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Unit Eight — Calculations with

Outline

* Quiz Seven Solutions

» Second law review

* Goals for unit eight

» Using entropy to calculate the maximum
work in an adiabatic process
— Example calculation

« Other calculations with entropy
— Using heat capacities to compute entropy

— Checking to see if a process satisfies the
second law
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The Second Law

* There exists an extensive thermo-

temperature):
dS = (dU + PdV)/T
 For any process dS > dQ/T
 For an isolated system dS >0
* Why??? Because it's the law!

dynamic property called the entropy, S,
defined as follows (T must be absolute

Second Law Notes

« Started with mathematical statement on
previous chart

» Proved that heat flows from higher to
lower temperature

 Proved that reversible (Carnot) cycle is
most efficient for two and only two
temperature reservoirs
— Highest engine efficiency

— Highest coefficient of performance for
refrigeration cycles

Uses of Entropy

» We will use entropy to compute
reversible processes

» Reversible processes are the most
efficient

best possible outcome we can expect
» Efficiency may be less than 100%

» Areversible adiabatic process has
constant entropy

Northridge

« Calculations with entropy will tell us the
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Entropy is a Property

Entropy is a Property  « Entropy is a Property
Entropy is a Property  « Entropy is a Property
Entropy is a Property  « Entropy is a Property
Entropy is a Property  « Entropy is a Property
Entropy is a Property ¢ Entropy is a Property
Entropy is a Property ¢ Entropy is a Property
Entropy is a Property ¢ Entropy is a Property
Entropy is a Property < Entropy is a Property
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Entropy is a Property Cycles with |Q,| = |Q, | + |W]|
* If we know the state of the system, we « Engine cycle —
can find the entropy converts he@
* We can use the entropy as one of the to work q
properties to define the state ) i IQH] copr = IQu
» Use the following if we are given a value * Refrigeration wi lww
of s and a value of T or P cycle
—if s < (T or P) => compressed liquid transfers
—if s > s4(T or P) => gas (superheat) region heat from low oul rzzm o
— otherwise in mixed region with saturation T to high Q
and P and_other properties found from temperatur@
al (q‘l{q!lvt\y’ X= (S - Sf)/ng Califoenia Stan yeray
'ridge ’ Nor j!.e Engine Cycle Refrigeration Cycle 8
What is Entropy? What is Entropy? Il
° ASiso syst = _lQ |/T + . = — + —
As the e IQUI, % 0 (for cycle) ASsatsyst = 1QuI LT+ (1 =m) /T ]
efficiency Of\ s ) o 1= 100k0, T, = For |Qu| = 100 kJ, T, = 1000 K, T, = 500 K
processes in 1000 K and T, =500 K.
an isolated Carnot cycle efficiency ASigo) syst = (100 kJ) [-1/(1000 K) + (1 —m) /
ism=1-T /Ty=1- = -
Zﬁitrigses I&ssogllooo 40 (?00 K) ]. (0..1 kJ/K) (1 - 2n)
the entrop3’/ 10U = 1Qul = W1 = 194 This equation gives ASiy s = 0 forn =
Qul — 1104l = QI =) 50% (the maximum efficiency) and
of that el = :
system IAQSils;ﬂTsyst TQ—||<[2H1//TTH + ASislzl syst = 0.1 for n = 0 where there is no
Heat Sink = — + WOrK.
ingreases -/l et
Northridge engine cycle :

Entropy versus Efficiency
oo Reversible Process
Engine cycle with two * In areversible process it is possible to
0.008 | ;emlpfffégfi;e?e@o"s? return an isolated collection of systems
< :LQ(JBO_K T =506 K to their initial states with no changes in
- I . .
= o006 | the surroundings
2  This is an idealization; we cannot do
g 0004 | - better than a reversible process
= Carnot cycle efficiency .. . .
w isn=1-T/Ty=1—  This is the = part of the > sign in
0.002 o
500/1000 = 50% dS = dQ/T and dSigjateq system = O
o . . . .  For a reversible process dS = dQ/T and
0 01 02 03 04 05 dslsolatfd system = 0
Efficiency Northridge 12
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Unit Eight Goals

October 26, 2010

 As a result of studying this unit you
should be able to

— feel more comfortable with the notion of
entropy as property

— find entropy values in property tables

— use entropy and one other property to
define a state that you find in a table

— be able to pronounce entropy and enthalpy
clearly to distinghish between the two

Califoenia State Uniyersity
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More Unit Eight Goals

— understand the meaning of equations for a
reversible process

— recognize that the maximum work is done
in a reversible process

— compute AS = [dQ/T for a reversible
process since dS = dQ/T for reversible
processes

- CompUte ASSUTI’ = QSUI’I’/TSUI’I’: 'stst /Tsurr

— prove that a process in an isolated system
satisfies the second law because AS g > 0

Califoenia Seate Uniyersity

Northridge 1

Still More Unit Eight Goals

— recognize that finding the maximum work
for an adiabatic process is the same as
finding the work in a constant entropy
(isentropic) process

— be able to solve the following class of
problems

 Given: Initial Conditions, and one final property
* Find: Maximum work for adiabatic process
« Solution: Compute isentropic process

Northridge s

Maximum Work

* Proof that maximum work in a path
between two states occurs in a
reversible process

* Look at differential analysis of reversible
and irreversible process

— Initial and final state the same so any
property change is the same

* dUrev = dU\rrev
* dSrev = dSirrev
Northridge "

Maximum Work Il

 Proof that maximum work in a path
between two states occurs in a
reversible process

» Apply second law: dS > dQ/T
- dSrev = erev/T
- CISirrev > inrrev/T

» But we just said that dS,,, = dS;,
- dSrev = erev/T = CISirrev > inrrev/-r

* Conclusion: dQ,, > dQ; ey

Califoenia State Uniyersity
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Maximum Work 1l
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 Proof that maximum work in a path
between two states occurs in a reversible
process

» Apply first law
- dUrev = erev - dWrev
- dUirrev = inrrev - dWirrev
— Have shown dU,,, = dU;.,; equate the first

law expressions for these dU values

- erev - dWrev = inrrev - d\Nirrev

Califoenia Seate Uniyersity

Nurlhrillllgl: 18
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Maximum Work IV

 Proof that maximum work in a path
between two states occurs in a reversible
process

» Have following results from first and
second Iaw
- erev rev derrev |rrev
- erev > dQ|rrev

» Combining these gives dW,,, — dW,
erev inrrev >0

Nurlhrld;_,t 1

irrev —

October 26, 2010

Maximum Work V

 Proof that maximum work in a path
between two states occurs in a reversible
process

» Have just shown that dW,, — dW,
dWrev > derrev

— Remember that work output is positive and
work input is negative

— If work “output” is =200, which is larger a work
output of =100 or a work output of —3007?

irrev > 0 SO

Northridge 2

Maximum Work for Input

* The “maximum work” (input or output)
occurs in a reversible process

* Sign convention: work output is positive
and work input is negative

» For a work input, the “maximum work” is
negative; the actual work is a negative
number with a larger magnitude than
the “maximum work”

» For a work input, the “maximum work” is
the minimum work input

Northridge 2

Maximum Adiabatic Work (AS = 0)

« From given inlet conditions, find the
initial state properties including S,

» The maximum work in an adiabatic
process occurs When Sg.a = Sinitial

* From S, = Siniias @Nd ONe other property
of final state get all final state properties

 Find work from first law

* We have been working problems like
this without realizing that we were
flndlng the maximum work

Nurlhrld;_,t 2

Example Problem

A steady-flow steam turbine has an inlet

P and T of 10 MPa and 450°C

What is the maximum work if Q = 0 and

P, = 50 kPa?

Solution: apply first law for adiabatic

steady flow with one inlet and one outlet

and AKE = APE negligible

* For maximum work in an adiabatic
Process, Sy, = iy

Nurlhrld;_,t =

Example Problem I

ME 370 — Thermodynamics

* First law reduces to w, = h;, — h,

* At 10 MPa and 450°C inlet, s;, = 6.4219
kJ/kg-K and h;, = 3242.4 kJ/kg

* AtP,, =50 kPaands,, =6.4219
kJ/kg K Xout = (6. 4219 kJ/kg ‘K-1.0912
kJ/kg-K) / 6.5019 kJ/kg-K = 0.81987

* hg, = 340.54 kJ/kg + 0.81987(2645.2
kJ/kg) = 2509.25 kJ/kg

e w, = h, — hy, = 3242.4 kJ/kg — 2509.25
kJ/kg 733.15 kJ/kg
Nurlhrld;_,t 2
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AS from Heat Capacity

October 26, 2010

* Original definition is that dQ = C,dT in a
constant x process

* Forideal gases du = ¢, dT and dh =
c,dT for any process

— For ideal gases, we also have dq = ¢, dT
for constant v and dq = c,dT for constant P

 For reversible processes we have dS =
dQ/T = C,dT/T or AS = [C,dT/T for a
constant X process

Rorihridge e

Checking the Second Law

» Ten kilograms of a fluid having a heat
capacity, ¢, = 3 kd/kgeK is cooled from
500 to 300 K at constant pressure with
heat rejected to surroundings at 310 K

* |s this process possible?

» Answer is found by seeing if AS of
isolated system consisting of fluid plus
surroundings is greater than zero

Rorilridge s

Checking the Second Law Il

* ldeas to use here
— For reversible heat transfer dS = dQ/T
— If pressure or volume is constant, dQ =
C,dT or C,dT
— For a finite, reversible process, AS = | dS
=[dQ/T
« For constant P, AS = | C,dT/T and Q = [ C,dT
« For constant V, AS =] C dT/T and Q =| C,dT

— For any process with no interactions

except surroundlngs ststem _qurroundlngs

27

Checking the Second Law Il

* Apply equations from previous page to see
if AS|so| syst ASfde + ASsurr 20

* ASge= mlc,dT/T = mc,In(T,/T,) = (10
kg)(3 kJ/ kgeK)In(300/500) = —15.32 kJ/K
° ASsurr qurr surr — Qflu|d/Tsurr

* Qquig=m ] C,dT =mc, (T, — T,) = (10 kg)(3
kJ/kg-K)(3OO 500)K =— 6000 kJ

+ We can now find AS,,,

28

Checking the Second Law Il

* ASsurr qurr surr — Qflu|d/Tsurr (_6000
kJ)/(310 K) = 19.35 kJ/K

* AS|so| syst_ ASfluml + ASsurr ( 15.32 +
19.35) kJ/K = 4.03 kJ/K

* Since AS; s> 0 the process satisfies
the second law

— How can we cool a body from 500 to 300 K if
the surroundings are at 310 K?

« Transfer heat through engine and refrigerator

Class Exercise

ME 370 — Thermodynamics

» An R-134a compressor, with zero heat
transfer, has an inlet stream of
saturated vapor at 10 psia. It's outlet
pressure is 160 psia. What is the
minimum work input to the compressor?

 Solution: For an adiabatic process, the
maximum work output (the minimum
work input) is in an isentropic process
— Find outlet state at P, and s, = Sj,
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Exercise Solution

¢ Given: R-134a compressor with Q = 0 has
inlet with saturated vapor inlet at P;, = 10
psia and outlet with P, = 160 psia

¢ Find: Minimum work input

¢ Assumptions and observations:
— Steady process -- one inlet and one outlet

— No heat transfer, so minimum work input is for
isentropic process

— Neglect kinetic and potential energy terms
* Properties: R-134a tables

Northridge a
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Apply First Law

* First Law for this case

— Steady-state open system

— One inlet and one outlet

— Heat tramsfer is given as zero
kinetic and potential energy

changes are negllglble
Steady
ﬁs‘%: —Wu&x(h+ +'+z
dt inlel outlet

N

Get w, and Properties
W = h, —m,.h (hin_hout)

In-’in out OUt

W
= W :Fu:hin_hout
* Inlet at 10 psia is saturated vapor: s, =

Sq(10 psia) = 0.22948 Btu/lb,,'R; h;, = hy(10
psia) = 98.68 Btu/lb,,

« At isentropic outlet, P, = 160 psia, Sy, =
S, = 0.22948 Btu/lb,-R is between 120°F
and 140°F; interpolate for h

33

~ One lInlet One Outlet
Northridge »
Answer
125.32 Btu _120.06 Btu
_120.06Btu Ib,, Ib,, .
TS 0.23230 Btu_ 0.22337 Btu
Ib, R Ib, R
0.22948 Btu  0.22337 Btu ) _ 123.66 Btu
Ib, -R Ib,-R Ib,,

* w, = hy, — h,,, = 98.68 Btu/lb,, — 123.66
Btu/lb,,, = —24.98 Btu/lb,, is maximum
work for isentropic process

sarmdrQLWork input, this is minimum |w|
No hridge 3

Another Exercise

» Steam in a piston-cylinder device has
an initial P and T of 10 MPa and 450°C

» What is the maximum work if the piston
expands with Q = 0 until Py, = 50 kPa?

« Solution: apply first law for adiabatic
closed system: Q=AU +W =0so W =
—AU or w = W/m = —AU/m = —Au

* For maximum work in an adiabatic

_ PrOCESS, Sging = Sinitia) OF S2 = Sy

Northridge 3
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Example Problem I

* First law reduces tow = u; — u,

* Initial state 10 MPa and 450°C inlet, s,
=6.4219 kJ/kg-K and u, = 2944.5 kJ/kg

* AtP,=50kPaands, =s, =6.4219
kJ/kg-K, x, = (6.4219 kJ/kg-K — 1.0912
kJ/kg-K) / 6.5019 kJ/kg-K = 0.81987

* u, = 340.49 kJ/kg + 0.81987(2142.7
kJ/kg) = 2097.22 kJ/kg

* W=uU; —U,=2944.5kd/kg —2097.22
kJ/kg = 847.28 kJ/kg

Nurlhrld;_,t %




