first draft 9/23/04, second Sept Oct 2005
minor changes 2006, used spell check,
expanded example

Second Law

Kelvin-Planck: It is impossible to construct a device that will operate in a cycle and produce no effect other than the
raising of a weight and the exchange of heat with a single reservoir.

Clausius: It is impossible to construct a device that operates in a cycle and produces no other effect than the
transfer of heat from a cooler body to a hotter body.

Woud: used to: 1) predict the direction of processes
2) establish the conditions of final equilibrium
3) determine best possible theoretical performance of a process

if it is impossible to have a heat engine with 100% efficiency, how high can it go??

define ideal process, termed reversible process: a process that, once having taken place, can be reversed
without changing either the system or surroundings

examples irreversible; piston expanding against stop
reversible; piston expanding by removing and replacing weights; excerpt from VW&S page 166 good
description of reversible and irreversible processes

Let us illustrate the significance of this definition for a gas
contained in a cylinder that is fitted with a piston. Consider first
o Fig. 6.8, in which a gas (which we define as the system) at high
pressure is restrained by a piston that is secured by a pin. When
the pin is removed, the piston is raised and forced abruptly
against the stops. Some work is done by the system, since the

=Work

Gas R piston has been raised a certain amount. Suppose we wish to
Inital process Reverse process  V—@ restore the system to its initial state. One way of doing this
FIGURE 68 would be to exert a force on the piston, thus compressing the gas
An example of an irreversible process, - until the pin could again be inserted in the piston. Since the

pressure on the face of the piston is greater on the return stroke
than on the initial stroke, the work done on the gas in this reverse
process is greater than the work done by the gas in the initial
process. An amount of heat must be transferred from the gas
during the reverse stroke in order that the system have the same
internal energy it had originally. Thus the system is restored to
its initial state, but the surroundings have changed by virtue of
the fact that work was required to force the piston down and heat
= was transferred to the surroundings. Thus the initial process is an
irreversible one because it could not be reversed without leaving a
% change in the surroundings.
In Fig. 6.9 let the gas in the cylinder comprise the system and let
the piston be loaded with a number of weights. Let the weights
be slid off horizontally one at a time, allowing the gas to expand
and do work in raising the weights that remain on the piston. As.
 FIGURE 69 the size of the weights is made smaller and their number is
An example of a process that approaches being reversible. : increased, we approach a process that can be reversed, for at each
level of the piston during the reverse process there will be a small
weight that is exactly at the level of the platform and thus can be
placed on the platform without requiring work. In the limit,
therefore, as the weights become very small, the reverse process
can be accomplished in such a manner that both the system and
surroundings are in exactly the same state they were initially.
Such a process is a reversible process.
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Carnot cycle

example steam power plant - working substance steam

boiler - heat transferred from high T (constant) reservoir to

steam - steam T only infinitesimally lower than reservoir I
=> reversible isothermal heat transfer process. (phase 1
change fluid - vapor is such a process (condermser)
turbine - reversible adiabatic (no heat transfer) T Purin
decreases from T, to T, e
Cordersar
condenser - heat rejected from working fluid to T, reservoir levaporstary
(infinitesimal AT) some steam condensed . & i iy
1
pump - temperature raised to T, adiabaticly Leww-temparature ressreoic .
FIGURE 6.14
can reverse and act as refrigerator Example of & heat engine that operaies on & Carsol eycle.

Carnot cycle four basic processes:
1. reversible isothermal process in which heat is transferred to or from the T, reservoir

2. reversible adiabatic process in which the temperature of the working fluid decreases from T, to T,
3. reversible isothermal process in which heat is transferred to or from the T, reservoir
4. reversible adiabatic process in which the temperature of the working fluid increases from T, to T,

Carnot cycle most efficient, and only function of temperature

efficiency (in heat engine)

_ W=energy_sought _ QH- QL _ 1 &
Nthermal Qp = energy_that_costs QH QH

temperature scale (arbitrary but defined in terms of Carnot efficiency)

Q Q f(T T
Nthermal = 1 — - W(TLaTH) RS ﬁ - proposed by .
QH QL f(TL) TL  Lord Kelvin Nthermal =

T
— most efficient

TH
at this point have ratio of absolute temperatures
derive scale from non-Carnot heat engine operating at steam T, and ice temperature T,

if we could measure it would find n Th
to be 26.80% Nih = 02680 =1 - —
T
if want difference to be 100 as on the Celsius scale AT := 100
Ty =100 T =200 _ -
Given

initial values 02680 =1 — _L Ty =T +AT
TH
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o) TH) (373.134
r, | T T ) 273134
i L '

| T

.

T_deg_C + 273.134 = T_deg_K VW&S has 273.15 changed to 273.16 to
correspond to triple point of water 0.01 deg_C
Entropy [
inequality of Clausius ... J $dQ<0
"QH
for fig 7.1
Of— W
J 1dQ=Qy-Q_ >0 ' 1%
from definition of absolute temperature scale and T, and T, constant FIGURE 7.1
Reversible bheat engine cycle
[ L Qq QU for demonstration of the in-
—dQ=—-—=0 equality of Clausius.
J T Ty T,

if .. J 1dQ approaches 0, T, approaches T, while reversible [ L dQ=0
T

J

=> for all reversible heat engines ... J' 1dQ>0 and.. [ %dQ =0

J

if irreversible, with T,;, T, , and Q,, same ... Wirrey < Wrey
Q-QL =W for both QH — QL _irrev <QH ~ QL rev = QL irrev > QUL rev
J 1dQ = Qy— Q_jrrev > 0 and..
- [ 1 Qy QL_irrev
—dQ=—-—"—<0
J T Ty T
if heat engine becomes more irreversible such that W => 0..
[ 1 : . . 1
as ... J 1dQ=0 J =dQ<0 => all irreversible engines 1dQ =0 ? dQ <0
T

should do refrigeration cycle as well
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[] example figure 7.3 pg 188 VW&S

example fig 7.3 - simple steam power plant cycle - not

typical - pump handles mixture of liquid and vapor in such Saturated vapgr, 0.7 MPa
proportions that saturated liquid leaves the pump and enters 2
the boiler. The pressures and quality at various points are
given in the figure. ? Does this data satisfy the inequality of Boiler w
Clausius?
[ 1 dQ<o0 90 lity, 15 kPayy 3
inequality of Clausius ... T Q< % qualty. 5 kPa
| - paturated liquid, 0.7 MPa Condenser
heat is transferred in boiler and condenser, both at constant T - % [
ump

10% quality, I5kPa

f%dQ:f

1 1 1
J ?deoiIer“LJ ?dQcondenser: T J 1dQpgjler + T J 1dQ¢ondenser

J boiler condenser
on a per unit mass basis mass := 1kg Mpa = 10%a ki==10°) kPa:= 10°Pa
. kJ
boiler ... pq := 0.7MPa h]cg := 2066.3 - T, :=164.97 deg C steam tables Table A.1.2
g
kJ '
4y 2= hfg Uy o= 2066.3k—g g = Ah from first law
—pyzpy = : k) : K : team tables Table A.1.2
Pcondenser = P3 = P4 = 15kPa hf = 225.94k—g Mh,tg/\': 2373.lk—g T3 .= 53.97 steam tables Table A.1.
X3 =09 h3 = hf + X3hfg
kJ
X4 =0.1 h4 = hf+ X4hfg Q3 4 = h4 - h3 Q3 4= —189848k—g
T deg C + 273.15 =T _deg_K
q q
int_dQ over T := 1.2 + 3.4 int_dQ over T = -1.087 K deg_K is<0
Ty +27315  Tg+ 273.15 kg

[«] example figure 7.3 pg 188 VW&S
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entropy

[*] plot data

two reversible cycles
from 1 to 2 (not labeled)

A-B
and ... A-C
.
J ?dQ_O reversible ...
A -B [ . 2 .
_dQ:o:[ — dQp
J T J Ta
1

subtract second from first =>

1 1
( L daog = ( T—lchC

]

2

oQ
e ( revj
T

1
J T

2

dQrey. =S = $1

1
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reversible ...

2.5

o _
1.5 I

1 _
05 | | |

0.5 1 15 2 25

—— A process

————— B process

C process
f ! A-C [ 1 [2 1 f .
+ dQB — dQ = = — dQA + — dQC

), T R
2

so as we did for energy E (e) in first law Jr % dQis independent of

path in reversible process => is a property of the substance

entropy is an extensive property and 2 e

entropy per unit mass is = S

(7.3)



entropy change in a reversible process example Carnot

Carnot cycle four basic processes:
1. reversible isothermal process in which heat is transferred to or from the T, reservoir
2. reversible adiabatic process in which the temperature of the working fluid decreases from T, to T,
3. reversible isothermal process in which heat is transferred to or from the T, reservoir
4. reversible adiabatic process in which the temperature of the working fluid increases from T, to T,

[¥] plot data
1to 2 i=1.2
2 - _ ]
[ 1 Q2 -
—d =Sy - S = —
J T Qrev. 2 1 TH
1 |
2 to 3 - adiabatic S
i=2.3
|
° -
J Ty, 505535 5379 -
2 |
3to4
S
4 i:=3.4
[ 1 Q3 4
—d =Sy - S = ——
J T Qrev. 2 1 TL i 1
3 -
4 to 1 - adiabatic
|
B S
1 .
J ?erev.ZOZSl_Sll Sl:S4 i:=4.5
4
l_
total cycle ... 1.5
|
S
l_
|
S

in general .. for reversible process, area under T S curve represents Q
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from first law ..

two relationships for simple compressible 3Q =dE + 3w (5.4)
substance: Gibbs equations in Woud without KE or PE 50 = dU + sW
reversible ... 8Q=Td SW = p-dV as .. e.g. apiston ... W =Fd =p-Ads=pdVv
substitute ... T-dS =dU + p-d QED (7.5)
since ... H=U+p: dH=dU+pdvV+Vdp o per unit T-ds = du + p-ov 7.7)
substitute ... T.dS=dH-V.dp QED (7.6) mass .. T.ds = dh — v-dp

applicable to BOTH reversible and irreversible processes as they are relationships between state variables

entropy change for irreversible process

[»]— plot data
_ 25
reversible cycle from 1 to 2
to 1 (not labeled) A-B
and ...
irreversible cycle from 1 to 2 2 —
to 1 (not labeled) A-C
1.5~ 1
= _
05 | | |
0.5 1 15 2 25

—— A process reversible
————— B process reversible

A - Breversible ... ) .
C process irreversible

2 1
[ 1 [ 1 ( 1
—dQ:O: —dQA+ —dQB
J T J Ta J Tg

1
A - Cirreversible

1 dQc <0 inequality of Clausius
T
C

subtract second from first and rearrange ...

[*2 1 2 1

1 f 1 f 1 f 1

= dQa+ | —dQp-|| —dQa+ | —dQa|>0
Qa Ts Qs —4Qa T Qc

o™ ) )

1 2 1 2
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1 1 1 1

1 1 1 1
— dQg - — dQc >0 —dQg > | —dQ¢
B Tc B Tc
2 2 2 2
1 1 1 is a property and although calculated for reversible
1 d | 1ds | 14s process, is identical between states for irreversible.
T QB_rev - B_rev ™ C substitute into inequality above ...
B_rev 2 2
2
Jl ; 1 1 ; % (2 equalit_)tljlholdzwrr\]en
1dSc > | —dQc . 3Q 1 reversible and when
2 Tc oringeneral ... dS > T Sp=31 ZJ T dQ irreversible, the change of (W2.14)
2 1 entropy will be greater
than the reversible
principle of increase in entropy
consider system at T and surroundings at To, §Q transferred from surroundings to system
due to above
ds > R for the surroundings, 8Q is negative therefore
system = " gs, 9
-0Q total net change in entropy is ...
Seurr = —
To
3Q dQ 1 1
dSp .t = dS +dS >— - —=08Q| = - —
net system surr
Y T T (T Toj
since heat is transferred FROM surroundings, To > T therefore ...
q S 1 1 S if T > To reverse signs and result
Spet 28Q| = - — |20 holds
T Ty

thus ...

principle of increase in entropy

for all processes that a system and its surroundings can

ds undergo

ds dSer 20

net = O9system * @surr <

ds;

isolated_system 20
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second law for a control volume

not developed but second law stated in terms of lost work LW

;5= 22, AW
T T S S
27°1 1 .68Q 1 8LW
. . . - - =, (7.43)
during &t change in entropy is ... St st T st T

: iQ ' St = entropy_in_c_v_at_time_t
©7 Temperature = 1" \ ySWey
N S

S = entropy_in_c_v_at_time_t_plus_ &t

!y = mass in control volume t ot py_in_c_v_at_time_t_plus_
attimet
Sg= entropy in control volume
: at time ¢

S1 =5+ si-Smi = entropy_of_system_at_time_t

T e

time=1 g
my + 8m; = nass of system €e
. 8+ s:8m; = entropy of system at time ¢

Sy = St_6t + se-6me = entropy_of_system_at_time_t_plus_&t

6Q
82 - Sl = St_St - St + Se'6me - S|6m| (744)

: My 45 = mass in control volume
& at time ¢ + 6t
B St+4¢ = entropy in control volume
b at tima ¢ + &
, _______________ P, etc .....
tmemt 4 Bt = _ L.
: My4 e + 6me = mass of system e
B " St 48¢ + 2286me m entropy of system at time ¢ + 3t %
ﬁ‘ . b
} FIGURE 7.18
it ‘Schematic diagram for a second law analysis of a control volume.
&« .

second law for a control volume

U d d Q- v (7.49) h ibl

= + m_dot,-s,) — m_dot;-s;) > —_— . = when reversible

855y 3 (mtogs) - 3 (mdos) 53—

n n cV
steady state, steady flow process g_sc y=0 (7.50)
t g
Q_dot,
Z (m—dOtE'Se) - Z (m—dOti'si) ZZ T - (7.51) = when reversible
n n cV
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uniform state, uniform flow process

dot
. d Q_dotg, .
rewrite 7.49 as ... =(m-s + m dot.-s,.) — m dot;-s: 22 — = (7.54) =when reversible
dt( )c_v z ,( - ¢ e) z‘,( =1 ') T ( )
n n cVv
[t
and integrate ... d_(m.s)C ,dt=mysy —myq-sg in control volume

)
Z (m_doty-s,) dt_Z(me Se) |r Z(m dot;- s)dt—Z(mi.si)

0

n n
n

0

t
Q_dot,, |,
therefore for timet  my-sy) — mq-sq + Z (me Se) Z (mi'si) > Z T— dt  (7.55) =when reversible

n n J cVv

since the temperature over the control volume is uniform at any instant of time

t Q_dot,, \, (t 1 t Q_dot, in first integral T can be a function of

Z — = dt= —Z Q_dot, dt= | ——=dt space (location in c. v.) U(niform) S(tate)
J C v T J T - 0 T => T only dependent on time

0o 0

and second law for a uniform state, uniform process is ...

uniform state, uniform flow process

t
Q_dot;, , (7.56) = when reversible
)= D (misi) =

Mo:Sy — Mq-Sq + Z (me Se
n n 0

steady state, steady flow process
assumptions ...

1. control volume does not move relative to the coordinate frame

2. the mass in the control volume does not vary with time

3. the mass flux and the state of mass at each discrete area of flow on the control surface do not vary with
time and .. the rates at which heat and work cross the control surface remain constant.

example: centrifugal air compressor, operating at constant mass rate of flow, constant rate of heat transfer to
the surroundings, and constant input power.

uniform state, uniform flow process USUF
assumptions:

1. control volume remains constant relative to the coordinate frame

2. state of mass within the control volume may change with time, but at any instant of time is uniform
throughout the entire control volume - | define this as f(t) but not of space

3. the state of mass crossing each of the areas of flow on the control surface is constant with time
although the mass flow rates may be changing

example: filling a closed tank with a gas or liquid, discharge from a closed vessel.
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