Thermodynamic Cycles
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PRS: Work in p-V plane:

In the cycle shown what is
the work done by the
system going from state
4 to state 2 clockwise 3 S
along the arrowed path?

Pressurne

1.12po Vo 5.-12p,V, 70| o4,
2.9 Po VO 6. -9 Po VO | ; i | |
3.4p,Vo 7 -4 JRVA Vg 2V, 3V, 4V, 5V,
4.3 Po VO 8 -3 Po VO Volume

9. None of above



PRS: Work in p-V plane:

In the cycle shown what
Is the work done by
the system going from
state 2 to state 4
clockwise along the

arrowed path?

1. 12 py V,
2.9 pyVy
3.4 pyV,
4.3 py Vs

5.

-12 py Vy

N

O OO

=4 py Vo
. =3 Po Vo
. None of above

4

Pressure

3

21y
0

Volume



PRS: Work in p-V plane:

In the cycle shown what is

the total work done by
the system starting from 4,

Pressure

Vi

state 4 and going all I, 1
around the loop
clockwise as shown? 2y
1.8p,V, 2 -8pVp J"'
2.6p,V, ©--6pyV
3.3p,V, 7--3PoVo
4.2p,V, 8--2PyVy
9. None of above
10. 0.0

|
2V, 3

volume



PRS: Total Work

How is it possible for the system to return
to state 4 and yet do net work”?

1. Not all the state variables return to their
original state

2. Net heat is added even though the system
returns to its original state

he process Is not reversible

his loop would in practice take forever to
occur

5. None of above

B~ W



PRS: Work in p-V plane:

In the cycle shown what is
the total work done by

the system starting from

state 4 and going
around the loop

4,

Pressure

q';llll
- |
-

20
P

. None of above

counterclockwise?
1.8p,V, 2 8PV
2.6p,V, ©6--6pgV,
3.3p,V, 7--3PoVo
4.2p,V, 8 -2pgVy
9
10. 0.0

Vi

| |
WV, 3V,

Volume



PRS: Coolest Expansion

A gas can be expanded along
any of the curves shown T E ¢ [A
from state O to the labeled
final states. Along which 0.754
path will the final 4 s
temperature be the lowest?

.25+

A {

I | | [
B 1.0 20 30 40
C 0
D
Need more information

a0~



PRS: Most Added Heat

A gas can be expanded
along any of the curves
shown from state O to the 1007
labeled final states.

Along which path must
the added heat be the 70 ¢.50-
highest?

() l."-L

0.754

0.254

. A 0
B 1.0) 20 3.0 4.0)
C ]
D

Need more

iInformation

a0~



Thermodynamic cycles

A thermodynamic cycle is any
process that brings a system back
to its original state.

The cycle involves a path in state  p
space over which various
processes may act.

Addition/Removal of heat and work
are typical processes.

Often the objective is to get work
from heat or vice versa, as in a
heat engine.

1.00+

0.75+

(.21

-._.I_

0

P (.50

=

A
D B
C
1.0 1.5 2.0




Find W and Q for Each Leg
* First Law Applies:

Opy =Wy +AU=W,, +U, -U,
*Think in p-V space, then work is

Wy, = Lpdv =L p(v)dv

» If Ideal Gas:
p(VYV = NkT  Satisfied everywhere

U,=3/2NkT, Internal Energy (monatomic)

» Generally find Heat from First Law



Isothermal Cycle

Consider the closed cycle .00

shown here consisting of 0.75-

two isothermal processes, -
b ()50

at temperatures T,and T, .

(0.25-

The work on the AB path is 4

more than that on the DC path,
so if we go around clockwise
(e.g. ABCDA) this will be a heat
engine that does positive work
on the outside world

A
T,
b B
T, C
1.0 15 2.0




Work on path A>B

On the first part of the
thermodynamic cycle the
system goes from A to B and
IS maintained at T,.

This is an isothermal process.

Loo4 A
0.75-
P 12
Po (.50 D B
0.25- C
0 | | |
1.0 15 2.0




WORK on ISOTHERMAL path A>B

Wi = %ﬁ pdV = C_f) p(V)dv 0] A

path path

p(V) is determined from the R I
perfect gas law, Pops01 D B
Knowing temperature constant

p(V)=NkT, |V =pJV, |V | | |
2V 27, 1.0 15 2.0

W,, = j(pOV VYAV = pV, jdV/V "

0.251 C

General Iso thermal Process : W’S“he”m‘” =pV,In(V, /V),)
Wézothermal — pOI/O 111(2)



HEAT on ISOTHERMAL path A>B

We know the work, how do we

find the heat? 0] A
FIRST LAW! )
0.75- T2
QBA — WBA T UB _ UA % 0504 D B

The change in internal energy is
determined from State A&B
Internal Energy depends only on ¢ 0 15 20

the temperature, which is T, =
Hence AU = 0.

ISO thermal PrOCCSS : Zl';jthermazl _ Wé;othermal _ pOI/O ln(VB /I/A)

isothermal __ isothermal
BA =Wy, = poV, In(2)

0.25- C




Reversibility

On the path between A and B. |
.00+ A

Which way does the system
traverse this? 0.75-
r
Po 9501 D B

If the piston is allowed to expand
then the gas will cool a bit and 0.25- C
heat will flow in.

0 - | |
If the piston is pushed in (W<0) 10 15 . 20

v

then the gas will heat a bit and heat will flow out (Q<0)

If you are patient, this process is reversible - it can run
either way with the opposite heat transfer and work,
all at the temperature T,



HEAT on ISOTHERMAL path C>D

p(V) is determined by T,
p(V)=NkT, |V = pV,(T, I T,) | V

VO
Woe = | p(7) dV = pVy(T, I T,)In(¥, 1 2V;)

2 VO '

1.004 A
QDC — WDC Up - UC

0.75- T,
P
In an Isothermal process with 70 o504 D B

perfectgas AU = 0.

(.25~ C
Opc =Wpe =—p Vo (T, / T,)In(2) 0




Q and W at constant Volume

Now find the work and heat on

the leg B to C o |

Note that the volume does not
change (called isochoric)

. . Pi (.50
Wep = -J‘ﬂadV =0

path 0.25-
The change in internal energy is
determined from State A&B a

Internal Energy depends only on
the (changing) temperature
So AU =U.-Ug=3/2 Nk(T,-T,)

3
Ocs =Wes + AU = ENk(T1 —-T1,)=p,V,




W and Q for Isothermal Cycle

Now find the total work and heat for the whole cycle
Add the W on each leg & Q at each Temperature

Leg W Q

AtoB poVy In(2) poVy In(2)
BtoC 0 p VoI, —T,) /T,
CtoD —PJVoIn()T, /T, —p,Vyn(2)T, /T,
Dto A 0 pVoI, — 1))/ T,

chcle — pOI/O(1 o ]—1 /T2)ln(2)
Oat T,)= pV,In(2)+ p Vo (T, - T))/ T,

Ot 1) =-p,V,In2Q)1, /T, — p,V (T, —T,)/ T,



Heat Engines and Efficiency

WORK as

HEAT Mechanical E
ENGINE

Energy Conserved QO(inat 7,)=W,,, +Qout at T)
w

cycle

T Q(in at T,)

Heat Engine Efficiency: g



Efficiency of Isothermal Cycle

/4
. _ ] _ cycle
Heat Engine Efficiency: g O at T)
p V(-7 /T))In(2) (I, -T))In(2)

&= —
Vo InQ)+ pVo (T, =1)) /T,  T,In(2)+ (7, = T))

This is quite low - even if T, is twice T, ,
£=0.29



Maximum Thermodynamic Efficiency

The Isothermal Cycle had a volume ratio change of
only a factor of two, leading to the In(2) term.

o (T,-T)In2)
T, InQ2)+ (T, - T))

We can increase the efficiency by making the
volume ratio [l.e. In(2)] arbitrarily large.

_E_ﬂ_él
LT
This is the largest possible efficiency possible with

any heat engine and is often called the
Carnot efficiency

E



Reversibility of Cycle

We showed that any leg of this A
cycle is irreversible.

0.751
Therefore, the entire cycle (heat 5 0501 D B
engine) could operate in reverse

0.25- T1 C
In this case the total Work and 0 | | |
the Heat flow will be reversed. Lo 15 = 2.0

Operated in reverse it is a refrigerator that removes
heat at the lower temperature

Or a heat pump delivering heat at the temperature T,



Refrigerators/ Heat Pumps

WORK IN
Mechanical E

Energy Conserved Q(outat 7,)=W, +Q(®n at T))

O(out at T’ ) 1 T,
—=—=>1]
/8 & AT
QO@n at 7)) T

Refrigerator Performance: K = =—>1
/4 AT

in

Heat Pump Gain: g=




PRS: Refrigerator Light Bulb

Due to the failure of the switch that senses the
closed door, the 25 watt interior light bulb in a
refrigerator remains on constantly. The
refrigerator maintains a temperature of -23C in
the freezer and its outside coils are at 77C. What
IS the minimum extra power that the refrigerator
will consume?

10W

25W

. 35W

. 62.5W

87.5W

None of Above

® oA wN S



Why Carnot is Maximum
Say a heat engine exceeded Carnot Limit

W
HEAT

Hook it to a perfect gas heat pump with
the same T,

Net Effect: Heat Q

becomes work W,

env



Second law of Thermodynamics

No process shall have the only result that Heat is
turned into Work

or
No process shall have the only result that Heat is
transferred from cooler to hotter.

The second law is the formal statement of the
irreversibility of Nature on a classical scale: friction can
irreversibly convert mechanical energy into heat;
nothing can do the reverse.
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