Course anhouncement

= The 5" homework set solution has been posted.
= 1/10 will be Final exam.



Final Exam

= Exams will be started at 8:00AM and ends at 9:.50AM.
= Please bring student ID and calculator.
= You can bring one A4 information sheet for the exam.

= Cheating will result in O points for the whole exam and will be
reported to university.

= There will be 6 problem sets. Range: 16~19 chapter of
Essential University Physics by Richard Wolfson.

= All the problems will be related to materials covered Iin class,
problem discussed In class, and homework problems.



Policy for COVID-19

= We follow university guideline about course under
COVID-19.

= Please have facial mask with you

= For students who cannot attend exam due to COVID-19,
they can have test remotely with monitor of web camera.

(https://teams.live.com/meet/9570955571789). The problem
will be posted on eLearn and can be handed via eLearn.
Only students inform me in advance can have test via
eLearn.



https://teams.live.com/meet/9570955571789
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Temperature

Universe just after

. beginning
= Temperature Is one of the seven Sl base
guantities. Physicists measure o [~ Highestlaboratory
temperature on the Kelvin scale, which is S Cartaraiiie Bun

marked In units called kelvins. The
definition of kelvins is given by Boltzmann
constant k=1.3806505x10723 J/K.

= The temperature of a natural system
apparently has no upper limit, it does
have a lower limit; this limiting low
temperature is taken as the zero of the
Kelvin temperature scale.

~ Surface of the Sun
-~ Tungsten melts

Water freezes
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The Zeroth Law of Thermodynamics

= |f bodies A and B are each in thermal equilibrium with a
third body T, then A and B are in thermal equilibrium with
each other.




The Celsius and Fahrenheit scales

Other frequently used temperature scale:
Celsius, Fahrenheit, and Rankine scale.

Conversion between scales:

Te =T — 273.15°

Ty = +Tc + 32°

Temperature °C °F

Boiling point of water? 100 212
Normal body temperature 37.0 98.6

Accepted comfort level 20 68

Freezing point of water® o 32

Zero of Fahrenheit scale =-18 0

Scales coincide —40 |—40

1 K (or 1°C) _9

I°F (or I°R) 5
Mercury

boils .. 1134

Steam
point

____________ Ice point
273 0 492

Nitrogen
boils ---13




Heat

= Heat is the energy transferred between a system and its
environment because of a temperature difference that exists
between them.

= Before scientists realized that heat is transferred energy, heat
was measured in terms of its abllity to raise the temperature
of water. Thus, the calorie (cal) was defined as the amount of
heat that would raise the temperature of 1 g of water from
14.5Cto 15.5°C.

= In 1948, the scientific community decided that since heat (like
work) is transferred energy, the Sl unit for heat should be the
one we use for energy—namely, the joule. 1cal = 4.1868J



The Absorption of Heat by Solids and Liquids

= The heat capacity C of an object is the proportionality
constant between the heat Q that the object absorbs or
loses and the resulting temperature change AT of the
object:

Q =C AT = C(T; — T;)

= Specific Heat: A "heat capacity per unit mass” or specific
heat c that refers not to an object but to a unit mass of the
material of which the object is made.

Q=cm AT =cm(Ty — T;)




Heat Transfer Mechanisms

= We have discussed the transfer of energy as heat
between a system and its environment, but we have not
yet described how that transfer takes place. There are

three transfer mechanisms: conduction, convection, and
radiation.



Conduction

= Consider a slab of face area A and
thickness L, whose faces are maintained
at temperatures T and T+AT, Experiment
shows that the heat conduction rate H
(the amount of heat Q transferred per
unit time t) Is:

Temperature

Temperature T

H_dQ_ kAAT
dt Ax

Where k Is the thermal conductivity with Sl
unit of W/mK




Conduction of a composite slab

If H weren’t the same through both

= |f we consider a composite Slab as SIS p-—-
shown in the figure that contains MAIEE IR,
two different materials with thermal :
conductivity k; and k..

= The heat flow H must be the same

through both slabs, so energy Temperatore T

doesn’t accumulate at the interface:
I =14 I3 — 1T

H=—-k{A = —k,A
! Ax4 ° AXx,




2. Thermal Conduction of Multilayer Insulation

As in the figure, a wall consisting of four layers, with thermal conductivities k1 = 0.060 W /m -K, k3 = 0.040 W/m-K,
and k4 = 0.12 W/m-K (k2 is not known). The layer thicknesses are L1 = 1.5 cm, L3 = 2.8 cm, and L4 = 3.5 cm
(L2 is not known). The known temperatures are T1 = 30°C, T12 = 25°C, and T4 = -10°C. Energy transfer through
the wall is steady. What is interface temperature T347

ky ko ks by
Zerivees

g [Jl I | 142 I | IJS T | IJ4 t

Assuming the conduction rate of each section is Pi, P», P3, Py. Since the heat flow is steady, then we have
= Por—d = Pk

Assuming the unit area of the all is A, according to thermal conduction formula:

leAl(Tl —Ti2) = /'i’v‘zL%(Tm —To3) = A’-3L%(T23 —T34) = k4LA4(T34 — Ty).

We can further simplified it:

%(Tl —Thi2) = %(Tg —Ty)

0.015(m) 0.035(m)
One can find T54 = —4.16°C' (Answer)




Convection

= Convection: The energy transfer
occurs with a fluid motion. When
a fluid, such as air or water,
comes Iin contact with an object
WhOSG temperature iS hlgher than https://commons.wikimedia.org/wiki/File:
that of the fluid, heat can be Convection.gif
transferred due to fluid flow Cool i

Hot I\"i\ing
fluid




Radiation

= The third method by which an object and its environment
can exchange energy as heat Is via electromagnetic
waves. Energy transferred in this way Is often called
thermal radiation.

= The rate P at which an object emits energy via
electromagnetic radiation depends on the object’s surface
area A and the temperature T of that area in kelvins and is
given by
P = ecAT*



Avogadro’'s Number

= All the materials are made out of atoms. Atoms form
molecules, which is the smallest unit of the materials with
the same chemical properties.

= Link between macroscopic mass and atomic mass:. mole

One mole Is the number of atoms in a 12 g sample of
carbon-12.

= The number of molecules in a mole Is:
N, = 6.02 X 10%3(Avogadro’s number)



ldeal Gas Law

= For a gas that the density is low enough, the state of the
gas can be described by:

pV = nRT (ideal gas law)

p: the absolute pressure.

V: volume of the gas.

n. the number of moles of gas present.
T. the temperature in kelvins.

R: gas constant [y J /mol -




ldeal Gas Law

= A different form of idea gas law:

pV = NkKT (ideal gas law)

where:
N: the number of gas molecules.
k: Boltzmann constant

8.31 J/mol-K
-1

=1.38 x 102 J/K

6.02x 1023 mol



3.Ideal Gas

Container A in the following figure holds an ideal gas at a pressure of 5.0x10° Pa and a temperature of 300 K.

It is connected by a thin tube (and a closed valve) to container B, with four times the volume of A. Container B

holds the same ideal gas at a pressure of 1.0x10” Pa and a temperature of 400 K. The valve is opened to allow the
. . - - - - = - 3

pressures to equalize, but the temperature of each container is maintained. What then is the pressure?

=0

A

B

Solution

Before the valve open, the ideal gases in the two containers follows:

paVa =naRTy and ppVp = npRIp

From the given condition, we have py = 5.0 x 10°Pa, pgp = 1.0 x 10° Pa = %pm Ty =300K. Tp = 400K = %TA,
and Vg = 4V},.

Thus, we have ny + ng = 2a¥A 4 psVe _ paVa | 3paVa _ 8paVa

T, WE F A 'B RT A4 RTs  RTa 5 RTa 5 RTa _ _

After the valve is opened, the container will reach new presure p’ for both side while the volume. temperature,

and the total number of molecules are the same.
. p'Va p’Ve _ 17 Va AVa y _ Va y _
Therefore, Tt + 52 = p' (g + R%TA} =p'(dgf;) =na+np=

Then p’ = %pA = 2.0 x 10°Pa (Answer)




Pressure due to change of momentum

= Atypical gas molecule, of mass m and velocity v , that is
about to collide with the shaded wall.

= The only change in the particle’s momentum is along the
X axis, and that change Is Before —

molecule
collides with
the wall, 1t
exerts a force
on lhc wall .

Onl\ the x- ; i
L()l]]p()ll ent h ﬁ

ch anges > F

Yy ... and the
% wall exerts
After a force on
the molecule.

Wall




Meaning of temperature for idea gas molecules

= At a given temperature T, all ideal gas molecules—no
matter what their mass—have the same average

translational kinetic energy—namely, %kT. When we

measure the temperature of a gas, we are also

measuring the average translational kinetic energy of its
molecules’ random motion.




Thermal speed speed and temperature

= We introduce thermal speed or root-mean-square speed
of the molecules and symbolized by v, or v,.,,.. And we

have v,, = vV v2.

= We can find

3KT
N m

= The microscopic quantity vy, Is linked to macroscopic
guantity T



Example

A gas mixture consists of molecules of Helium (He, atomic
mass=4), Neon (Ne, atomic mass=20), and Argon (A,
atomic mass=40). The gas Is at a status of equilibrium.

Rank the three types according to (a) average kinetic
energy (b) Thermal speed



Example

A gas mixture consists of molecules of Helium (He, atomic
mass=4), Neon (Ne, atomic mass=20), and Argon (A,
atomic mass=40). The gas Is at a status of equilibrium.
Rank the three types according to (a) average kinetic
energy (b) Thermal speed

(a) The kinetic energy Is the same(K,. = K\, = K,,) because
it Is only related to temperature:

(b) The Vi, he > Vinne > Vinar DECaUSE v, = \/@




Maxwell's speed distribution law

= In 1852, Scottish physicist James Clerk Maxwell first
solved the problem of finding the speed distribution of gas
molecules. His result, known as Maxwell’'s speed

distribution law, Is

3/2 )
) v2 ¢~ Mv?/2RT

M:the molar mass of the gas,
R:the gas constant,

T. the gas temperature

v :the molecular speed.




Maxwell's speed distribution law

—
.

—_—
—

/;\rca = P(v) dv

—» 1 <—|dv

T=300K

—_
—_—
o
x

e

|
p—
S
—
p—
~~
—
e
~
~~

200 400 600 800 1000 1200

Speed (m/s) 200 400 600 800 1000 1200
Speed (m/s)




Phase Changes and Heats of Phase

Transformation (Latent heat)
= Most substances occur in three phases—solid, liquid, gas.

= |t takes energy, heat of transformation, L to effect phase
changes from solid to liquid and liquid to gas. Example:
melting and vaporization

= The amount of energy per unit mass that must be

transferred as heat when a sample completely undergoes
a phase change is called the heat of transformation L.




Heats of Phase Transformation (Latent heat)

ne solid-liquid transition involves the heat of fusion, L..
ne liquid-gas transition involves the heat of vaporization, L.,

ne direct transition from solid to gas involves the heat of
sublimation, L..

(1 kg of water)
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Thermal expansion

Most materials expand when heated.

= Liquids are best characterized by the coefficient of
volume expansion, B8, which is the fractional change
In volume per unit temperature change:

AT
= Solids are best characterized by the coefficient of

linear expansion, a, which is the fractional change In
length per unit temperature change:

= Typical values are



4. Thermal expansion

As a result of a temperature rise of 32 C°, a bar with a crack at its center buckles upward as shown in the following
figure. The fixed distance L0 is 3.77 m and the coefficient of linear expansion of the bar is25x10°/C°. Find the

rise x of the center.

Solution:
After the temperature rise of 32 C°, the new total length is L' = aLoAT

Thus, = = \/(%]2 — (%Q]? = LUV/(IJFE&T}Z_I = 7.5cm (Answer)




Heat and Energy

Potential energy of
falling weights

= From previous discussion, we know becotnes kineTi

energy of the paddle.

that heat Is a form of energy. A 7N
conversion: 1cal = 4.1868J '-

Heat from the
flame raises
water’s internal
energy and
therefore its

The spoon’s mechanical
..work similarly raises

lClnPCl'lllU e . ,__ internal energy and

hence temperature.

The paddle’s kinetic energy in turn
becomes internal energy of the water,
indicated by rising temperature.




A gas system transferring heat to work

= The system (the gas) starts from
an initial state 1. described by a
pressure p;, a volume V,, and a
temperature T..

= The final state f. described by a
pressure p;, a volume V, and a
temperature T..

= The procedure from its initial
state to its final state iIs called a
thermodynamic process.

reservoir




Work done on the gas

= The work done on the gas to the
piston at a small displacement is:

dW=-Fdx=-pAdx=-pdV

= The work done on gas during
change from state with volume
V, to state with volume V.;:




The first law of thermodynamics

= When a system changes from a given initial state to a
given final state, both the work W and the heat Q depend
on the nature of the process. Experimentally, however, we

find a surprising thing: The quantity Q + W is the same for
all processes.

= The quantity Q + W must represent a change in some
Intrinsic property of the system. We call this property the
Internal energy E;, and the first law of thermodynamics Is:




Meaning of the first law of thermodynamics

= |f the thermodynamic system undergoes only a differential

change:

= The internal energy dE;, of a system tends to increase If
energy Is added as heat Q and tends to decrease If
energy Is lost as work W done by the system. Therefore,
the first law of thermodynamics Is conservation of energy.



Quasi-static process

= To describe the status of ideal during I
thermodynamic processes, the system et e
changes but is always in thermodynamic S
equilibrium and follows a continuous path in

Its pressure- versus-volume (pV) diagram.

= Any process carried out slowly enough to be
guasi-static is reversible.

= |n contrast, an irreversible process is the
system goes temporarily out of equilibrium,
without well-defined values for temperature,
pressure, and other quantities.

P2 Vo, T




1. The First Law of Thermodynamics

The bottom figure represents a closed cycle for a gas (the figure is not drawn to scale). The change in the internal
energy of the gas as it moves from a to ¢ along the path abe is -200 J. As it moves from ¢ to d, 180 J must be
transferred to it as heat. An additional transfer of 80 J to it as heat is needed as it moves from d to a. How much

work is done on the gas as it moves from ¢ to d?

P

V

Solution:
Since process abeda is a close cycle, the change of internal energy is zero. Given the internal energy change

of process abe is -200J, we can conclude that the internal energy change of proces eda is 200J. In process ¢ to d,
assume the work done on the gas is W4 and the heat absorbed by gas is 180J. In process d to a, the work done is
zero (no volume change) and the heat absorbed by gas is 80J. .

According to the first law of thermodynamics: AE = Q — W, we can write down:

AE 3, =200J = Qg + Quo — Weog — Wy, = 180J +80J — W, — 0J

Thus W.q = 260J — 200J = 60.J (Answer)




Summary of ideal gas processes

Table 18.1 Ideal-Gas Processes

ISOTHERMAL CONSTANT-VOLUME ISOBARIC ADIABATIC

Isotherm

pV diagram

Defining characteristic I' = constant V = constant = constant

First law - —W Q= AE.. = AE, — W : T
_ P2Va— piVY,
¥~ ]
Other relationships = constant Q = nCyAT = nC,AT = constant
» = Cy + R constant

Work done on gas = —nRT ln<— W=20 =—p(V, — V)




Example: Bubble in isothermal process

= A scuba diver is 25m down, where the pressure is 3.5atm.
The air she exhales forms bubbles 8.0mm in radius. How
much work does each bubble do as it rises to the surface,

assuming the bubbles remain at the uniform 300K of
water.




Example: Bubble in isothermal process

= The process is isothermal process(temperature Is constant).
For ideal gas, the work done Iin isothermal process is: —IW =

nRTIn(
1

= From ideal gas law : pVV = nRT, we can know that n, R, T are
all constant for the bubble in isothermal process. We have

pV =p (g nr3) = nRT = constant. This means the volume will

expand by a factor of 3.5 since the pressure Is reduced from
3.5atm to latm.

= Therefore, —W = nRTlIn (%

1

) = pgnr3ln(3.5) = 0.95]



Example: an Adiabatic Process: Diesel Power

Fuel ignites in a diesel engine because of the
temperature rise that results from i Colinder™ |
compression as the piston moves toward the [JS—Eepay
top of the cylinder; there’s no spark plug as [ N
tin a gasoline engine. Compression Is fast
enough that the process Is essentially
adiabatic. If the ignition temperature is 500°C,
what compression ratio Vmax/Vmin Is
needed? Air’'s specific-heat ratio y is 1.4 and
before compression the air is at 20°C.




Example: an Adiabatic Process: Diesel Power

Since the process Is adiabatic, the gas
)/—1 — )/—1 inder” [
follows T,inV. .~ = ThmaxVinax - 1herefore, we | Il

Piston

min
can find out that:
1 1
Vmax _ (Tmm)m: (7731{)07: 11
Vinin T ax 293K




Cyclic Processes

Cyclic processes combine the basic processes of other thermodynamic
processes to take a system around a complete cycle and back to its
starting state.

o Cyclic processes are important in technological systems like engines.

= The net work done on a gas in a cyclic process can be found from the
area enclosed by the process curve in the pV diagram.

Work is done by the gas as it goes

C
[=

from state B to state A.

Work done on the gas as it goes from Net work done on the gas
state A to state B is the entire shaded area. during the whole cycle is
o the area encircled by the
closed path.

P
:




Example: Finding the work of a cyclic process

An ideal gas with y = 1.4 occupies 4.0L
at 300K and 100 kPa pressure. It's
compressed adiabatically to one-fourth of
its original volume, then cooled at
constant volume back to 300K, and finally Volume, V(L)
allowed to expand isothermally to its

original volume. How much work is done

on the gas”?

/\
o

L=

Q_
5)
.
o)
)
)
&
(A




Example: Finding the work of a cyclic process

= The cyclic process can be expressed as the
path A-B-C-A in the right plot. The work
done on the gas of this process is the area
In the close loop. We need to find our work
done In every process.

= |t Is adiabatic compression from Ato B. We
have p,V,* = pgVgY. So, we have

pg = Pa(V4/Vg)¥= 696.4kPa

Ve — 0,4V
WAB=pB B pAA=74_1]

y —1

/\
o

L=

Q_
5)
.
o)
)
)
&
(A

Volume, V(L)




Example: Finding the work of a cyclic process

= There iIs no work done from B to C

= |t Is Isothermal expansion compression
from C to A. We have:

V
Wea = —nRTIn (V_A> = —paVyln <—> Volume, V(L)
C

= —(400))(In4) = —555]

= Thus the total work done on the gas is

/\
o

L=

Q_
5)
.
o)
)
)
&
(A




5. The Adiabatic and Isothermal Expansion of an Ideal Gas

The following figure, shows two paths that may be taken by a gas from an initial point i to a final point f.
Path 1 consists of an isothermal expansion (work is 50 J in magnitude), an adiabatic expansion (work is 40 J in
magnitude), an isothermal compression (work is 30 J in magnitude), and then an adiabatic compression (work is
25 J in magnitude). What is the change in the internal energy of the gas if the gas goes from point i to point f
along path 27

P

/Palh 1
P Isothermal

Y 1

»

Path 2~ /7—Acliabatic
A

[sothermal Py

V

Solution

Since internal energy only depends temperature, the change in the internal energy of the gas goes from point i
to point f along path 2 will be the same along path one. For path one, there is no change in internal energy in all
the isothermal process and the work is equal to heat according to the rst law of thermal dynamics. There is heat
exchange in all the adibatic process and the work is equal to change of internal energy. Thus, only the two adiabtic
processes have change in internal energy and therefore AF;_, , = (—40J) + (+25.J) = —15J (Answer)




Specific heat of monatomic ideal gases

we are now able to derive an expression for the molar
specific heat of monatomic ideal gas. There will be two
cases:

= C, (specific heat of constant volume):

The volume of the gas remains constant as energy Is
transferred to or from it as heat.

= Cp (specific heat of constant pressure):

The pressure of the gas remains constant as energy Is
transferred to or from it as heat.



Cv of Monatomic ldeal Gases

= \WWe can conclude that the molar specific
heat at constant volume of monatomic
Idea gas Is:

Cy = %R = 12.5J/mol- K (monatomic gas)

The temperature

increase is done

without changing
the volume.

Molecule Example Cy (J/mol - K)

Monatomic | Ideal gR =12.5

Real He 12.5

Ar 12.6



Cp of Monatomic Ideal Gases

With constant pressure, the gas does
work:

W =pAV =nR AT

And change of internal energy Is:

AEy: = nCy AT (ideal gas, any process)

The temperature
increase is done

ThUS, nCpT — nCVAT — nRT and without changing

the pressure.

Volume




Degree of freedom vs specific heat

Degrees of Freedom Predicted Molar Specific Heats

Molecule Example Translational Rotational Total (f) Cy (Eq. 19-51)

Monatomic He

Diatomic O,

Polyatomic CH,




Example: Specific Heat of gas mixture

= A gas mixture consists of 2.0mol of oxygen (O2) and 1.0
mole of argon (Ar). Find the volume specific heat of the
mixture.



Example: Specific Heat of gas mixture

= A gas mixture consists of 2.0mol of oxygen (O2) and 1.0

mole of argon (Ar). Find the volume specific heat of the
mixture.

= For O2, the degree of freedom of the molecule is 5:
Cy o2 = ER. Argon Iis monatomic molecule gas: C,, 4, = %R.

= For the mixture we can find:

nOZCv o2 T nAer Ar
C, = — L = 2.2R
Np2 Ny




Osclllational degree of freedom

= The Cv of oxygen actually depends on temperature.
Shown in the plot is the Cv of H, gas. At higher
temperature there will be another R added in for Cy,
which associated with two atom vibrating respect to COM.

50 100 200 500 1000 2000 5000 10,000
Temperature (K)




Definition of Entropy

= Entropy Is a state property just like pressure and volume
that describing the status of a system at a certain state.

= Since we know the change in entropy can tell the
direction of a process, we start the definition with
changing in entropy:

Change in entropy S; — S, of a system during a process that

takes the system from an Initial state | to a final state f as




Finding entropy In a process

= In this case, we use an isotherm
process to find out change of entropy
from state i to f:

Pressure

AS=5;-5; = % (change in entropy, isothermal process)

= To keep the temperature T of the gas Yol
constant during the isothermal
expansion, heat Q must have been o
energy transferred from the reservoir
to the gas. Thus, Q is positive and the
entropy of the gas increases during the
Isothermal process and during the free
expansion. Volume

/— Isotherm
'
&

T

Pressure




Example: Entropy change of two blocks coming
to thermal equilibrium

Two identical copper blocks of mass m = 1.5 kg: block L at temperature T;
= 60°C and block R at temperature T, = 20°C. The blocks are in a
thermally insulated box and are separated by an insulating shutter. When
we lift the shutter, the blocks eventually come to the equilibrium
temperature Tf = 40°C. What is the net entropy change of the two-block
system during this irreversible process? The specific heat of copper is 386
J/kg-K.

Movable
shutter

Insulation

Irreversible
process




Entropy change of two blocks coming to
thermal equilibrium

= Key:To calculate the entropy change, we must find a
reversible process that takes the system from the initial
state to the final state. We can calculate the net entropy
change AS,,, of the reversible process using, and then
the entropy change for the irreversible process is equal to

AS rev Movable i
z

shutter

Insulation

Irreversible
process




Entropy change of two blocks coming to
thermal equilibrium

For the reversible process, we need a thermal reservoir

whose temperature can be changed slowly (say, by turning
a knob).

Insulation

Reservoir

(a) Step 1 (b) Step 2




Entropy change of two blocks coming to
thermal equilibrium
The entropy change AS, of block L during the full

temperature change from initial temperature T, (= 60°C =
333 K) to final temperature T; (=40 C = 313 K) is

(1.5 kg) (386 J/kg - K) In
—35.86 J/K.

Reservoir




Entropy change of two blocks coming to
thermal equilibrium
With the same reasoning used to find AS,, you can show

that the entropy change ASy, of block R during this process
IS

313 K
293 K

(1.5 kg) (386 J/kg - K) In
+38.23 J/K.




Entropy change of two blocks coming to

thermal equilibrium

= The net entropy change ASrev of the two-block system
undergoing this two-step reversible process is then

AS; + ASp

~35.86 J /K. + 38.23 J/K = 2.4 J/K.

Thus, the net entropy change AS. ..., for the two-block

irrev

system undergoing the actual irreversible process is
ASirev = ASpey = 2.4J/K. (Answer)

This result is positive, in accordance with the entropy
postulate.




The 2" Jaw of thermodynamics

If a process occurs in a closed system, the entropy of the
system increases for irreversible processes and remains
constant for reversible processes. It never decreases.

AS > 0 (second law of thermodynamics)



Heat Engine

= A heat engine, or more simply, an engine, is a device that

extracts energy from its environment in the form of heat and
does useful work.

= The invention and improvement of steam engine start the
Industrial Revolution.

(L™
llllll

_ , https://en.wikipedia.org/wiki/Engine#/media/File
https://en.wikipedia.org/wiki/File:WattsSteamEngine.jpeg ‘Mercedes_V6_DTM_Rennmotor_1996.jpg




Cycle in Heat Engine

= At the heart of every engine is a working substance. In a
steam engine, the working substance is water, in both its
vapor and its liquid form. In an automobile engine the
working substance is a gasoline—air mixture.

= The working substance must
operate in a cycle; that is, the
working substance must pass
through a closed series of
thermodynamic processes
(strokes).
/www.pinterest.com/pin/820218150879612794/




ldeal Engine and Carnot Engine

= | et's use ideal gas as working substance (obeys the
simple law pV = nRT).
= |n an ideal engine, all processes are reversible and no

wasteful energy transfers occur due to friction and
turbulence.

= French scientist and engineer N. L. Sadi Carnot who first
proposed the engine’s concept in 1824.He was able to
analyze the performance of this engine before the first
law of thermodynamics and the concept of entropy had
been discovered.



Scheme of Carnot Engine

Schematic of
a Carnot engine

Heat is
absorbed.

. Work is done
Heat is lost. Q. by the engine.




Carnot Cycle

Carnot cycle is how a working substance cycling in a Carnot
engine. It contain four steps: Isothermal expansion(ab), adiabatic
expansion(bc), isothermal compression(cd), and adiabatic
compression(da).

Stages of a
Carnot engine i

Isothermal; ¢
/ heat is absorbed Adiabatic:

1(3,, Positive work
is done.
b
\.w
hy
(¢

no heat

Isothermal:

Adiabatic: Negative work heat is lost

no heat is done.




Analysis of Carnot Cycle
ab: No change in E, .. Absorb heat Q,,. Do positive work to outside.
bc: Decrease in E; .. No heat exchange. Do positive work to outside.

cd: No change In E; .. Release heat Q,. Do negative work to outside.
da: Increase In E; .. No heat exchange. Do negative work to outside.

Stages of a
Carnot engine VR Isothermal:

/ heat is absorbed Adiabatic:
no heat

~~ Positive work

/I
1‘3“
/ is done.
b

\‘W |
(

Isothermal:

Adiabatic: Negative work — heat is lost

no heat IS done.




Summing up of Carnot Cycle

= With above analysis, we can see that after one cycle:
Work done W: the colored area in the p-V plot
AE;.. = 0, since it goes back to a state.

Total heat absorbed: Q,-Q, .
With 1stlaw of thermodynamics: W= Q,,-Q,

Schematic of

Stages of a
a Carnot engine

Carnot engine o Isothermal: a
/ heat is absorbed Adiabatic:

1(3,, Positive work
is done.
b
\'w
1 hy

no heat

Heat is
absorbed.

Work is done

Isothermal: Heat is lost. 0O by the engine.

Adiabatic: Negative work heat is lost
no heat is done.




Entropy change in a Carnot Cycle

Total entropy change: AS,, ;. = % — %
H L

Since entropy Is a state function and we go back to a(AS,,.;. = 0):
Q _Q
Ty Ty

Stages of a
Carnot engine \a

Isothermal: a
/ heat is absorbed Adiabatic:

- no heat
1(3,, Positive work
is done.
b
\.w
> AII‘I

Adiabatic: Negative work
no heat is done.

&~
o
=
—
©
3,
o
&
o

~

Isothermal:
heat is lost

Entropy S



Efficiency of a heat engine

= | et's consider what is efficiency of a heat engine:
We measure its success in doing so by its thermal efficiency €

energy we get  |W|

(efficiency, any engine)

energy we pay for  |Qy|

Schematic of
a Carnot engine

In a cycle:

Heat is Qxn
absorbed.

£ — 1Qu|—|Qr] _

Work is done
Heat is lost. Q. by the engine.




Efficiency of a heat engine

In a Carnot cycle:

(efficiency, Carnot engine

where the temperatures T, and T, are in

Schematic of

kelvins. Therefore, the efficiency Is a Camot engine

decided by the thermal reservoirs’
temperatures. o >
Because T, < T, the Carnot engine

necessarily has a thermal efficiency less
than unity—that is, less than 100%. -l '

Work is done
by the engine.




No perfect engine

= The inventor’s dream is to produce the
perfect engine, as the figure, in which is
reduced to zero and is converted
completely into work.

= A perfect engine is only a dream: we can
achieve 100% engine efficiency (that is, € =
1)onlyif T, =0 or T, — =, which is an
Impossible requirements.

= No series of processes is possible whose
sole result is the transfer of energy as heat
from a thermal reservoir and the complete
conversion of this energy to work.

Perfect enging




The 2" Jaw of thermodynamics
(Kevin-Planck Statement)

It iIs Impossible to construct a heat engine operating in a
cycle that extracts heat from a reservoir and delivers an
equal amount of work.



Example: Impossibly efficient engine

= An inventor claims to have constructed an engine that
has an efficiency of 75% when operated between the
boiling and freezing points of water. Is this possible?
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Example: Impossibly efficient engine

= An inventor claims to have constructed an engine that
has an efficiency of 75% when operated between the
boiling and freezing points of water. Is this possible?

We find that the efficiency of a Carnot engine operating
between the boiling and freezing points of water Is

0+4273) K
(" ) = 0.268 ~ 27%

(100 + 273) K

Thus, for the given temperatures, the claimed efficiency of
/5% for a real engine (with its irreversible processes and
wasteful energy transfers) is impossible.



Refrigerators

= Arefrigerator is a device that uses work in order to
transfer energy from a low-temperature reservoir to a
high-temperature reservoir as the device continuously
repeats a set series of thermodynamic processes.

= |n an ideal refrigerator, all processes are reversible and

no wasteful energy transfers occur as a result of, say,
friction and turbulence.

= |f we do backward loop of Carnot cycle, we can
obtained a Carnot refrigerator!



Scheme of Carnot Refrigerators

Schematic of
a refrigerator

Heat
Is lost.

Work is done
on the engine. | absorbed.




Efficiency of a refrigerator

= As our analysis of engine, the efficiency of a refrigerator is:

= what we want QL

St wepag for, (W (coefficient of performance, any refrigerator)

With 1st law of thermodynamics:

B Q1]
.= Qu|—|Qy |

= For a Carnot refrigerator:

14

Ko =
¢~ -1

(coefficient of performance, Carnot refrigerator)




No perfect refrigerator

= A perfect refrigerator that transfers

energy as heat Q from a cold reservoir to ;fft‘;;;jfg?‘j;a;f'
a warm reservoir without the need for cold to hot

work.

= The entropy changes due to two

reservoirs in one cycle are: il
T, Tu

= With the 2"d law of thermodynamics, it is
required that T, < T. Thus efficiency can
only be 1whenT, = Ty. Thisis not a
refrigerator. Thus no perfect refrigerator.




The 2" Jaw of thermodynamics
(Clausius Statement)

It is Impossible to construct a refrigerator operating in a
cycle whose sole effect is to transfer heat from a cooler
object to a hotter one



Carnot’s theorem

All Carnot engines operating between temperature T,, and T,
have the same efficiency: '

And no other heat engine operating between the same two
temperatures can have a greater efficiency.

Carnot
refrigerator

Perfect

refrigerator




Multiplicity of molecules

= Define multiplicity of configuration as following:

W = —_  (multiplicity of configuration)

nl! ’nzl

N: total number of molecules. n1: molecules in right box, n2:
molecules in left box




Multiplicity of molecules

Configuration Multiplicity W (number of  Calculation of W
microstates)

Label n, no
6!/(6!0!)=1
6!/(5! 1) = 6

6!/(4! 2!) =15

6!/(3! 3!) =20

6!/(2! 4!) =15
6!/(1!5) =6
6!/(0! 6!)=1

Total = 64




The central configuration peak

= When N=102%2, nearly all the microstates correspond to an
approximately equal sharing of the molecules between
the two halves of the box; those microstates form the
central configuration peak on the plot.

Central
(‘()n[igurali()n
peak
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Probability and Entropy

= |n 1877, Austrian physicist Ludwig
Boltzmann (the Boltzmann of
Boltzmann’s constant k) derived a
relationship between the entropy S of a
configuration of a gas and the multiplicity
W of that configuration.

ARTHUR )
BOLIZMANN
M l‘.ﬂﬂl‘l&m

YOWIG |
ROLIZMANN ¥
1123 = 1083

=Y \ k3

S=kIn W (Boltzmann’s entropy equation)
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