Tuesday April 18

Topics for this Lecture:
* Thermodynamics
Kinetic Theory
|deal Gas Law
 Laws of Thermodynamics
* PV diagrams & state transitions

* Assignment 14 due Friday
* Pre-class due 15min before class

Ideal Gas:
* PV=nRT=NKkgT

*R=8.31 J/mol*K

ek = R/N, = 1.38x102J/K
« PV=(1/3)M(V,1)?

*VRrMS = \/_

1st law of thermodynamics:
*AU = Q'\NBySys.tem

Work by a gas = area under PV-curve

The comprehensive final is
Thursday April 27t 7:00-9:00pm in
Walter Hall (room depends on your last name).

Date: 04/27/2017

Time: 7:00 pm — 9:00 pm

Room : Walter 135 [Last Name: A-G ]
Walter 145 [Last Name: H - N ]
Walter 235 [Last Name: O -Z ]

If you have an exam-schedule conflict,
immediately email letting
Prof. Hla know which of your other
exams conflicts with this one.
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Thermodynamics
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Thermodynamics: Definitions

» Gas: Fluid which fills its container
|deal Gas:
*Low density gas, such that only classical collisions occur between molecules
e Every-day air around you is roughly like this ...so it's a useful approximation
» Usually can understand ideal gases by considering microscopic interactions

* At a given instant, a gas is in a “state” and is described by: “State Variables”,
*E.g. pressure P, volume V, number of molecules N, temperature T,
internal energy U, entropy S HEY LADIES

| _ots of particles in a gas...so define the concept of a “mole”
|+ 1mole = 6.02x1023 molecules = 1N, of molecules Avogadio’s Number

K7

— TAKE MY NUMBER
* Periodic table notes the # of grams per mole for an atom,

e.g. 28.09 grams of silicon is 1 mole of silicon atoms
 The number of moles of an item is described by n
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What is the mass in grams of 3 moles of CO,? a

(A) 3¢9 (B) 9.3 g (C)14.7¢
(D) 28 g (E) 44 g | (F)132g |
Mass of atoms in
atomic mass units,
1. Mass/mole = 1*(Carbon mass/mole) + 2*(Oxygen mass/mole) | “u”. 1u = 1g/mol
2. Mass/mole = 1*12u + 2*16u = 44u
3. Mass of 3 moles = 3*Mass/mole = 3*44u = 132g Hydrogen (H) 1u

Helium (He) 4u
Lithium (Li)  6u
Beryllium (Be) 8u
Boron (Bo) 10u
Carbon (C) 12u
Nitrogen (N) 14u
Oxygen (O) 16u




Gas Laws: Relationships between state variables SURE. SCIENTISTS COME |
UP WITH GREAT, WILD

THEORIES, RUT
« " TL? THEN THEY GIVE
* “ldeal Gas Law": Sy | nen L,
2 ) UNIMAGINATWY
*|PV = nRT | %

e P = pressure, V = volume, n = number of moles,
R = Ideal Gas constant, T = temperature

e R =8.31 J/(mol*K)

o ...alternate form:
PV=NkgT

* N = number of molecules,
kg = Boltzmann constant = R/N, = 1.38x10-23 J/K

" NN*"':_‘S/_/
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Calvin & Hobbes

Use absolute S| units:

C o : w. Vi V§ le. [T] = Kelvin,
» Constant P & n: “Charles’ Law™: T Ty [P] = Pascal [absolute]

» Special cases for Ideal Gases:

* ...heating a gas will increase its volume
« Constant T & n: “Boyle’s Law”: P;V; = P¢V;
* ...Squeezing a gas into a smaller volume will increase the pressure




Consider two gas-filled cylinders which have the same volume and s
same temperature. Cylinder A is filled with O,. Cylinder B is filled with CO.,.

There are the same number of moles of molecules in each cylinder.

Which cylinder has the greatest pressure?

(A P>Py  [(B)Pa=Ps |  (C)PasPg
Mass of atoms in
unified mass units,
1. PV=nRT ...irrespective of molecule type “u”. 1u = 1g/mol
2. P=(NRT)V
3. Since n, T, & V are all the same, P is the same. Hydrogen (H) 1u
Helium (He) 4u
. Lithium (Li)  6u
Fun Fact: ( | Beryllium (Be) 8u
1 mole of any gas at “STP’ Boron (Bo)  10u
(standard temperature and pressure, Latm, 273K) Carbon (C) 12u
occupies ~ 22 [iters. Nitrogen (N)  14u
Oxygen (O) 16u




Consider two gas-filled cylinders which have the same volume and a
same temperature. Cylinder A is filled with O,. Cylinder B is filled with CO.,.

There is the same mass in each cylinder.

Which cylinder has the greatest pressure?

| (A P>Ps | (B)Pa=Pg (C) Pa<Pyq
Mass of atoms in
unified mass units,
1. PV=nRT “u”. 1u = 1g/mol
2. Both cylinders contain the same mass, but CO, is heavier per
molecule. Hyc!rogen (H) 1u
3. So, cylinder B must have fewer molecules (i.e. lower n) Helium (He)  4u
4. For a fixed V and T, lower n means lower P. Lithium (L)~ 6u

Beryllium (Be) 8u

Boron (Bo) 10u
Carbon (C) 12u
Nitrogen (N) 14u
Oxygen (O) 16u




Suppose | triple the pressure of a gas and double the volume, while a
keeping the number of molecules same.
What would be the ratio of temperatures, Taue/ Tgefore?

(A)1/6 (B)2/3 (C)3/2

WN P
=T
o
<
5
D

4. PA:S*P v = 2%V/g. Ny = Ng
5. T, = (3*PB)*(2*VB)/nBR 6*T,
6. T,/Ty =6



Kinetic Theory: A microscopic view of gases

» Gas properties can be thought of as arising from
the interactions of its microscopic constituents

« Assume gas molecules are like billiard balls,
bouncing off of the walls & each other

* The large number of interactions gives the gas
molecules similar average properties, e.g. kinetic
energy, which we can assign to a global property

of the gas, e.g. temperature. | Most probable speed is near 400 m/s

* For a given temperature, i A,

ar

can define a typical velocity: 3 / \ 300 K

- / A\

« “Root mean square velocity”

'lVRMS = \/F |
» For a given temperature,
the average kinetic energy for
gas molecules is:
3

KE = ~mviy, = >kT

unmit speed interval

Percentage of molecule

This is why planets need
a critical mass to
maintain an atmosphere!

Most probable speed is near 800 m/s

2
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Recall that massive objects have an associated “escape velocity”, which is s
the speed required to overcome the gravitational pull of that object.
Which type of gas is most likely to escape from our atmosphere?

I (A) Hydrogen I (B) Helium (C) Neon (D) Xenon
100 =
0| (e
3 " , .:5‘5‘3 {';a_-. v 4 0"
1. KE = EkBT = S MVpmg ES0| | 4 o hf‘:ﬂlwm
2. For a given atmospheric temperature, £20 nepine
all gas molecules will have the same g - Ut -“enum,th’"
average kinetic energy. < g | .ﬂd
3. For the same KE, a smaller mass will lead ol ”,wlﬂ':m ﬂ’:f; on®’
to a larger velocity. : ¥Ganymede Mercuryyen®
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Laws of Thermodynamics: Brief Overview

e Ot law:
* Two systems in equilibrium with a third system are in equilibrium with each other.
» Basically just define temperature here: if T,=T. and Tg=T, T,=Tg.

o 15t law:

* When a system absorbs or emits energy (via work, heat, or matter),
the internal energy of the system changes accordingly.

* This is just a statement that energy is conserved.
e 2Md |aw:

» Entropy (a.k.a. disorder) of interacting systems increases.

» Consequence: Heat doesn’t spontaneously flow from a cold object to a hot one
e 3 Jaw:;

» Entropy (a.k.a. disorder) of a system approaches 0 at OK (“absolute zero”).

» Consequence: Engines have a limited maximum efficiency. And, since you would

need an engine to do the cooling, you can’t cool something to absolute zero.
FREE LUK

Upshot: You can’t get out more energy from a system than
you put-in. i.e. there are no “perpetual motion” machines.



1st Law of Thermodynamics: The Math Sect 15.1

* When a system absorbs or emits energy (via work, heat, or matter),
the internal energy of the system changes accordingly.

» This is just a statement that energy is conserved.

* If we define U as the internal energy of a system, Q as heat added to the system
(-Q if removed), and W as work done by the system (-W if work done on the system),

then,

* | AUSystem = QToSystem ) WBySystem W=pOS_It.IV€, W:neg_a_tlve’
Q=positive Q=positive
Surroundings Surroundings

“system’ = what we care about

“surroundings’ = everything else
System System

£\ /N

Work Heat Work Heat

(i) ()



A system containing 0.5 moles of diatomic nitrogen gas is placed over a hot
plate, which adds 3000J of heat into the system. At the same time, the
surroundings compress the gas, doing 1500J of work on the system.

What is the change of internal energy of the gas in the system?

(A) -4500J (B)-15003 | (C)4500] | (D) 15003

1.AU=Q-W
2. Q is the heat added to the system. Here: 3000J.
3. W is the work done by the system.
For work done on the system, we use -W. So W = -1500J.
4. Therefore,
AU = 3000J - (-1500J) = 4500J




Transitions between states & PV diagrams Sect 15.2

A “state” of a system has a defined set of conditions,
e.g. pressure, temperature, volume, number of molecules, internal energy

« Changing from one state to another is a “transition”.

«We will commonly represent transitions on diagrams indicating
the pressure & volume for the system in the states and during the transitions.
These are PV diagrams: state A

 Transitioning from one state to another
(or many others) and back to the same
Initial state is a “cycle”.

*For a full cycle: AU =0




Work from a gas: Solution via PV diagrams Sect 15.2

v B et “
* Recall, Work = Force*Displacement:. W=F*Ax . g l 1,.
* Recall, Force from a Gas = Pressure*Area: F=P*A : y \'
» S0, the work done by a gas pushing-up a piston is, e ' >
W = F*Ax = P*(A*AX) = P*AV
« If the pressure is constant, .
*['Isobaric Transition”: AU = Q — P*AV |
*On a PV diagram, can calculate work P v > '
by integrating the area under the curve! " I 1
2 - Work = Area |
: . g nside of thi
 This holds true in general! - = i S’ﬁ;&eiofegi;i 5
A Work done by system going s | :
from A to B is the area o | :
under this curve _l_'l . < Vi Vs
—T— H Volume

B Can solve for work for

more complex cases by
integrating graphically.

>
o

Pressure

Volume




Which of the following PV diagrams correspond to negative work done by
the system?

(A)A&B | BD&E | (C)C (D) ARE
Pl _, P \ P x P / P
Vv Vv Vv \' Vv
(A) (B) (©) (D) (E)

1. W =P*AV

2. If a gas is expanding (i.e. V is increasing) it is doing work.

3. If a gas is contracting (i.e. V is decreasing) work is done on it,
a.k.a. the gas is doing negative work.

4. (D) and (E) are gases contracting, so they are doing negative work.



Transitions 1, 2, and 3 all begin at state A and end at state B.
For which transition is the work done by the system the greatest?

(B)2 (C)3 (D) Allthe same
P| A

1. Work = area under the curve in a PV diagram
2. Greatest area = greatest work. (3)
3. Transition 1 has the largest area below. B

 Since each transition goes between the same pair of states,
the internal energy change (AU) is the same.

t —
* From the 1stlaw, AUgygem = Qrosysiem — Waysystem

* SO’ QToSystem = AUSystem + WBySystem
» Therefore, transition 1 also has the greatest amount of heat added to

the system.



Isochoric transition: Transition with no work

- = = Pf ——————— -
* |f a sealed container is heated, s o

pressure increases, but volume is fixed. R 2 A
W =P*AV =P*0=0 For isochoric &

AU=Q-W=Q-0=Q transitions e | I 4

I

I

=

Volume
;‘1 . (b)



Isothermal transition: Transition with no internal energy change

* If a gas in a container is slowly compressed,
work will be done on the system without it heating up.
* For this transition type, AT =0,
«So, AU = 0.
e Therefore, 0 = 0O — W, i.e.

*Waysysiem = Qrosystem  FOV (S0thermal
transitions

*i.e. all the heat added goes into work done by the gas

Pressure

Metal cylinder

1

Hot water at temperature T

i)

Isotherm

, _ nRY
}

Sect 15.2




Adiabatic transition: Transition with no heat transfer Sect 15.2

Metal cylinder

o If work (e.g. compression) is done on a thermally
Isolated system, heat will not be transferred, but the
Internal energy will change.

* For this transition type, Q =0,

*So,AU= Q-W=0-W=-W

¢ BySystem = 'AUSystem For adl,abatlc
transitions

*i.e. all the work done on a system changes the TIPS "
internal energy. (a)
Or, only changes in the internal energy allow the
system to do work.

* This can be a good approximation
for really fast transitions,
because there isn’t time
for heat exchange.
E.g. Supernova remnant expansion:

-

Adiabatic curve

S

Pressure
; /
/
: /,




Cycles: Transitions that form a loop in a PV diagram

« For afull cycle: State A->B->C->D->A P 1 A B
* AU = AUpg + AU + AUcp + AUp, =0
* Whet = Wpg + W + Wep + Wiy
* Qnet = Qug + Qac + Qep *+ Qpa D C

* For example, for the cycle A->D on the right v
AU, =0, as for all cycles
« W, >0, since the area under A->B is greater than the area under C->D
e From the first law, AU = Q-W =0. S0 Q,o; =W, >0

 If the arrow direction were reversed (i.e. A->D->C->B->A),
the signs would all flip! l.e. W, = Qo <O



In this picture, Q,g IS positive and AUg. is positive.
What is the sign of of AU,?

(A) positive I(B) negativel (C) zero P| B C

1. Cycle: AU, =0 =AU,g + AUg: + AU, =0

2. AUAB QAB A'
1. Area underA >B is zero, so W,g =0
2. S0, AU g = Q,g, Which we’re told is >0. v

3. We're told AUg >0
4. Since AU, = 0, but AU,g >0 and AU >0,
AU, =must be <O0.



For cool animations, see: http://www.animatedengines.com/

Examples of common engine cycles:
p g Otto Cycle

Stirling

Otto, a.k.a. 4—stroke) engine: Cycle

YK Times

Carnot
Cycle
Diesel Cycle

Adiabaiic
Expansion

* Most efficient engine
type powered by two

Similar to Otto cycle, but o :
comprssion Q. heat reservoirs

' G cOMpression provides heat BT
S o fuel ignition - (one hot & one cold,
b » (which leads to expansion). e.g. flame & a stream).

— Can be 2 or 4 stroke.


http://www.shermanlab.com/science/physics/thermo/engines/DieselG.php
http://www.stirlingengine.com/Displacer-Anim.adp
http://www.shermanlab.com/science/physics/thermo/engines/OttoG.php
http://www.rawbw.com/%7Exmwang/myGUI/CarnotG.html
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