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Example: Steady Conduction through a Rod

EB.  (8Q,-3Q,)-0=0 e —

5Q,=8Q,=3Q 50, T —

2nd Law 8 Sgen zds_(a_l_Q2 - B_I_Ql] >0
2 1

But the process is steady, dS = 0.

68gen ZSQ(i_i]

T2 Tl
or Sgen:Q = o = = Q (Tl_TZ)
T2 Tl TlTZ

Under what conditions is entropy not generated?

T,=T, ie AT—0

|

Entropy}
r

Transfe



Example: A Reversible Process Involving Heat Transfer

Note: Heat transfer will not take place “up the
temperature hill”. Therefore, heat transfer
“down the temperature hill” is irreversible.

Isolated
System

Consider two TERs: Internally Reversible
One at temp T, the other at temp T(1-¢)

5P, =dS, +dS,

__0Q _oQ
Y T(-e) T

(I+e+e”+--)=(1+¢)

dS, = 6Q(1+g) } Internally Reversible; 6 Pg, =0

dS; = —2 } Internally Reversible; 6 Py, =0

5P, =dS, +dS, = 6Q(1+g)—$ 8?

due solely
to heat trarsfer



Thus we see:

0P, >0 as &€—>0

Implication: Reversible Heat Transfer can only be accomplished
with zero temperature difference.

- Heat transfer across a finite temperature difference is irreversible

- Note each reservoir was internally reversible

- Heat transfer was external to CM, , CMg




Closed System Example




Example: (see Bejan, Entrpy Generation....Prob. 1.1)

Consider the Process from (7)—> (3) due to the
direct contact between two resevoirs with masses

Maand Mg and Ty > Tg;; Ma = Mg 0Q oW
Find: (a) the final temperature T, i"""""""'"\\'“"/ ---------
(b) Sy for the process | oM, M,
i Ta Tg

(8 EB.  3Q-3W=dU

dU:dUA +dUB :0 ----------------------------

Foran ICL: dU=McdT
(MC)A (TAf _TAi) + (MC)B (TBf —TBi) =0

But TAf — TBf =T

o0

2T, =Ty + Ty

T, +T.
{Tf =ﬁ} answer (a)
2



For a Process:

Sgen = (Sz _81)

gen

8950
T

I—"—;N

o

0Q
T
Sgen = (Sar =Sai) + (Sgr —Sgi)

gen

2
For thisproblem: j — 0, all internal
1

Now, the combined first and second Laws for a process will show: TdS = dU +PdV
Gibbs First Equation or the First TdS equation.....

then: dS:d—U_I\/I d—T
T T
thus: AS = Mcln(T—fj
Ti
T, T,
Finally : = (Mc), In + (Mc). In
o Syt s o]

Which can be simplified to:

2
Seen =Mcln LE
’ TAiTBi




Example: 2nd Law Analysis (see Bejan Ex. 2.1)

» Two bodies of water of masses m;, m, and temps T,, T,
 The water reservoirs are instantaneous thermal energy reservoirs
for a heat engines that operates reversibly.

o0Q OW
Find: Final equlibrium temperature: T R / ------------
Total work delivered: W |
| Ma M,
-W, =(U; -U,) i T Tg
Sgen12 :Sf _Si =0
Now : (Uf - U.) = (Uf - Ui)ml + (Uf - Ui)engine + (Uf o Ui)m2

Equation of State: du=cdT ; ICL model
(Uf _Ui) =m, C(Too 'Tl) + (0) +Mm, C(Too 'Tz)

Sz _81 - (Sz _Sl)m1+ (Sz _Sl)engine + (Sz _Sl)mZ

T T
S,-S,=m, cln[ithOqu2 cln(ij
Tl TZ



dT

Note: du=cdT ds=c—
T
T T
S,-S$,=0 -.mycin| =|+m,cIh|—=|=0
Tl T2
. a T1-a ml
Then: T, =T,"T,” where a=——-"—
m, +m,

Then substituting the result T_ into the first law equation:

1-a a
W12=U1-U2:mlcT1[1-[-_lr_2j ]erchZ[l-(_-:__lj ]
1 2

where a—0 T,=T,, doesn't change
m, <<m, W, :mlc(Tl_TZ)
AU ?)ff m,

If the reservoir m, is much less than m,, then, the amount of work that
can be performed is due to the energy that can be “absorbed” by m;,
In changing its temperature from T,; to T,=T,.

Thus, regardless of the energy content of m,, we are limited by m.,.



when m, =m, az%
=TT,

T+T
thus, when themassesare equal, Too;t(—l; Zj

T T
W,=m,c, T, (1— /_I_—ij+mzc2 T, (1— T_zj

W, =m, ¢, T, +m, C2T2'm1C1\/ T, T, —m, Co T,

W12 =m, C, (Tl-Too)+m2 C, (Tz -Too)

Wi, :Ql _Qz

Question: If there were no internal irreversibilities, what does this imply about
the heat transfer?

é:hAs (Ts_Too)

For finite O, (hA)—>w®  (AT)—>0



(b) Now consider that a reversible heat engine operates between the reservoirs A, B:

After a sufficient number of cycles the two pools achieve a temperature T

*Find  T;
«Find W,
E.B. du + oW, =0
oW, =-dU=—-dU, —dU; ; unknown W._ T,

2ndLaw dS, =dS

dS,,, =dS, +dS, i +0dSg ; entire CV

engine



A 2T Heating Device




2nd Law for CM; Applications Ambient

T, = 300K

Example 2: (see WCR notes)

Consider a device that accepts energy as heat
from a source at T, = 300K, and rejects heat to

a sink at 280K = T. The function of the device is
to supply heat to a space at T, = 330K.

For agiven T, T, T, what is (&j ? Cold Region
O /maximum To=280K
First Law Q. =Q, +Q. +AE
7 " - 0 (cycleorS.S.)
0
sndtaw s - p4e QO rfp Q%) q.
T, T. T, T, T,
ﬁzl—&:l—T—c(Ps+&—&J %zl_PSTC_TC_i_QH Te
QO QO QO TO TH Qo Qo To Qo TH

Qh {l— Tc } —1— PsTec . Tc
Qo T Qo To



Finally g_H: To - %
0 C

RN .
QH_ Te To Qo

Q (1 1
T. T4

Foragiven T, T,,and T, :

1 1
Qul _|T To P, =0, reversibledevice
QO max i—i

T. Ty,

[&j =0.44 forgiven numbers

0]



Let's pose it a differentway:

Given Q,,Q,,Q.,T,, T, and T, is the process possible?

p, -, %
C H O

but Q. =Q,-Q,

P :QO _QH +QH _QO
° TC TC TH TO

Ps :QO{TL_TL}*‘QH{TL_TL}

Inorder for thisprocessto be achievable:

o0 [ESE S Ky S
TC TO TH TC



Filling of a Cylinder



Example 3: 2nd Law for Closed Systems

Recall the filling of an evacuated bottle:

Q12 :_POV
2nd Law
SS S 0Q =dS
T
2
0Q
Seen = (S, =5)) - | =
g9 1 _:‘L‘ T
Sy = M(s, —5,) — 22
O

6Q

but s, =s, becausestartedand ended at samestate

I:)OV .

gen — J
TO

Wost = TO Sgen




Second Law of Thermodynamics
General Statements:

1. Every system has entropy. It is a property of the system.
It is a measure of microscopic chaos.

2. It is an extensive property. Depends on the extent of the system:

3. Entropy can be produced but not destroyed. The entropy of an isolated system can
never decrease. 5P, >0

4. Work transports no entropy.

Q transports entropy.
The second law is the only way in which we can distiguish between heat and work.

5. Absolute entropy
S = 0 for a system with no microscopic chaos (T = OK for a pure substance).




Examples:

2nd Law Open Systems



The 2nd Law for a Control Volume (CV)



Second Law for a Control VVolume

use the CM to CV transformation used before

SPS — dSCM + (S_Qj — (6_Qj >0 CM(t+dt) SW
T Jou T )i

dScy = Sem (t+dt) =S¢y, (1)

Since CM(t) = CV(1), S, (t) =S, (1)
and frominspection:

Sy (t+dt) =S, (t+dt)+S; —S,
where Sg =8Mgs, S,=0M,s, 2 QT 9Qs

dSgy, =Soy (t+dt)-Se, () +Mg s, —8M, s,
dSgy, =dS., +(s8M ), —(s8M ),

out

2nd Law for CM :

Sou + 3 - 2 20

out



If we write this in terms of the properties of the CV, we get
2nd Law for CV:

8P, =0dSq, +{ZSSM+ZS?Q}—{ZSSM+ZS?Q}ZO

out out

on a rate basis:

po =95, z(srhj+29 - z(srhj+29 >0
dt out out T in in T

I55 = rate of entropy production(generation) within CV

S m = mass- associated(convectim) rate of transportof entropy

Q

T rate of entropy tiansport wth heat



Second Law for Open Systems

0Q
8Sgen = ds_(?) + (Sms)outﬂow _(Sms)inflow >0

on a rate basis:

> = =entropy tansfer viaheat transfer



Example

A steady flow device operating between fixed states



Analysis of Irreversibilities in CVs

Example: A steady flow device operating between fixed states.

5 L7508

Question: Can we get useful work out of this process?
What would the system look like?




EB.
. o . 2 o 2
+(-on—(wj:d_u+m{h+v_+£zJ _m{hH_AZJ
dt ZQC Jd. 3 zgc 0. 1
or Q, =mi(h,)-ma(h,)-W

2nd Law :

or

QO = TO Sgen+ (ml S;—Ms S3jTO

m(h, —h,) =W = T, Sgen+ T, Ms, — T, Ms,

W = m(hl o hs) -To m(sl _33) — T Sgen



Let b=h-T,S= SSSF Availability Function

then V.V = r;1(b1 — b3) _TO égen
Wnax = m(b, —b,)
Wlost = TO Sgen

V.Vlost - V.Vmax— W
Guy Stoudola Theorem: V.Vlost =T, égen

What are the implications of using T,?



Possible Configurations

Case (1):

[ )
Wactual

[ )
QO actual

Real Process: 1-4-3
Ideal Reversible Process: 1-4s-3

_ V.Vactual _ hl _h4
h1 _h4s

Ns .
WmaX



/ :
. . Q O actua

[ ]
Wactual

Which would you choose?
Case (1) or Case (2)

S

(1) Design (1) rejects heat at lower temperature. Therefore, may need larger heat exchanger,
far more surface area.

(2) On the other hand (h;-h,) is probably greater than (hs-h;) because the pressure lines
diverge hence for the same AP and ng

Wi | [ W,
e

m m



Example

Steady Compression



Example - Steady Compression of a gas

Case 1: Adiabatic Compression

Given: (1) Q=0
(2) fixed inlet state
(3) fixed P, (but not fixed T,)

Question: What is the minimum work of compression?

- Wcomp o
M1 h1 ........................................................... m- h ,
EB (O)'('V.Vcompj:r;]Z hz—l’;h hl
2nd Law : égenzrhzsz—r;hleO V.V _
Clearly V.Vcomp,min = (hZS - hl)
\/.Vmin h - h
ns — — 2S 1

V.Vactual h2 B hl S



Assuming Ideal Gas Behavior, Constant Cp:

Also note:

V.Vcom , min

+ :(hZS_hl):CPTl(A_
m S=const .

[ ] [ E i
comp, min P K

w = =C,T, (sz -1

m S=const B . i




Case 2: Non-Adiabatic Compression

Given: (1) fixed state 1, T, # T,
(2) fixed P,
(3)Q #0, T,dead state

What is V.Vmin ? Allowing for heat trander:

EB ('éo)'('\;\/compj:%—lj‘l‘r;]z hz—r;‘llhl

2nd Law : égen:(EJ— _QO +r;1282—l‘;115120
dat )| T,

Solveforc.gO ;

Qo - To Sgen+ To m(sl _52)

W = fn[(hz _Tosz) - (hl _Tosl)J+ :ro Sgenj

Wmin Wiost or |

Thus:

V.Vmin = r;] (b, —D,)

h




Now, since we can allow T, to vary, let’s find variation of W ninwith respect to T,

for a fixed P.:

d(w”“”j dh,

ds,
= ~T,—=2
dT,  dT,|, °dT,|,
oh oS
—| —2 -T, —_—2
[STZJPZ [STZJPZ
C,(T
:CP(Tz)_To{ d 2)}
*
can be proven
Thus:

dT,

2

d(V’VminJ
TO
—=C; (Tz){l_.l__}

Note: forgases C,(T,)>0

monotonicdly increases

V.Vmin




d(\/‘vminj
Hence: ——= =0 wha T,=T,!
dT,

thus:  Whinmin When T, =T,

T, h
given T, Py, P,
Tl
Why is this? T
(6]
Consider the following?
/@ \ ] m
/0 e
Qo : ]
W ,
T W (6.
1 N

o]

Does this help explain what is the minimum, minimum?



Case 3: Reversible Isothermal Compression

Given: Inlet state 1, P,

. ° E ° °
EB ('QO)'('Wcompj:dd—t‘FmZ hz—ml hl
2nd Law : Sgen :(Ej— ~Q |, m, s, —mis,
dt T,
. ~Weomp
Consider only thereversiblecase:Sgen =0 /
e A
Q, =T, m(s, -s,) @ ................... T
. %)/
Wcomp
. :(hz _h1)'T1(52 '51) /—To\
m

Thusforan ideal gas withconstantC,, :

—W‘”T"’ = =C,(T,-T))- Tl{CPIn(LJ -R In(&j}
m Tl Pl

Weomp ev _ 1 In(&j SinceT, =T,

m 1



This may also be written:

[ )
W com p, rev
[ ]

=T,C, (Ej In(&j
m K P,

T=const
. kit
comp, rev P k
Weomp,rev - =T,C, In (P—zj
m T=const .
Comparetoreversibleadiabatic :
. B k-1 ]
comp, rev P (kJ
W .p’ =T,Cs (sz -1
m S=const | . ]

Furthermoe, note:

(hz - hl) - CP(Tz _Tl) =0




Process Plane:
. h
Q
fo =T, (51 _52)
m
Why did the entropy drop?
Did this violate the 2nd Law?
S
Compare constant temperature and constant entropy \\TT ds=T,(s, —s,)
compressions ) e
LetP,/P, =50 & k=14
. (kl] _
P
W i 2.057
: comp, revS=cont _ _ — d_ 1 15 —1.84
Wcomp, revT=cont P [ k ] '
In|| -2
Pl

Compression at lower temperature requires less work because density is higher!



How do we accomplish this?
Intercooling stages: h

}v‘vl lv’vz

oL oo

6,

B :
Why is compression at lower temperature good?

oW
-0Q+d0W =0m(h+dh)-6mh /
or: -0Q+06W =0omdh Sm —
0Q

thus: 6—Q =—Tds forreversiblecase
om



W _ _Tds+dh

om

But fromGibbs equation :

Tds=dh-vdP
Thus:

oW _ vdP

om

For a given dP, 6W is less for lower specific volume, v
“It take less work to compress a denser fluid”

Example, compare water (pump) and gas (compressor) work.



