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Heat and internal energy

The caloric theory is an obsolete scientific theory that heat consists of a

self-repellent tluid called caloric that flows from hotter bodies to colder
bodies.

Nowadays, in thermodynamics,
Heat is defined as a process of transterring energy across the boundary
of a system because of a temperature difference between the system and

its surroundings. It is also the amount of energy Q transferred by this
Process.

Internal energy is all the energy of a TN
system that is associated with its microscopic
components —atoms and molecules—when

viewed from a reference frame at rest with respect
to the center of mass of the system.
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The Mechanical Equivalent of Heat

The falling blocks rotate the
paddles, causing the temperature
of the water to increase.
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Specific heat

The heat capacity C of a particular sample is defined as the amount of
energy needed to raise the temperature of that sample by 1°C.

C:Q
AT

The specific heat ¢ of a substance is the heat capacity per unit mass.

Specific Heats of Some Substances at 25°C N Ote .

and Atmospheric Pressure

Substance SI(’;/C ll(f;c E_I(?)at Substance SI();/C ll(figlc E?)at T h e h e at C a p a C i ty Of m O St

Elemental solids Other solids

Aluminum 900 Brass 380 SyStemS IS nOt COnStant

Beryllium 1830 Glass 837

Cadmium 250 Iee (50 20 | (though it can often be treated as

Copper 387 Marble 860

oo 126 oo ™1 such). It depends on the

Iron 448 Liquads

Lewd 12 Alcobol ety 20| temperature, pressure, and
Silver 254 Water (2769 1 volume of the system under
Sream (100°C) **¢ | consideration.

Gas
Note: To convert values to units of cal/g - °C, divide by 4 186.
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Example

A 0.05 kg ingot of metal is heated to 200.0°C and then dropped into
a calorimeter containing 0.400 kg of water initially at 20.0°C. The final

equilibrium temperature of the mixed system is 22.4°C. Find the
specific heat of the metal.
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Notes:

Molar specific heat
In the gas system, we normally use the number of mole instead of the

mass of gas. We then define the "molar specitic heat" in the same way as
the specitic heat.

_ ©Q 0

¢ = ? mol:
mAT nAT

Heat and change of internal energy when the volume is constant
We can identify mcAT (or nc,, ;AT) as the change in internal energy of
the system if we ignore any thermal expansion or contraction of the
system => AE, . = O

We will discuss more on this later.
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Latent Heat

Latent heat (also known as latent energy or heat of transformation) is
energy released or absorbed, by a body or a thermodynamic system,
during a constant-temperature process — usually a phase transition.
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Latent Heat

O = mL
Latent Heats of Fusion and Vaporization
Latent Heat

Melting of Fusion Boiling Latent Heat
Substance Point (°C) (J/kg) Point (°C) of Vaporization (J/kg)
Helium? —272.2 5.23 X 10° —268.93 2.09 X 104
Oxygen —218.79 1.38 X 10* —182.97 2.13 X 10°
Nitrogen —209.97 2.55 X 10* —195.81 2.01 X 10°
Ethyl alcohol —114 1.04 X 10° 78 8.54 X 10°
Water 0.00 3.33 X 10° 100.00 2.26 X 10°
Sulfur 119 3.81 X 10* 444.60 3.26 X 10°
Lead 327.3 2.45 X 104 1 750 8.70 X 10°
Aluminum 660 3.97 X 10° 2 450 1.14 X 107
Silver 960.80 8.82 X 104 2193 2.33 X 10°
Gold 1 063.00 6.44 X 10* 2 660 1.58 X 10°
Copper 1083 1.34 X 10° 1 187 5.06 X 10°

“Helium does not solidify at atmospheric pressure. The melting point given here corresponds to a pressure of 2.5 MPa.
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Example

What is the required energy to convert a system consisting of a
1.00-g cube of ice at 30.0°C to steam at 120.0°C?

120 -

90 |-
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| |
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| |
| |
| | | |
A | | | |
| | N
-30 | | | | | | | I
| 1000 1500 2000 2500 3000 | |
| | | N
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Energy added (]J)

N. Srimanobhas; The first law of thermodynamics



Work and Heat in Thermodynamic Processes

Consider the state of the system: P;, Vi, I; = Pr, Vi, 1

Consider quasi-static situation. What is it?

"A state of a system can be specified only if
the system is in thermal equilibrium
internally. In the case of a gas in a container,
internal thermal equilibrium requires that
every part of the gas be at the same
pressure and temperature.”
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Work and Heat in Thermodynamic Processes

Consider P}, V; = Py, V;

Compressing
e dVis
e \Work done on a gas:
e \ork done by a gas:

Expanding
o dVis
e \Nork done on a gas:
e \Work done by a gas:
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Work and Heat in Thermodynamic Processes

The work done on a gas Vf
equals the negative of the area p dV \Work done on a

under the PV curve. The area
N m
1s negative here because the Jas (O a Sysie )

volume is decreasing, resulting
in positive work.
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Work and Heat in Thermodynamic Processes

A constant-pressure A constantvolume process An arbitrary
compression followed by a followed by a constant- compression
constant-volume process pressure compression

P P P

For the process of compressing a gas in a cylinder, the work done

depends on the particular path taken between the initial and final
states.
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Work and Heat in Thermodynamic Processes

The energy transfer Q into or out of a system by heat also depends

on the process. y
, The membrane
' is broken, and
| ' E the gas expands
m The hand " freely into the
reduces its .
downward force, E Wiz :g;lj =
allowing the initially at '
‘ . piston to move e .
up slowly. The T; anfi
energy reservoir contan.led
keeps the gas at | o7 dalty y
_ -""'""1 temperature T;. m.embrane, /
The gas is : with vacuum |

initially at
temperature T;.

I | | |
Energy reservoir at 7; . Energy reservoir at 7;

above.
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The First Law of Thermodynamics

The first law of thermodynamics is a special case of the law of
conservation of energy that describes processes in which only the

internal energy changes and the only energy transters are by heat
and work

AEiﬂt — Q W

( is the energy transfer to a system (to a gas)
e Consider + when
e Consider - when

W is the work done to a system (to a gas)
e Consider + when
e Consider - when

AE, . is the change of the internal energy of the system. It depends
only on the temperature of the system.
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The First Law of Thermodynamics

Dual Sign Conventions Some phys-
ics and engineering books present

440 CHAPTER 15 THERMODYNAMICS

done on the system. A system can gain or lose energy simultaneously in the form of heat O

o w and work W. The change in internal energy due to both factors is given by Equation 15.1.
urroundings . - . —af. . . . . R .
Thus, the first law of thermod:ynaml'cs is just the conservation-of-energy principle applied = the f II'St law as A E . = Q — ‘4], Wlth
to heat, work, and the change in the internal energy. int
sy a minus sign between the heat
[ THE FIRST LAW OF THERMODYNAMICS .
/ \ ‘ The internal energy of a system changes from an initial value U; to a final value of Uy and WwWOr k. The reasomn 18 that WOI'k
e  Heat || due to heat Q and work W: . . .
. AU=U;-Ui=0 W 5.1 is defined in these treatments as
Q is positive when the system gains heat and negative when it loses heat. W is positive
when work is done by the system and negative when work is done on the system. the Work done by the g as rather
Rl than on the gas, as in our treat-
Example [ illustrates the use of Equation 15.1 and the sign conventions for Q and W.
ment. The equivalent equation to
Y
0 Example 1 Positive and Negative Work . .
Figure 15.3 illustrates a system and its surroundings. In part a, the system gains 1500 J of heat Equatlon 20 -9 1n these treatments
i from its surroundings, and 2200 J of work is done by the system on the surroundings. In part b, . V
LT G ] the system also gains 1500 J of heat, but 2200 J of work is done on the system by the surround- deflnes Work as ‘/‘/ e f / P dV
®) ings. In each case, determine the change in the internal energy of the system. Vz *
Figure 15.3 (a) The system gains Reasoning In Figure 15.3a the system loses more energy in doing work than it gains in the ] 111 1
energy in the form of heat but loses form of heat, so the internal energy of the system decreases. Thus, we expect the change in the Therefore’ lf pOSltlve Work 18 done
energy because work is done by the internal energy, AU = U; — U, to be negative. In part b of the drawing, the system gains en- . .
system. (b) The system gains energy in  ergy in the form of both heat and work. The internal energy of the system increases, and we ex- by the gas s energy 1S leaVIHg the
the form of heat and also gains energy pect AU to be positive.
bk o Solution (a) The heat is positive, @ = +1500 J, since it is gained by the system. The S System, leadlng tO the negatlve
work is positive, W = +2200 J, since it is done by the system. According to the first law of
Problem-solving insight thermodynamics Sign in the first laW
When using the frst aw of AU=Q — W= (+1500 J) — (+2200 J) =[=7007] (15.1) )
thermodynamics, as expressed by 3 g o ; 1 1
Equation 15.1, be careful to follow the The minus sign for AU indicates that the internal energy has decreased, as expected. In your Studles 1n Other Chem-
proper sign conventions for the heat O (b) The heat is positive, Q = +1500 J, since it is gained by the system. But the work is nega- . . .
and the work W. tive, W = —2200 J, since it is done on the system. Thus, lstry or englneerlng cOou rses, or
AU=Q — W= (+1500J) — (—2200 J) =| +37001] (15.1) . . .
The plus sign for AU indicates that the internal energy has increased, as expected. 1mn YOuI' Ire adl Ilg Of Other thS].CS
L e —— . 1

books, be sure to note which sign
In the first law of thermodynamics, the internal energy U, k?eat 0, and work W are en- . . .
ergy quantities, and each is expressed in energy units such as joules. However, there is a Conventlon 1S belng used for the

fundamental difference between U, on the one hand, and Q and W on the other. The next
example sets the stage for explaining this difference. f-
irst law.

0 Example 2 An |deal Gas

POL & et Rt S| oY AN i s i il ) it tecagat B S i tatkis A, s d Wimae BTV BRI Pl

5[t is an unfortunate accident of history that the traditional symbol for internal energy is U, which is also the tra-
ditional symbol for potential energy as introduced in Chapter 7. To avoid confusion between potential energy and
internal energy, we use the symbol E; , for internal energy in this book. If you take an advanced course in thermody-

namics, however, be prepared to see Uused as the symbol for internal energy in the first law.

L — B
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Molar specific heat at constant volume / pressure

For the constant-volume Case: constant volume
path, all the energy input

goes into increasing the
internal energy of the gas
because no work is done.

Case: constant pressure

Isotherms

T+ AT
T

‘ Vv
Along the constant-pressure
path, part of the energy

transferred in by heat is
transferred out by work.
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IELIGVARAS  Molar Specific Heats of Various Gases
Molar Specific Heat ( J/mol - K)?

Gas o C, c,—C, y = C,/C,
Monatomic gases

He 20.8 12.5 8.33 1.67
Ar 20.8 12.5 8.33 1.67
Ne 20.8 12.7 8.12 1.64
Kr 20.8 12.3 8.49 1.69
Diatomic gases

H, 28.3 20.4 8.33 1.41
N, 29.1 20.8 8.33 1.40
O, 29.4 21.1 8.33 1.40
CO 29.3 21.0 8.33 1.40
Cl, 34.7 25.7 8.96 1.35
Polyatomic gases

CO, 37.0 28.5 8.50 1.30
SO, 40.4 31.4 9.00 1.29
H,O 35.4 27.0 8.37 1.30
CH, 35.5 27.1 8.41 1.31

* All values except that for water were obtained at 300 K.
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Processes in Thermodynamics

P

N. Srimanobhas; The first law of thermodynamics

Isochoric/lsovolumetric

Isobaric

Isothermal

Adiabatic

Free expansion

Cyclic




Isochoric/lIsovolumetric (constant volume)

=

Y o -

PA
Final state

A

Initial state

ol Vv

?

An isochoric process Is a term used to describe
a situation where the volume of a system remains
constant.

dWon gas —

From the first law we see that

AE. =

int

It energy Iis added by heat to a system kept at
constant volume, all the transferred energy
remains in the system as an increase in its
internal energy.
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Isobaric (constant pressure)

V2

y g
ol 'y v, V

l
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An isobaric process could be established by
allowing the piston to move freely so that it is
always in equilibrium between the net torce from
the gas pushing upward and the weight of the
niston plus the force due to atmospheric
oressure pushing downward.

Won gas —

Case;
V>V~

V< V-



Example

An ideal gas initially at 300 K undergoes an isobaric expansion at
2.50 kPa. If the volume increases from 1.00 m3 to 3.00 m3 and
12.5 kd is transferred to the gas by heat. Find

(a)the change in its internal energy,

(b)its final temperature.
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In Figure, the change in internal energy of a gas that is
Example taken from A to C along the blue path is 1800 J. The
P work done on the gas along the red path ABC is 2500 J.
A b (a) How much energy must be added to the system by
heat as it goes from A through B to C?

(b) If the pressure at point A is five times that of point C,

what is the work done on the system in going from C to
D ¢ D?

(c) What is the energy exchanged with the surroundings

by heat as the gas goes from C to A along the green
path?

(d) If the change in internal energy in going from point D
to point A'is 1500 J, how much energy must be added to
the system by heat as it goes from point C to point D?
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Isothermal
A process that occurs at constant temperature.

L This process can be established by immersing
. the cylinder in an ice—water bath or by putting
& > the cylinder in contact with some other

{ v 9 constant-temperature reservoirr.
AEint —
T . From the first law we see that
sotherm
B | i PV = constant
i v ol The curve is a
| | hyperbola.
I
e ,
; —
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Isothermal Expansion of an Ideal gas

P Start from ideal gas law
[sotherm NkBT
L P =
F; | PV = constant V
| _ Therefore,
| The curve is a V
: _4’ hyperbola. /
i Won gas — — pdv
o[-y . v
| . v
V Vy

And since the temperature is constant, we will get
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Example

One mole of an ideal gas does 3000 J of work on its surroundings as
it expands isothermally to a final pressure of 1.00 atm and volume of
25.0 L. Determine

(a) the initial volume and

(b)the temperature of the gas.
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Adiabatic

An adiabatic process is a type of thermodynamic process which
occurs without transterring heat between the system and

its surroundings. Unlike an isothermal process, an adiabatic process
transfers energy to the surroundings only as work.

pﬂ

Isotherms

Adiabatic process

<y

Work done
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Adiabatic
From the first law of Thermodynamics,AEint = Q + W, we will get

pﬂ

Isotherms

Adiabatic process

— >
Work done 4

N. Srimanobhas; The first law of thermodynamics



Adiabatic
From the first law of Thermodynamics,AEint = Q + W, we will get

pﬂ

Isotherms

Adiabatic process

— >
Work done 4
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Free expansion

N. Srimanobhas; The first law of thermodynamics

For an adiabatic free expansion of an ideal
gas, the gas is contained Iin an insulated
container and then allowed to expand in a
vacuum. Because there is no external
pressure for the gas to expand against, the
work done by or on the system is zero. Since
this process does not involve any heat
transfer or work, the first law of
thermodynamics then implies that the net
internal energy change of the system is zero.
For an ideal gas, the temperature remains
constant because the internal energy only
depends on temperature in that case.




Cyclic process

During a closed cycle, the system returns to its original
thermodynamic state of temperature and pressure. Process
quantities (or path quantities), such as heat and work are process
dependent. For a cycle for which the system returns to its initial state

the first law of thermodynamics applies:

P (atm)
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Example P

An ideal gas initially at P;, V;, and T is taken 3P, |- —

through a cycle as shown in the figure.

(a) Find the net work done on the gas per
cycle for 1.00 mol of gas initially at 0°C.

(b)What is the net energy added by heat to P, - D
the gas per cycle? | ,
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Summary: Processes in Thermodynamics

AE, =0+ W

Process Conditions Results

Isochoric/lsovolumetric

Isobaric

Isothermal

Adiabatic

Free expansion

Cyclic
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How is heat transferred?

The process in which heat flows from objects with

higher temperature to objects with lower
temperature.

Conduction

Convection

The movement of fluid
molecules from higher
temperature regions to
lower temperature
regions.

Thermal radiation is generated by the emission
of electromagnetic waves. These waves carry Fgure: hitps://wwi.machinedesign.com/

learning-resources/whats-the-difference-
between/document/21834474/whats-the-
difference-between-conduction-convection-
and-radiation

away the energy from the emitting body.
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Conduction

Thermal Conductivities

Thermal
Conductivity
Substance (W/m - °C)
Metals (at 25°C)
Aluminum 238
Copper 397
Gold 314
Iron 79.5
Lead 34.7
Silver 427
Nonmetals (approximate values)
Asbestos 0.08
Conduction Convection oot -8
Diamond 2 300
Glass 0.8
Ice 2
Rubber 0.2
Water 0.6
Wood 0.08
Gases (at 20°C)
Air 0.023 4
Helium 0.138
Radiation Hydrogen 0.172
{, Nitrogen 0.023 4
Oxygen 0.023 8
T — —
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Conduction

e Ly, ,‘ Two slabs of thickness L; and L, and thermal conductivities
k, and k, are in thermal contact with each other as shown in

Figure. The temperatures of their outer surfaces are 1, and

15, respectively, and 1) > 1. Determine the temperature at

the interface and the rate of energy transfer by conduction
T, through an area A of the slabs in the steady-state condition.
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