy transferred in is always
transferred back to the engine’s surroundingslaivar temperature as waste heat energy.
The universal existence of waste heat energy hthsdentists to formulate theecond

law of thermodynamics. A common statement of the second law is simpht this
impossible to transform all of the heat energy transferred to a systeminto useful work.

In this investigation you will explore the actuaHhavior of a simple heat engine. We can
use any substance that changes its volume wheneheagy is transferred to it as the
working medium for a heat engine. The working mediis capable of transforming a
fraction of the heat energy transferred into it useful work. You will study the
compression and expansion of gases used as wauWbgiances in heat engines. As you
complete this investigation, we hope you will begpnunderstand that there are general
principles that govern the operation of heat ergyit@t do not depend on the detailed
nature of thevorking medium.

BACKGROUND 1-1: WORK DONE BY AN EXPANDING GAS

A system we have already met in our study of thelynamics is a mass

of gas confined in a syringe with a movable pisime behavior of a gas
T compressed and expanding in a syringe is a siroulatf what goes on
& in the cylinders in a real engine like the internambustion engine in
A your car, or, in fact, even more like a steam emgin

T Prediction 1-1 (review): If a gas expands inside a cylinder with a
# | movable piston so that the volume changes by aruat®v while the
~ pressure is kept constant at a valpe(isobaric process), what is the
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mathematical expression to calculate the amounvark done by the gas?Do this
before coming to lab.

Prediction 1-2 (review): The graph that follows shows an isobaric expan&iom a
volumeV, to a volumeV, represented on @-V diagram. How can you find the work

done in the expansion from to b fromthe graph? Do this before coming to lab.

Hopefully, you answereW = pAV and that this is just the area under thess.V

curve. It turns out mathematically that you canaglsvcalculate the work done by finding
the area under the curve, even if the pressurertiiag®main constant during the process.
Also, the work calculated in this waypssitive if the gasexpands in the process. If the

gas is compressed during the process, then waltnis on the gas by the surroundings,
and the work done by the systenmégative. Examples are shown below.

a Expansion— a Comprassion—
Work is positive Work is negative
P P
Net work = area MNet wark = area
under curve under curve
¥ v
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You have already seen in your study of the firat & thermodynamics that transferring
heat energy to a system can increase its intermeabg, but it might result instead in the
system doing work on its surroundings. In applyingrmodynamics to the operation of
heat engines, we are interested in the relatiosghgpween the heat energy transferred to
a system and the work dohgthe system.

The first law of thermodynamics is an expressiothefconservation of energy. It relates
the internal energy of a system with heat and wdtrks expressed as

AE, =Q-W 1)

where Q is the net heat energy transferred to the system (a

positive number if heat energy is transferreib the systen Qy T*r';‘rf;fe’::rg?
and W is the work done by the system (a positive number fram hot
work is doneby the system). That is,transfer of heat energy res@nvoir
into the system increases the internal energy, angdork done Lt;?;';f;rj
by the system decreases the internal energy. (For a monato

ideal gas, the internal enerdy,, is just the sum of all tl

kinetic energy associated with the random trarstai
motions of molecules.) For one cycle of a heatirengthe
system is in the santbhermodynamic state that it was in at tr
start. In other words, all its properties, incluglits interne
energy, are the samieor one complete cycle of a heat engine,

Waorking
medium

Useful or net
work done on
summoundings

AEint =0. Oz Waste heat energy
transferred from

If Qu is the heat energy transferred to the system fr@rho md"’iﬂk'tggm

reservoir and)c is the heat energy transferred from the sy lower temperature

to the cooler room air, the net heat energy traredeto th reservoir or
surroundings

system in the cycle iQ=Q, -Q. and the first law ¢
thermodynamics becomes

AE, =Q-W=(Q, -Q.)-W 2)
Since AE,, =0 for ourcomplete cycle, we can simplify this by writing:
W=Q, -Q 3)

This basic fact about heat engines is often digtligs terms of an energy flow diagram
such as the one shown on the right. This diagramldvevork equally well for an old-
fashioned steam engine or a simple heat engineilvass.

The figure on the right is a pictorial represemtatof what we have written in words: Our
engine has heat ener@y, transferred to it, does useful wovi, and transfers some of

the original heat energ®. to the lower temperature surroundings.
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BACKGROUND 1-2: FINDING NET WORK DONE IN A COMPLETE P-V CYCLE

As we have seen, during parts of a cycle when asgagpanding it is doingositive work
on the surroundings. When it is being compressed, work is bedlage on the gas by the
surroundings, so the work done comes oDative.

Typically, at the completion of a heat engine cythe gas has the same internal energy,
temperature, pressure, and volume that it startiélal W is then ready to start another

cycle. During various phases of the cycle, (1) lexergy transferred to the gas from the
hot reservoir (e.g., a boiler) causes the gas twald on its surroundings as it expands,
(2) the surroundings do work on the gas to compitessd (3) the gas transfers waste
heat energy to the surroundings or cold reservoir.

Real heat engines have linkages between a movsigrpand the gas or other working
medium, which allows the expansion and compresgibases of the cycle to run
automatically. Thus, some of the work done on theosindings provides the work
needed to compress the gas to return it to itSrsggooint. The useful or net work done in
an engine cycle must account for the positive wddke during expansion and the
negative work done during compression.

Because the work done going from one state to anathone direction is positive and
the work done in the other direction is negatitean be shown mathematically that the
work done around a closed loop orpaV diagram, representing a complete cycle of the

engine, is the same as the area enclosed by tteedfdahe process on the diagram. This is
illustrated below for two different imaginary cysle

(a) {b)
Point 1 Paint 2
-
MNet work = Net work =
P A enclosed area Y P enclosed area
o |
Point 4 Point 3
v v

In the next investigation, you will attempt to \grihis relationship between useful work
and the area on p—V diagram for a real engine.
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BACKGROUND 1-3: THE INCREDIBLE MASS-LIFTING HEAT ENGINE

Your working group has been approached by the Newjaple Company about testing a
heat engine that lifts apples that vary in massnfre0 to 100 g from a processing
conveyor belt to the packing conveyor belt, whistbicm higher. The engine you are to
experiment with is a “real” thermal
m m engine that can be taken through a
four-stage expansion and compression
cycle and that can do useful
mechanical work by lifting small
masses from one height to another.

We would
like you to
verify

. . . , experimenta

Doing useful mechanical Doing useful mechanical
work by lifting a mass m work by lifting a mass m lly that the
through a height y. through a height y. useful :
mechanical

work done
in lifting a massm through a vertical distancg is equal to the Doing thermodynamic
net thermodynamic work done during a cycle as deted by ~ Orkin aheatengine cycle
finding the enclosed area on@=V diagram. Essentially you
are comparing useful mechanicaingy work with the
accounting of work in an engine cyctpven by the area
enclosed by the cycle. P

o o

[ L=
*0

o

v

[ Jup
L Rw

Although you can prove mathematically that thisatienship s .
holds, the experimental verification will allow yda become
familiar with the operation of a real heat engirtie.addition, it ¥

will be possible to calculate the heat energy fined into the Doing thermodynamic
heat engine, and compare this to the useful wotjudu work in a heat engine cycle

To carry out this experiment you will need

* 10 cc low-friction glass syringe with ring stasapport

» flask (test tube) with one-hole rubber stopper

* apressure sensor and a temperature sensor

* 2insulated (e.g., Styrofoam) containers (toaseeservoirs)

* 2 -400mL glass beakers (to keep Styrofoam augws fipping)

» several lengths of Tygon tubing e paper towels
o ruler * 50-g mass
* hot water from coffee pot * ice water

The cylinder of the incredible mass-lifter engiseai low-friction glass syringe. The flat
top of the handle of the piston serves as a platftor lifting masses. The flask and
pressure sensor can be connected to the syringeshdrt lengths of flexible Tygon
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258 Lab 15 — Heat Engines and thstfEiaw of Thermodynamics

tubing, and the flask can be placed alternatelg icold reservoir and a hot reservoir.
Large (12 oz) Styrofoam cups are used for the hdtald reservoirs. Obtain hot water
from a coffee pot in the lab. Make an ice colceresir using ice from the ice machine in
room 213. There may be an ice chest in your @b.not put water directly into the glass
beakers. The Styrofoam cups are placed in thecogddr stability. A schematic diagram
of this mass lifter follows.

Platiorm i

:/E;n.'ringe scale

Added mass

Ceold
=T

Hot
rasarialr

Trapped air

in syringe

If the temperature of the air trapped inside thender, hose, and flask is increased, then
its pressure will increase, causing the platformde. Thus, you can increase the volume
of the trapped air by moving the flask from thedctd the hot reservoir. Then when the
mass has been raised through a distande can be removed from the platform. The
platform should then rise a bit more as the pressarthe cylinder of gas decreases a bit.
Finally, the volume of the gas will decrease whbe flask is returned to the cold
reservoir. This causes the piston to descend tmritginal position once again. The
various stages of the mass lifter cycle are shawthe diagrams that follow.
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Foint a Foint b Foint d

Cold
The lifting and lowering parts of the cycle sholld approximatelysobaric, since the

pressure in the air trapped in the syringe is datexd by the weight of the piston (and
the mass on top of the handle) pushing down omgaise The other two parts of the cycle,
when the mass is added and removed from the pisadle, should be approximately

adiabatic, because, as they occur very quickly, there ienotugh time for an appreciable
amount of heat to flow into or out of the system.

Before taking data on the pressure, air volume,heeight of lift with the heat engine, you
should set it up and run it through a few cyclega@bused to its operation. A good way to
start is to fill one container with ice water ame tother with hot tap water or preheated
water at about 80-90 °C.

The engine cycle is much easier to describe iflyegin with the piston resting above the
bottom of the syringelhus, we suggest you raise the piston so that thelume of air
trapped in the syringe is about 3-4 mL before insd¢ing the rubber stopper firmly in

the flask. Also, air does leak out of the syringe slowlyalfarge mass is being lifted, the
leakage rate increases, so we suggest that yaduttienadded mass to 50 g.

IMPORTANT: As you take the engine through its cycé, observe whether the piston ig
moving freely in the syringe. If it is sticking, ug a paper towel to clean the piston. Yot
may need to do this 3 or 4 times to free up the gan. It may be a good idea to do this
as a precaution. If it continues tcstick, ask yourTA for help.

After observing a few engine cycles, you shouldabke to describe each of the poiats
b, ¢, andd of a cycle, carefully indicating which of the tramens between points are
approximately adiabatic and which are isobaric.

You should reflect on your observations by ansvgethre questions in the next activity.
You can observe changes in the volume of the gastti and you can predict how the
pressure exerted on the gas by its surroundingbtdogchange from point to point by
using the definition of pressure as force per aret.
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ACTIVITY 1-1:DESCRIPTION OF THE ENGINE CYCLE

It is absolutely crucial to go through the entigele once before taking data. Answer
Questions 1-1, 1-2, 1-3, 1-4, 1-5 before takingadatou can modify them later.

Prediction 1-3 With the system closed to the outside air aral ftask in the cold
reservoir, what should happen to the height opthdorm during transitioma - b, as you
add the mass to the platform? Explain the basigoof prediction. Do this before
coming to lab.

1. Make sure the piston moves easily in the syrinljake sure the rubber stopper is
firmly in place in the tube. Make sure that yoarsiwith the piston with about
3-4 mL of gas in the cylinder. Add the mass togtagform.

Question 1-1 Describe what happened. Is this what you prediztWhy might this
process be approximately adiabatic?

Prediction 1-4 What do you expect to happen during transitenc, when you place
the flask in the hot reservoirRo this before coming to lab.

2. Place the flask in the hot reservoir. (This €ngine power stroke!)
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Question 1-2 Describe what happens. Is this what you predicté&/hy should this
process be isobaric?

Prediction 1-5 If you continue to hold the flask in the hoteeir, what will happen
when the added mass is now lifted and removed thenplatform during transitioo - d
(and moved onto an upper conveyor belt)? Explagnréasons for your predictiorDo
this before coming to lab.

3. Remove the added mass.

Question 1-3 Describe what actually happens. Is this what greedicted? Why might
this process be approximately adiabatic?

Prediction 1-6. What do you predict will happen during transitm- a, when you now
place the flask back in the cold reservoir? Explaie reasons for your predictiomo
this before coming to lab.
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4. Now it's time to complete the cycle by coolingetsystem down to its original
temperature for a minute or two before placing @ neass to be lifted on it. Place
the flask in the cold reservoir.

Question 1-4 Describe what actually happens to the voluméheftrapped air. Why
should this process be isobaric?

Question 1-5 How does the volume of the gas actually comparthe original volume
of the trapped air at poirtin the beginning of the cycle? Is it the same as Bome of
the air leaked out?

Question 1-6 Theoretically, the pressure of the gas shouldhbesame once you cool
the system back to its original temperature. Why?

To calculate the thermodynamic work done duringa@ecof this engine you will need to
be able to plot gp vs.V diagram for the engine based on determinationteeof/olumes
and pressures of the trapped air in the cylindggom tubing, and flask at the poirasb,

¢, andd in the cycle.

ACTIVITY 1-2:WORK DONE BY THE HEAT ENGINE

1. We have estimated the total volume of the ttld@ng, and pressure sensor and
entered this into Table 1-1.

2. Connect the pressure sensor and temperaturergeribe interface and start up the
software.
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3. Open the experiment file called5.A1-2 Pressure and Temperature.This will set
up the software iprompted event modeso that you can continuously measure
pressure and decide when you warkgep a value. Then you can enter the measured
volume.

Table 1-1. Volume Determination

State of | Volume of Volume of Total
system air in flask, tubing, | volume of
syringe & sensor air (cm®)
(cm®) (cm’®)

a 15

b 15

o 15

d 15

a’ 15

Now you should be able to take your engine throaghther cycle and make the
measurements of volume and pressure of the airede&n determine thep-V
diagram for your heat engin¥ou should take your datarapidly to minimize air
leakage around the piston.

4. Begin with the test tube and temperature senstie ice water, and without the mass
on the piston platform of the syringe (stale A volume of 3-4 ml (crf) is about
right to start with. Stir the ice wateiStart taking data. When the temperature and
pressure seem to be fairly statdeep those data valuegpress Keep)

5. Read the volume of air in the syringe, entémn ifable 1-1, calculate the total volume
of air, andenter this valueinto the computer.

6. Quickly place the mass on top of the handle of the syrisigeeb).

When the temperature and pressure seem torhestaible keep those data values
(press Keep again).Again, record the volume of air in the syringelable 1-1,
calculate the total volume of air, aadter this valueinto the computer.

8. Quickly move the flask and temperature senstinédot water reservoir (state
When the temperature and pressure seem to bestabie keep those data values.
(Keep). Again, record the volume of air in the syring€elable 1-1, calculate the
total volume of air, anénter this valueinto the computer.

9. Quickly remove the mass (stale When the temperature and pressure seem to be
fairly stable keep those data value@Keep). Again, record the volume of air in the
syringe in Table 1-1, calculate the total volumeiof andenter this valueinto the
computer.
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10. Finally, move the flask and temperature sehaok to the ice-water reservoir (state
a’). Stir the ice water. When the temperature andsunee seem to be fairly stable,
keep those data values(Keep 5) Again, record the volume of air in the syringe in
the table, calculate the total volume of air, anter this valueinto the computer.

11. Determine the height that the mass was raiseidgithe power strokeb( c). This
can be determined by dividing the volume changenfto- c by the piston area.
Show your calculation and record the height beloVihe diameter of the piston is
14.66 mm.

Height mass was raised frdm- c :

Value of mass lifted:

12.Print the graph and the data table.

Question 1-7 You expected that the transitions frdm-c and fromd-a’ were
isobaric. According to your data, were they? B&uxpl

ACTIVITY 1-3: CALCULATING THE WORK DONE BY THE HEAT ENGINE

Recall that thehermodynamic work done by the heat engine is the sum of th&kwlone
in each of the cycle’s segmehts

anet =Waﬂb +vaac +chad +Vvdﬂa' +Wa’ﬂa (4)

! Note that we have to “close the loop” by addingah- a segment.
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You can approximate the work done in each pareftycle & — b, b - ¢, etc.) as being
the average pressure times the change in volume. For exanmfmig¢hea - b part of the
cycle, the work is given by:

r +
W, , = [ pav = pav = (p—zpbj (V, -V,) (5)

1. Calculate the néhermodynamic work done by heat engine. Show your work.

W,

thermodynamic *

2. Use the equatiolV = mgy to calculate the useful mechanical work doneftmg the

mass from one level to the other in joules (J).u determined the heiglgtfor the
power stroke in the previous activity. Show youwrkvhere.

Question 1-8 How does the thermodynamic work (cycle) comptoethe useful
mechanical work fronb - ¢ (when the apple is raised)? Please use the towetber of
significant figures in your comparison (as you haeen doing all along, right?)

University of Virginia Physics Department
PHYS 635, Summer 2009



266 Lab 15 — Heat Engines and thstfEiaw of Thermodynamics

Comment: Note that the incredible mass-lifting engine is ually not so simple.
Understanding the stages of the engine cycle onpaV diagram is reasonabl
straightforward. However, it is difficult to usejuwations for adiabatic expansion af
compression and the ideal gas law to determinete¢heperature (and hence the intern
energy) of the air throughout the cycle. Theresaeeral reasons for this. First, air is not

y
nd

nal
an

ideal gas. Second, the mass-lifting engine isvelt insulated, and so the air that is warmed

in the hot reservoir transfers heat energy thrahghcylinder walls. Thus, the air in the flag
and the air in the cylinder are probably not atsame temperature. Third, air does leak

around the piston, especially when larger masseadded to the platform. This means tl
the number of moles of air decreases over timeou(¥an observe this by noting that in t
transition from pointd to pointa, the piston can actually end up in a lower positizen it

had at the beginning of the previous cycle.) Hasvethe incredible mass-lifting engine do
help us understand typical stages of operationredbheat engine.

bk
but
nat
he

eS

INVESTIGATION 2: RELATIONSHIP BETWEEN HEAT ENERGY AND
TEMPERATURE

Prediction 2-1: Do this before coming to lab. If you transfer heat energy tqerfectly
insulated cup of some liquid, consider how much temperatin@ge AT takes place.
How doesAT depend on

a. the amount of heat energy you transi#()?

b. the massn) of liquid in the cup?

In this investigation you will conduct a series afservations in which you examine
guantitatively the relationship betweeAT and these other variables. You will use the
same mass of room-temperature water for a seriesxjpériments and vary only the
amount of heat energy you transfer. Then you val the same amount of heat energy
and vary the mass of the water.

To do the series of observations you should haedéalfowing equipment:

temperature sensor * 100 mL labeled plastic beaker
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coffee cup immersion heater * vat (to prevent spills)
Styrofoam cup (8 0z) » electronic balance
room-temperature water

400 ml glass beaker (to keep the Styrofoam cum tipping)

heat pulser

Warnings:
1.
2.

Do not plug in the immersion heater unless it isnmersed in water.

Use enough liquid in each case to make sure tk&ectric coil is just covered in
every observation. You may leave the heater on theottom of the cup. Keep
stirring the liquid at all times.

ACTIVITY 2-1: TRANSFERRING DIFFERENT AMOUNTS OF HEAT ENERGY TO THE SAME
MASS OFWATER

1.

Open the experiment file calléd5.A2-1 Heating Water. Connect a temperature
sensor to Channel A of the interface. Connectctige that controls the heat pulser
into Channel C.

Weight the empty small Styrofoam cup and wdibevn its mass:

Mass

Put the small 8 oz Styrofoam cup in the glass hetaikavoid spillage. Use the small

100 mL plastic beaker to add about 100 g (mL) @metemperature water from the

large plastic bucket on your table to the smalr@bgam cup. Measure the mass of
the cup with water and enter the mass of the wgebtract mass of cup) into

Table 2-1. Put a temperature sensor and the hedtethe small foam cup. The

water should cover the round coils of the coffep itamersion heater. Do not let the
plastic body of the immersion heater get wet. Msike the green paint markings are
aligned close together with the green markingshenhieat pulser and plug the coffee
cup heater into the heat pulser. This is imporf@ansafety reasons!
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Table 2-1
Mass Initial Final Temperature Time Total heat Temperature
of temperature | temperature | change AT heater energy change per unit
water (°C) (°C) (°C) was on | delivered to heat energy

()

(°C1J)

(s) water AQ
)

4. A window will appear on the computer screen shgva Signal Generator. Choose

the square wave signal (100 Hz). Note the icomsCio and Off in this window.
These buttons turn on and off electrical power tfes to the coffee cup immersion
heater. The actual measured wattage (usnatlthe nominal rating of 200 W) of this
heater should be marked on it somewhere. Write dbwrheater wattage below. The
experiment begins with the heat®FF. The yellow electrical connector (ground
fault connector) should be plugged into the sttgrtical outlet on the side of the
table.

Immersion heater wattage:

. Start the computer and begin graphing Sir the water carefully with the
temperature sensor the entire time the computer is graphing the temperature, now
and during the rest of these activities.

Measure the initial temperature of the water aadord it in Table 2-1. (The
temperature can be read more accurately from tieatdisplay rather than from the

graph.)

. For the first 10 s, leave the heater off. Then the heate®N for a total of 40 s and
then turn it off.Keep stirring.

After the increasing temperature levels off &edins decreasing, stop the computer,
and record the highest temperature reached asirthetémperature in Table 2-1.
Look on the graph and note the total time thathtbater was on by observing when
the voltage pulse goes positive and returns to. zRexord this value in Table 2-1.

9. Keep the data on the graph. Do not erase it.

10. Calculate the temperature change; determinartteint of heat in Joules delivered to

the water and the temperature change per energyJiniRecord these in Table 2-1.
Use the power rating of the immersion heater termene the heat energy delivered.
Energy (J) = Time (s) x Power (W).

University of Virginia Physics Department
PHYS 635, Summer 2009



Lab 15 — Heat Engines and the First Law of Thermadyics 269

Question 2-1 Describe the shape of your graph. What does shi about the
relationship between the temperature change anguiduetity of heat energy transferred to
the water? (Remember that heat was transferred@istant rate.)

Question 2-2 Suppose you transfer heat energy for the same @O0 s) to a larger mass
of water, say 300 g.
a) How will the temperature change?

b) You heated about 100 g of water with the heatefor 40 s. How long do you think
the heater will need to be on to produce the sammpérature increase if you heatce
as much water (about 300 g)?

Time:

Question 2-3 Based on your graphs and data, discuss thewioiip mathematical
relationship:

AQ =cmAT (6)

AQ is the heat energy transferred to the waterjs the mass of the wateAT is the
change in temperature, aedis a constant characteristic of the liquid.

You have examined the relationship between the atmftheat energy transferred to a
system and the system’s change in temperaturee lad more time and could do more
experiments, you would see that the change in teshyoe is proportional to the amount
of heat energy transferred and inversely propoalitm the mass of the system. To be
more quantitative (e.g., to be able to predict nuwaetemperature changes), it is
necessary to specify what amount of heat energgfeeawill produce a one degree
change in temperature in unit mass of a materlak quantity is known as thspecific
heat of the material. It is the value in the equation in Question 2-3.
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specific heat=c = A (7)
mAT

The standard units for heat energy (J), mass éuyj,temperature (°C), give us the unit
for specific heat, J/kg-°C. In the next activiguywill calculate the specific heat of water

from your data.

ACTIVITY 2-2:SPECIFIC HEAT OF WATER

1. Use data that you obtained in the previous dégtie determine the specific heat of
water. Show your calculations below. You can deiee the total heat energy
transferred by the heater using the power ratinghefheater in watts (W) and the
total time the heat energy was transferred to themin each run of the experiment.

(Recall that 1 W =1 J/s.)

Coater = J/kg-°C

Question 2-4 How did your value agree with the accepted vadtiet, 190 J/kg-°C?
What are the possible sources of experimental gmedrmight explain any disagreement?
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Question 2-5How many seconds would it take the heater to risetemperature of
300 g of water by 25°C? (Use the accepted value for.)

INVESTIGATION 3: CHANGE OF PHASE FROM LIQUID TO GAS

Prediction 3-1 Do this before coming to lab. On the axes that follow, sketch a graph

of temperature vs. time for a cup of water initiadt 20°C that is heated in the following
way:

* Heat energy is transferred at a constant rate th&ilvater reaches its boiling-point
temperature. (Assume that this happens in thedirsin.)

* Heat energy is then transferred at the same cdnstenas the water boils for the

next 4 min.
&
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To test your prediction you will need
* temperature sensor » electronic balance
» coffee cup immersion heater * vat (to prevent spills)
» container marked in mL (may not need) ¢ heat pulser
* room-temperature water e 400-600 mL beaker

» Styrofoam cup, 300 mL (12 fl. 0z.) with tightlyiting cover

ACTIVITY 3-1:HEATING WATER TO I TSBOILING POINT: A TEMPERATURE HISTORY
1. Open the experiment file called5.A3-1 Water to Steam.

Reminder!! Do not plug the heater into the box opress the ON icon
button on the computer screen unless the heateriis the water.
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Reminder!! Do not plug the heater into the box opress the ON icon
button on the computer screen unless the heateriis the water.

2. Obtain the large 12 oz. foam cup and the covemaask them.

Mass of empty cup with cover:

3. Use the 100 mL plastic beaker and hot pad to olatacut 100 mL of hot water from
the coffee pot in the lab. Pour the hot water i foam cup: Accurately measure
the mass of the water, cup, and lid and recordalold 3-1. Subtract masses to obtain
mass of water.

Mass of cup, cover, and water:

Initial mass of water:

4. Take the Styrofoam cup and 100 ml plastic be#&kehe coffee pot with hot water
and obtain about 100 mL of hot water with the ptabeaker and pour it into the
Styrofoam cup. You may need a hot pad or sometiuripld the plastic beaker if it
is hot! Place the Styrofoam cup with water inte theaker for more stability and
place the temperature sensor and heater into fhelaeave the cover off for now. Let
the heater sit on the bottom of the c@part the computer and stir the water and
record its initial temperature in Table 3-1.

5. Keep stirring vigorously with the temperature sensor. Turn the he&br to start
heating the water.

6. When the watejust begins to boil vigorously, note the temperaturd aomputer
time (in box on upper part of screen) and writarthe the table and continue with the
heater on. You may stop stirring, since the roilag will keep the water mixing.

Keep the heater ON until the water has been lgpibn about 5 min.

7. Turn the heater OFF, then quickly remove thddreand temperature sensor, shake
off any excess water on the heater and sensothetoup. Put the cover on the cup.
Unplug the heater from the heat pulser and stogahgputer.

8. Look carefully at the computer screen and make the graph for the heat pulser is
displayed. Use the SMART TOOL to note the timet tih@ heater was turned off.
Subtract the time you noted the water began boilingy the time the heater was
turned off to determine the total time the heatas wnafter the water started to boil.
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9. Measure the final mass of the cup, cover, antégnyvthen calculate the mass of water
converted to steam, and record in Table 3-1:

Final mass of cup, cover, and water:

Mass of empty cup with cover:

Final mass of water:

Mass ofnsteinduced:

10. Print the graph. Indicate with an arrow where the water beganimgigorously.

Question 3-1 Does your graph agree with the prediction yowd@?alf not, describe the
ways in which the observed behavior of boiling watas different from your prediction.

Table 3-1
Initial Initial Time Boiling point Time Total time | Final mass| Mass of
mass of | temperature when temperature | heater was heater of water steam
water (g) (°C) boiling (°C) turned off boiled less steam| produced
began (s) (s) water (s) (@) (@)

Question 3-2 During the time that the temperature remainedstant, what do you
think happened to the heat energy you were tramsfenf it wasn't raising the
temperature?

Comment: Most substances can exist in three states—sajuidlj and gas. As you have seen, thqg
changes of state or phase changes usually involve a transfer of heat energy. Durgnghase change
the substance can absorb heat energy without aliitgi temperature until the phase change
complete. The transferred energy increasesntieenal energy of the system.

£Se
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The amount of heat energy transfer required tostoam one kilogram of water at its
boiling point into steam is called ttatent heat of vaporization. (This amount of energy
is the same as the amount transferred away from kingram of steam when it
condenses.)

ACTIVITY 3-2: LATENT HEAT OF VAPORIZATION OF WATER

1. Calculate the total heat energy transferrechéowaterafter it was boiling. Use the
power rating of the heater and the total time tleatér was boiling water from
Table 3-1. Show your calculations below. (Remembét, = 1 J/s.)

Power rating marked on the heater:

Total time heater boiled water

Total heat energy transferred:

2. Calculate the latent heat of vaporization ofwlaer. Use the amount of heat energy
transferred from the immersion heater after theemats boiling and the mass of
steam produced from Table 3-1 to find the amourhteait energy needed to convert
one kilogram of water to steam. Show your calcategi

Latent heat of vaporization: J/kg

Question 3-3 Compare the heat energy needed to convert dogr&m of water to
steam to that needed to convert one kilogram otdceater (334 x 10J/kg). Why do
you think that one is much larger than the other?

Question 3-4 Compare your value for the latent heat of vagadion to the accepted
value, 2.26 x 1DJ/kg. Discuss the limitations in the experimentathod you used that
might account for any differences between thesevaloes.
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