ME 219b Thermodynamics  Spring 2010

Instructor:

Name: Darryl Alofs

Office: Toomey Hall, Room 186

Phone: home (573) 364-6722; office (573) 341-4635

E-mail: dalofs@mst.edu

Office hours: Monday through Friday, 8:00-9:00 am; 2:00-3:00 am
Grading :

1. Quizzes: Average counts as 15%. Subject tends to be from recent homework. If you
miss a quiz you get a 50 for that quiz; otherwise, the lowest individual quiz grade is 60.
2. Tests: There are four tests. Each counts as 15%. The dates of these are: Feb. 10,
March 10, April 14, and May 5.

3. Final Exam: 20%. Comprehensive, 8:00am, Tues., May 11, place to be announced.

4. Class attendance: 5%. Can miss 3 classes without penalty. Thereafter, 0.4 % per
absence, until all of the 5% credit for attendance is used up.

5. Homework: Assigned and discussed, but not graded or collected.
Other points about grading:

a. Open book and class notes; for quiz, test, final. No cell phones or files from other
classes.

b. Under almost all circumstances there won'’t be make-up tests, or quizzes.

This is because it is difficult to interpret whether a make-up test is harder, easier, or the
same difficulty as the test taken by the rest of the class. I do not discriminate between
excused versus unexcused absences.

c. The cutoffs for letter grades of A, B, C, D, and F will be 90, 80, 70, and 60,
respectively.

d. The midterm grade is just the average of tests 1 and 2.
appeal process
If the student is unsatisfied about some aspect of this course, and does not want to talk to the
mstructor about it, or has tried this avenue and is not satisfied, the student can appeal to the chair

of the Mechanical & Aerospace Engr. & Engr Mech. Dept. (Ashok Midha, 1941 Toomey Hall,
phone 341-4662, e-mail: midha@mst.edu ) .
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7-82

7-128 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.92. The power output of
the turbine is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.
Analysis There is only one inlet and one exit, and thus #y = #i1, = i1 . We take the actual turbine as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

By~ Equ = AEs_\,fsu:mqm foteads) =0
o i e Rteof chanee el et P
ok andmass el T, = 400°C
£ in = Eoul =

Hihy =W, o + by (since O = Ake = Ape = 0) Steam

. _ turbine 3
I.Vﬂ,()lll = m(hl _]12 ) . nmr =02%
From the steam tables {Tables A-4 through A-6), \I(

P, =3MPa } by =3231.7kJke P. =30 kPa
L=

7 =400°C | 5, =6.9235klkg-K

Py, =30 kPa

S5 T

= (.8763

S 6.8234

} N S — 8y 6.9235-0.9441
25 T -
hyy = hy+ 2y, 0 =289.27 +(0.8763)(2335.3) = 2335.7 kl/kg

The actual power output may be determined by multiplying the isentropic power output with the isentropic
efficiency. Then,

H./a',our = ”T”l/.r,om
=5l —hy )
= (0.92)(2 kg/s)}(3231.7 - 2335.7)kJ/kg
= 1649 kW

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Ing. Limited distribution permitted only to teachers and
educators for course preparation, If you are a student using this Manual, you are using it without permission.
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Find the flow exergy (W) for air at25%C, 50 kPa if To =
knetic energy and potential energy.

aolju/s-.hu = (00~ 4

f2_5f’_§ ‘gnf_jf‘lfg =100 kPa. Assume idal gas; neglect

¢ (1000

Find W, - W,, W3 -W,, and the reversible work per unit time (kW) for the condenser described in
example 5-10, page 244. Assume Ty = 25°C and Py = 100 kPa.
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Water in a cylinder-piston arrangement expand{rre—;;;iﬂﬁf' san

Test 2

tc{SOO KPa k Calculate the specific work (w, KI/Kg).

7 L .
An open heater mixes steam and liquid water to

form heated water.

The incoming

steam is at 100 psia and 98% quality; the incoming
water is at 100 psia and 80°F; and the outgoing
heated water has a flow rate of 25,000 Ibm/h and is
at 95 psia and 290°F. Assuming a steady-flow,
steady-state adiabatic mixing process, determine
the hourly entropy production for the mixing pro-

CCss.
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~ oY
( D(’-f""") R houvr
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Steam

100 psia e
98% quality } ;r“/

Water
100 psia
80°F

H-13-]0

745

isothermally~ rom{x—;: 0.65, Tnl -200°C

Vy

Mixing
chamber

Water
25,000 Ibm/h
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Water at 0.5 MPa and 15°C flows through a large
pipe at a rate of 60 kg/min into an insulated tank,
Steam at 0.5 MPa and 200°C flows into the same
tank through ancther pipe with negligible velocity,

. The steam then condenses and
mixes with the water to form heated water that
) s
leaves the tank through aL25-_c_gfirglpel.1nc at a pres-
sure of] 0.5 MP4 and 80°C] Calculate the exit ve-
locity of the healed water.

Hints: Calculate the mass flow rate at 3, Néglect kinetic energy at 1, 2,and 3.

L.

—input required by the machine and the heat re=—

A Carnot heat pump is used to supply heat to a
building at 140°F by removing heat from well wa-
ter ﬁo"g) The building requires
600,000 Btu/h for heating. Determine the kilowatt

moved per hour from the well water. If electric re-
sistance heaters are used, what kKW input is needed?

Water
0.5 MPa
I5'c
60 kg/min
V=0

Steam
0.5 MPa
200°C
V=0

@

j f
2
_ b
7
Mixing [
Y chamber
0.5 MPa
A
—_— Heated Water
—
/ = "
Z TR 25-cm? pipe = Az
V3 = ?
600,000 Buw/h

140°F

W=7

Carnot heat pump

Well water
40°F
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A rigid container with 2 volume of 0,170 m3 is

initially filled with steam at . kPa, = °C. It) is ‘[f I

cooled to 90°C. 200 -+ ’t_‘ﬁoo‘(’ S Tete

(@) At what temperature does a phase change start to ) P
occur? (9 ey, mange is cjcrwlgﬂouj h) ‘206 /Sift

(b) What is the final pressure? i 5(9 G C

(c) What mass fraction of the water is liquid in the
final state?

(d) Calculate the work done during the cooling pro- 51 a +€, 2
cess.

W hen £ hase
“ltang e firsd
I’F& Ppewn3

state 3 5 (70('(

One kilogram of OXygen is compressed jso-
thermally in a closed system from 100 kPa and 25°C
to 300 kPa. Calculate (a) work, (b) heat transfer, and
(¢) change in internal energy.

ASS Ume 1deaq \ aa s .
. (
Lsothermal meaws g ouystq w b Te m pevatly v

See Q_g;ﬁuq“f‘{on '—I-..7 yRg € 170
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energy content of the universe is constant, just as its
content is. Yet at times of crisis we are bombarded with
hes and articles on how to “conserve” energy. As engi-
, we know that energy is already conserved. What is not
nserved is exergy, which is the useful work potential of the
y. Once the exergy is wasted, it can never be recovered.
we use energy (to heat our homes for example), we are
estroying any energy; we are merely converling it to a
seful form, a form of less exergy.
The useful work potential of a system at the specified state
led exergy. Exergy is a property and is associated with
ate of the system and the environment, A system that is
equilibrium with its surroundings has zero exergy and is
fo be at the dead state. The exergy of heat supplied by
al energy reservoirs is equivalent to the work output of
not heat engine operating between the reservoir and the
niment.
ersible work W, is defined as the maximum amount
ful work that can be produced (or the minimum work
eeds to be supplied) as a system undergoes a process
een the specified initial and final states. This is the use-
tk output {or input) obtained when the process between
itial and final states is executed in a totally reversible
er. The difference between the reversible work W,
¢ useful work W, is due to the irreversibilities present
the process and is called the {rreversibility I. It is
lent 1o the exergy destroyed and is expressed as

Xdestro)ed TOSgen = wrev.out - “’u.out = H’u,in - VV{ev,in

¢ S.., 15 the entropy generated during the process. For a
reversible process, the useful and reversible work
are identical and thus exergy destruction is zero.
destroyed represents the iost work potential and is

lied the wasted work or lost work.

vice relative to the performance under reversible con-
for the same end states and is given by

U
f Thb,rex Wrev

Exergy W — W, (for boundary work)
transfer  Xygy = : £ work
by work: w (for other forms of work)
Exergy
H'ansfer Xmass = mip
by mass:

second-law efficiency is a measure of the performance

Chapter 8 | 479

for heat engines and other work-producing devices and

COP _ W,

T Cor,, W,

for refrigerators, heat pumps, and other work-consuming
devices. In general, the second-law efficiency is expressed as

Exergy recovered Exergy destroyed

T =

Exergy supplied exergy supplied

The exergies of a fixed mass (nonflow exergy) and of a flow
stream are expressed as

2

Nonflow exergy: ¢ = (u ~ ug) + Po(v —~ v} = Tols — %) + % + gz

={e— e} + Polv — o} — Tols — )

2

V
Flow exergy: gr=(h—hy) — Gls — 5) + 5 + gz

Then the exergy change of a fixed mass or fluid stream as it
undergoes a process from state | to state 2 is given by
AX =Xy = X, = m(d, — 1)
= (Ey = E) + Po(Vy = V) = T8, —
(U = Uy + Po(Vz = V) = T(S - 8)

v2
+ I

+ mg(z; — z4)

Ay =iy — iy = (I — by} — Ty(s;
vi-vi

to e )

Exergy can be transferred by heat, work, and mass flow, and

exergy transfer accompamed by heat, work, and mass transfer

are given by

- 5)

Exergy Ty
transfer  Xpew = ( 1 - ?)Q
by heat:
where
X heat = (- TEY/T)Q
X\vork = Wusc!'u]
Xlll.l‘ii = ?}Tfp

For a reversible process, the exergy destruction term X,
drops out. Taking the positive direction of heat transfer to

The exergy of an isolated system during a process always
decreases or, in the limiting case of a reversible process,

remains constant. This is known as the deuease of exergy .

principle and is expressed as
Aot = (X2 — X, Yisotares = 0

Exergy balance for any system undergoing any process can
be expressed as

General: Xin - Xoul - Xdeslm)'ed = AXS)‘stcm
[————
Net exergy transfer Exergy Change
by heat. work. and mass destiuction in exergy
General Xin - qut Xdes(ru)‘ed = dXsyslem/dt
v
m!eform.' Rate of net exergy transfer Rate of exergy Rate of change
by heat, work, and mass destruction inexergy
General, (—"in - 'toul) — Nestroyed Ax&}‘.\‘lem

unit-mass basis:

the system and the positive direction of work transfer
from the systemn, the general exergy balance relations ca
expressed more explicitly as

> (1 — %)Qk — [W = Py(V, — V)]

+ EJ‘?H}!’ 2""’# Xdcslroycd XZ - Xl

aut

Yy . . dVCV)
- 2o, —{w-p
E(l TL)QA (W O ar

+ 2 HT(!I E I?ll,l'l Xdeslm)ell

out

dX dXev
dt



Work is the energy transferred as a force acts on a system
through a distance. The most common form of mechanical
work is the boundary work, which is the work associated
with the expansion and compression of substances, On a P-V
diagram, the area under the process curve represents the
boundary work for a quasi-equilibrium process. Various
forms of boundary work are expressed as follows:

2
(1) General W, = [ Pav
i

{2) Isobaric process

W, = Py(V, — V|) (P, = P, = Py = constant)
(3) Polytropic process
P, — PV,
W, = 2—1217]—1 (n# 1} (PY*= constant)

(4} Isothemal process of an ideal gas

(PV = mRT, = constant}

V. v
=PViIn Uz = mRTy In Uz

W,
| ;

The first law of thermodynamics is essentially an expression
of the conservation of energy principle, also called the energy
balance. The general energy balances for any system under-

going any process can be expressed as

The amount of energy needed to raise the temperature of a
unit mass of a substance by one degree is called the specific
heat at constant volume c,, for a constant-velume process and
the specific heat at constant pressure c, for a constant-

pressure process. They are defined as
G¢)
ar/,

i
c, = (ﬁ)v and

For ideal gases u, h, c,, and ¢, are functions of temperature
alons. The Aw and Ak of ideal gases are expressed as

Cp =

2
Au=u, —u = f c(TYdT = ¢, (T, — 1))
1

2
Ah=hy, — h = J ep{T)dT = ¢, — 1))

For ideal gases, ¢, and ¢, are related by

e, =c, + R (&I/kg- K)

Ghapter 4

E;, — Eou AEsyslem (kj)
oo — —_—
Net energdy wansfer Change in internal, kinetic,
by heat, work, and mass potentjal, etc., encrgies
It can also be expressed in the rate form as
Epn — By dEsys!em/di (kW)

—
Rate of change in intemal,

—_—
Rate of net energy transfer
Kinetic, potential, ete., energies

by heat, work, and mass

Taking heat transfer to the sysiem and work done by L&
system to be positive quanlities, the energy balance forg
closed system can also be expressed as

Q — W= AU+ AKE + APE

(k1)
where
V=W, + W,
AU = m(uy— u))
AKE = gm(V3— v})
APE = mg(z, — 7)) j
For a constant-pressure process, W, + AU = AH. Thus, *
Q— Waw = AH + AKE + APE  (kJ)

N e et S s

ulher

where R is the gas constant. The specific heat ratio k is
defined as

For incompressible substances (liquids and solids), both the
constant-pressure and constant-volume specific heats are
identical and denoted by ¢: .

(kI/kg K)

The Au and Ah of imcompressible substances are given by

C =c

p = Cu

Au = JZC(T)dT = e — T (kI/kg)

AR = An + vAP (kI/kg)




onservation aof mass principle states that the net mass
sfer to or from a system during a process is equal to the
change (increase or decrease) in the total mass of the sys-
during that process, and is expressed as

My = Mgy = and A, — gy = dMgygen/dt

re Amsyslem = Mg — Mg 1S the change in the mass of
system during the process, #, and i, are the total rates
mass flow into and out of the systcm and dmy,../dt is the
of change of mass within the system boundaries. The
tions above are also referred to as the mass balance and
plicable to any system undergoing any kind of process.
¢ amount of mass flowing through a cross section per

time is called the mass flow rate, and is expressed as

= pVA

Amsys(cm

ihere p = density of fluid, V = average fluid velocity nor- -
to A, and A = cross-sectional area normal to flow direc-
The volume of the fluid flowing through a cross section
it time is called the volume flow rate and is expressed as

V= VA =m/p

work required to push a unit mass of fluid into or out
ntrol velume is called flow work or flow energy, and is
sed as wy,, = Pv. In the analysis of control volumes,
convenient to combine the flow energy and internal

unsteady-flow processes. During a steady-flow process, the
fluid flows through the control volume steadily, experiencing

no change with time at a fixed position, The mass and energy

content of the control volume remain <onstant during a
steady-flow process. Taking heat transfer fo the system and
work done by the system to be positive quantities, the conser-
vation of mass and energy equations for steady-flow
processes are expressed as

En"r = Em
in out
R . v?
g~ W= 2:}:(:: 5t gz) -
oul

for each exil

vz
Eriz(h + Y + gz)

in

for eack inlet

These are the most general forms of the equations for steady-
flow processes. For single-stream (one-inlet—one-exit) sys-
tems such as nozzles, diffusers, turbines, compressors, and
pumps, they simplify to

) ] 1 i
Wy =, "V—IV,A] zVZVZAI
C vi-vi
Q"'iIV=?h ]iz"hl+2—2‘—l+g(32_21):|

Ghapter §

energy into enthalpy. Then the total energy of a flowing fluid
is expressed as

VZ
6=h+kc+pe=h+?+g3

The total energy transported by a flowing fluid of mass m
with uniform properties is mf. The rate of energy transport
by a fluid with a mass flow rate of 1 is 8. When the kinetic
and potential energies of a fluid stream are negligible, the
amount and rate of energy transport become E, . = mfh and
E,.. = ith, respectively.

The first law of thermodynamics is essentially an expres-
sion of the conservation of energy principle, also called the
energy balance. The general mass and energy balances for

any system undergoing any process can be expressed as
'Ein — Eou = AE

N
Nel encrgy transfer Changes in internal, kinetic,
by heat, work, and mass petential, etc., energies

system

It can also be expressed in the rate form as

E dE syslcm/ dt

in Ecm . =
1
Rate of net energy transfer Rate of change inintemal. Kinetic,
potential, ete., epergies

by heat, work. and mask
Thermodynamic processes involving contrel volumes can
be considered in two groups: steady-flow processes and

In these relations, subscripts 1 and 2 denote the inlet and &
states, respectively. i

Most unsteady-flow processes can be modeled as a unifon
flow process, which requires that the fluid flow at any 1nlet__?,
exit is uniform and steady, and thus the fluid properties do@
change with time or position over the cross section of an in
or exit. If they do, they are averaged and treated as consla
for the entire process, When kinetic and potential eneff
changes associated with the control volume and the fhf
streams are negligible, the mass and energy balance relatit
for a uniform-flow system are expressed as

Mg — Mgy = Amsyslem

o-W= zmh - Emh + (mauy — 1m0y Yyeen L

out
where O = Qnet‘in = @ — Qou is the net heat input a
W= Woon = Wou — Wi, is the net work output. ;
When solving thcrmodynamlc problems, it is recoy
mended that the general form of the energy balan
E, — Eyy = AE ., be used for all problems, and simpl
it for the particular problem instead of using the specific na,_

tions given here for different processes.




cond law of thermodynamics states that processes
n a certain direction, not in any direction. A process
t occur unless it satisfies both the first and the second
f thermodynamics, Bodies that can absorb or reject
samounts of heat isotherimally are called thermal energy
noirs or heat reservoirs.

where W, ., is the net work output of the heat engine, Qy is
the amount of heat supplied to the engine, and Q, is the
amount of heat rejected by the engine.

Refrigerators and heat pumps are devices that absorb heat
from low-temperature media and reject it to higher-temperature
ones. The performance of a refrigerator or a heat pump is
expressed in terms of the coefficient of performance, which is
defined as :

COPy = O = %
“’nct.in QH/QL 1
f
COPye = On__

Woeio 1 — 0,/0y

The Kelvin-Planck statement of the second law of thetmo-
dynamics states that no heat engine can produce & net amount
of work while exchanging heat with a single reservoir only.
The Clausius statement of the second law states that no
device can transfer heat from a cooler body to a warmer one
without leaving an effect on the surroundings.

Any device that violates the first or the second law of ther-
modynamics is called a perpetuci-motion machine.

A process is said to be reversible if both the system and
the surroundings can be restored to their original conditions.
Any other process is irreversible. The effects such as friction,
non-quasi-equilibrivin expansion or compression, and heat
transfer through a finite temperature difference render a
process irreversible and are called irreversibilities.

The Carnot cycle is a reversible cycle that is composed of
four reversible processes, two isothermal and two adiabatic.
The Carnot principles state that the thermal efficiencies of all
reversible heat engines operating between the same two reser-
voirs are the smme, and that no heat engine is more efficient

Chapter 6

Work can be converted to heat directly, but heat can be
converted to work only by some devices called hear engines.
The thermal efficiency of a heat engine is defined as

Weetou _ o,

Thh = Ou 0,

than z reversible one operating between the same two
voirs. These statements form the basis for establishing a
modynantic temperature scale velaled to the heat tra
between a reversible device and the high- and low-tempe

reservoirs by
(,_Q_ﬁ) -
QL ey

- Therefore, the Qy/Q, ratio can be replaced by T/
reversible devices, where Ty, and T, are the absolute temp
tures of the high- and low-temperature reservoirs, respecty i

A heat engine that operates on the reversible Carnot cy
called a Carnot hear engine. The thermal efficiency
Carnot heat engine, as well as all other reversible heat en
is given by

Ty
T

Thirey —

This is the maximum efficiency a heat engine operal
between two reservoirs at temperatures 7y and T; canh

The COPs of reversible refrigerators and heat pump:
given in a similar manner as

1
COPy ey = T/, — 1
and
1
COPyp ey = 1= 1,/Ty

Again, these are the highest COPs a refrigerator or a heat
operating between the temperature limits of 7, and 7, can




The second taw of thermodynamics leads to the definition of
a new property called entropy, which is a quantitative mea-
sure of microscopic disorder for a system. Any quantit.y
whose' cyclic integral is zero is a property, and entropy is

deﬁﬂﬁd as
] )mt ev
( i

For the special case of an internally reversible, isothermal
process, it gives

The inequality part of the Clausius inequality combined with
the definition of entropy yields an inequality known as the
increase of entropy principle, expressed as

S. =0

gen

where S, is the entropy generated during the process,
Entropy change is caused by heat transfer, mass flow, and
irreversibilities. Heat transfer to a system increases the
entropy, and heat transfer from a system decreases it. The
effect of irreversibilities is always to increase the entropy.

The entropy-change and isentropic relations for a process
can be summarized as follows:

1. Pure substances:

Any process: As = 5, — 8§

Isentropic process: 5 =5

LTsentropic process:

Led o Pz
& = 55 +RlnF
1

(fg) i
PI s=const. Prl
( ‘_’z) _Vn

Vl s=ronst, Vrl

here P, is the relative pressure and v, is the relative spe-
ific volume. The function s° depends on temperature only.

¢ steady-flow work for a reversible process can be
essed in terms of the fluid properties as

2 .
Wy = "—f vdP — Ake — Ape
1

UFor incompressible substances (v = constant) it simplifies to
Wy = _U(P2 - P[) - Ake - Apﬂ

ork done during a steady-flow process is proportional
specific volume. Therefore, v should be kept as small
assible during a compression process to minimize the
-input and as large as possible during an expansion
55 10 maximize the work output,

¢ reversible work inputs to a compressor compressing an
gas from T}, P, to P, in an isentropic (Pv* = constant),
pic (Pv" = constant), or isothermal (v = constant)
, are determined by integration for each case with the

ng results
CKR(G T RRT, [(Pz)‘*"y" 1]
Weomein T T TR0 |\ P,
. aR(hG — 1) nRT, Py )=ty
P Wampir = =\ ) T
i
i
mall Weonpin = RTIn —=

£y

2. Incompressible substances:
nL

= Cavg In }: (7n2“.‘.]

Any process: 8y = 5

Isentropic process: L=T

3. Ideal gases:
a. Constant specific heats (approximate treatment):

Any process:

[} Va
§3 — 8y :Cv‘a‘.glﬂ “I__l“"“Rlﬂ —]'
L Py
S — 85 = Cp,anln'ﬁ - R1 P_l
IS@[!U'OPEC Process:
()™ ()
. C/p Tl s=const. Va
()

4!

I / s=const, 1
Pl F=CORS, V;

b, Variable specific heats (exact treatment):
Any process:

Py

SQ_S]:SS '_'S? — RIn —

1

The work input to a compressor can be reduced by using
multistage compression with intercooling. For maximum sav-
ings from the work input, the pressure ratio across each stage
of the compressor must be the same.

Most steady-flow devices operate under adiabatic condi-
tions, and the ideal process for these devices is the isentropic
process. The parameter that describes how efficiently a
device approximates a corresponding isentropi¢ device is
called isentropic or adiabatic efficiency. It is expressed for
turbines, compressors, and nozzles as follows:

Actual turbine work Wo Ry oy,

= Isentropic turbine work B w, k= hy,
_ Isentropic compressor work L S
T?C Actual compressor work  w,  hy, — A,
_ _ActwalKEatnozzleexit V3, Jy —~ by,
w Isentropic KE at nozzle exit V3~ h, = hy,

In the relations above, /1, and h,, are the enthalpy values at
the exit state for actual and isentropic processes, respectively.

The entropy balance for any system undergoing any
process can be expressed in the general form as

Sin - Suu: + Sgen = ASsyslern
Net entropy transfer Entropy Change
by heat and mass generation in entropy
or, in the rate form, as
Sin= S T Sgen = dSsys(crn/dr
B e S —— e atud
Rate of net entropy Rate of entropy Rate of ¢hange
transfer by generation in entropy

heat and mass

For a general steady-flow process it simplifies to

: , . g
Sgen = Emts‘, - 2’”:‘35 -

T

Chapter 7
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