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MISN-0-158    5

heat transferred,  Q, is always found to be:

4.184×Q[in calories] = E [in joules].

4. Mechanical Work of Gases

4a. Change of Internal Energy into Work.   The internal
energyof a system can be increased at the expense of mechanical
energy aswas demonstrated in Joule’s experiment. The direct
transfer of internalenergy from one body to another is possible
when the two bodies havedifferent temperatures and are in contact
with each other. Is it possible

to obtain mechanical energy from the internal energy of a gas or
someother substance?

4b. Work Done by a Gas: The Steam Engine.   Indeed, such
aprocess can take place in machines which produce mechanical work
whileburning some fuel. Let us consider the work stroke of a steam
engine.At the beginning of the stroke the steam is contained in a
small part of the cylinder and its pressure and temperature
are high. When the strokeis finished, the volume is larger and the
pressure and temperature are

smaller. For example, in Fig. 3 the force  F  on
the piston isF   = P A ,   (4)

where  P   is the pressure of the gas and  A
 the surface area of the pistonexposed to the gas. If the
displacement ∆S   of the piston is small, the

T , P , Vi i i

T > Ti f   A

S

V

T , P , Vf f f

Figure 3.   Changes in state of the gas in an engine
cylinderduring the piston stroke.

9
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P = P V——

V

0 0

P0

P

Pf

V0   Vf   V

Figure 4.   P   −  V    diagramof
an isothermal expansion.Note that pressure decreasesas volume
increases while tem-perature is held constant.

pressure can be assumed to be approximately constant, and the
work doneon the piston by the gas is:

W  = F ∆S  =  P
A∆S  =  P ∆V ,   (5)

where ∆V   is the change in the volume of the gas
during expansion. Forlarge displacements where
 P  is not constant over the change in volume,one
should integrate over variable pressure with the result:

W  =

   V  f V  0

P dV .   (6)

This formula can be used if we know the pressure of the gas as a
functionof its volume, either by mathematical formula or by a
graphical represen-tation known as a  P  −
V   diagram.2

4c. Work in an Isothermal Process.   There are many ways in
whichgas pressure may vary during an expansion. Let us imagine that
the ex-

panding mass of gas is in thermal contact with a large body
which hasa constant temperature. Such a body is often called a
“heat reservoir.”Because heat is allowed to flow freely between the
gas and the heat reser-voir, the temperature of the gas will remain
constant. An expansionduring which the temperature is constant is
called an “isothermal” ex-pansion and if the system is closed, i.e.
the amount of gas remains fixed,the pressure will be inversely
proportional to the volume:

P V   = nRT   = constant
= P 0V 0 ,

2If the  P  −

V   diagram is given, the work is equal to the
area under the curve. Seethe relevant problems in this module’s
  Problem Supplement .

10
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PROBLEM SUPPLEMENT

1 atm = 1.013× 105 N/m2 = 1.013× 105 J/m3

1l iter = 1000cm3 = 10−3 m3

1 N = 4.45lb

1 watt = 1 joule/sec

1 mi/hr = 0.447m/s

1 cal = 4.184J

T / ◦C =   59

 [(T / ◦F)− 32]

T /K    =   T / ◦C + 273

Note:   T  denotes temperature

Note: Problem 7 also occurs in this module’s  Model
Exam .

1. A closed vessel contains 32 g of oxygen gas at 1.00 atm
pressure. The

gas is heated with its volume kept constant. It is found that
5.0 caloriesof heat are needed to raise the temperature of the
oxygen by 1.00 ◦C.

Compute how much heat is needed to raise the temperature of 1.00
literof oxygen, initially at 1.00 atm pressure, from 0.0 ◦C to
1.00× 102  ◦Cwith its volume remaining constant?   Help:
[S-1] 

2. The internal energy of the oxygen gas in Problem 1 changes
accordingto the formula ∆U  = C v∆T .
Compute the heat capacity,  C v:

a. for 32 g of oxygen

b. for 1.0 liter of oxygen at a pressure of 1.0 atm and a
temperature of 0.0 ◦C (STP).

3. Compute the heat produced when a car weighing 4.0× 103 lbs
brakesand its velocity decreases from 55 mph to 2.0× 101 mph,
assuming allof the lost mechanical energy is converted to heat.
  Help: [S-6] 

4. A gas vessel with a piston is heated up and is allowed to
expand insuch a way that its pressure remains constant and equal to
2.0 atm.

The initial volume of gas is 6.0 liters and the final volume is
10.0 liters.Find the work done by the gas.   Help:
[S-2] 

15
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5. An ideal gas with volume 5.0 liters and pressure 2.5 atm
undergoes anadiabatic expansion. The final volume is 7.5 liters.
Find the work doneby the gas during the expansion.   Help:
[S-3] 

16
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6. One mole of an ideal gas goes through the cycle shown here in
this P −V diagram:

P0

V0   volume

pressure

a

b

c

2V0   3V0

2P0

a. Use the equation of state of an ideal gas,   P
V   =   nRT , and thefollowing data to find the
temperature of the gas at points  a, b, andc. The answers
we give follow from this “ideal gas” assumption.P 0 =
1.00× 10

6 N/m2

V 0 = 1.00× 10−3 m3

R = 8.314J/(mole K)

b. What is the internal energy (in joules) of the gas at
points a, b, andc?   Help: [S-4] 

c. Calculate the work done by the gas as it goes from a
 to  b;  b  to  c;  cto a.
  Help: [S-8] 

d. Calculate ∆U   for each step:   a to
 b;  b  to  c;  c  to  a.

e. Calculate Q  for each step:   a  to
 b;  b  to  c;  c  to  a.

f. Calculate ∆U ,  W   and  Q  
for one complete cycle. Where does theenergy come from for the work
output?

g. If this apparatus is to be used as an engine, how rapidly
should it

complete each cycle for it to have a power output of 3.0 HP? (1
HP= 746 watts)

17
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7.P

V

a

b   c

d

Pt. Volume Pressure Temp.( m3) ( N/m2) (   ◦C)

a   1.245 2000 27

b   1.245 4000 327c   2.490 4000 927d   2.490
3000 627

A gas goes through the cycle illustrated above. The starting
point isat “a.” The values of the volume, pressure and temperature
of the gasduring the cycle are shown in the table. The heat
capacity of the gasis C V   = 5 cal/K.

a. Calculate the internal energy for each of the states  a,
  b,   c   and  d.Help: [S-7] 

b. Calculate the net work done by the gas during one complete
cycle.Help: [S-7] 

c. How much heat is absorbed or liberated by the gas during the
partof the cycle from  a  →  b?   Help:
[S-7]   Repeat for the parts of thecycle from  b →
c,  c → d,  d → a.   Help: [S-7] 

d. Where does the energy come from for the work done during
thecomplete cycle? Substantiate your answer quantitatively.

e. If the system going through this cyclic process is to be used
as anengine, how rapidly should it complete this cycle for its
output tobe 30 kilowatts?

Brief Answers:

1.   Q = 22.3cal

2. Heat capacity:

a. 5cal/ ◦C

b. 0.223 cal/ ◦C

3. 113.6 Kcal

4. 808J

5.   W  = 474J   Help: [S-5] 

18
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S-3   (from PS, Problem 5)

Here is the  P  − V  diagram for this
adiabatic expansion:

pressure (atm)

5.0 7.5 volume (liters)

PV 

= (2.5 atm)(5.0 liter)1.4

= constant 

The work done by the expanding gas is still represented by the
areaunder the curve, but there is no simple geometrical formula for
com-puting it. You must use the integral definition of work and
integrateP   =   P 0V 

γ 0  /V 

γ  with respect to  V   from
 V   = 5.0 liters to  V   = 7.5
liters.Help: [S-5] 

S-4   (from Problem 6b)

The equation for the internal energy of the ideal gas is given,
in termsof the gas’s temperature, in the text part of this
module.

S-5   (from [S-3])

integral =  p0V 

γ 0

−γ  + 1

V −γ +1f    − V 

−γ +10

 = 4.676atm

S-6   (from PS, Problem 3)

Advice: first convert to MKS and find:   m  = 1805kg,
  vi   = 24.59 m/s,vf  = 8.94 m/s.

S-7   (from PS, Problem 7)

Successfully work and thoroughly understand Problems 1-6, for
whichhelp is provided, before attempting this problem.

21
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S-8   (from PS, Problem 6c)

You could compute the work done on/by the gas for each segment
of the cycle by finding the mathematical equation expressing
pressure asa function of volume and integrating between the
appropriate limits.For example from  a  to  b
 the pressure varies linearly with volume so theequation of a
straight line is used:

P   = αV   + β 

where   α   is the slope of the line and  
β   is the intercept. These twoparameters are determined
by evaluating the expression at two pointswhere the pressure is
known, [obviously at point   a(V 0P 0) and point

b(2V 0, 2P 0)] and solving the two resulting
expressions for  α  and  β :

P 0 =  αV 0 + β  ;  
α = P 0V 0

= 1.00× 109 N m−5

hence:2P 0 = 2αV 0 + β β  = 0

Thus  P   = (P 0/V 0)V  and
this may be integrated from  a  to  b. Similarlythe
pressure from   b   to   c   is  
P   =  −(P 0/V 0)V   +
4P 0, and the pressure

from   c   to   a   is simply
 P 0. If this seems too complicated you may usesimple
geometry to calculate the relevant areas under each
 P (V ) curve.For example from   a   to
  b, the area under the curve is shown below:

P0

P0

P0

V0

V0

volume

pressure

a

b

c

2V0   3V0

2P0

V0

The work done by the gas in expanding from  V 0  
to 2V 0   is simply thearea of the shaded triangle and
the shaded rectangle:

Area =  1

2(base)   ×   (height) + (width)   × (
height)

=  1

2(V 0)(P 0) + V 0P 0 =

 3

2P 0V 0

22
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MODEL EXAM

1. See Output Skills K1-K3 in this module’s  ID
Sheet .

2.P

V

a

b   c

d

Pt. Volume Pressure Temp.( m3) ( N/m2) (   ◦C)

a   1.245 2000 27b   1.245 4000 327c   2.490 4000
927d   2.490 3000 627

A gas goes through the cycle illustrated above. The starting
point isat “a.” The values of the volume, pressure and temperature
of the gasduring the cycle are shown in the table. The heat
capacity of the gasis C V   = 5 cal/K.

a. Calculate the internal energy for each of the states  a,
 b,  c  and  d.

b. Calculate the net work done by the gas during one complete
cycle.

c. How much heat is absorbed or liberated by the gas during the
part

of the cycle from  a  →   b? Repeat for the parts
of the cycle fromb → c,  c → d,  d → a.

d. Where does the energy come from for the work done during
thecomplete cycle? Substantiate your answer quantitatively.

e. If the system going through this cyclic process is to be used
as anengine, how rapidly should it complete this cycle for its
output tobe 30 kilowatts?

Brief Answers:

1. See this module’s text .

2. See this module’s Problem Supplement , problem
7.

23 24
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