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Course 1A25
Lesson 1425.00-1

Heat & Thermodynamics
FUNDAMENTAL CONCEPTS

Competence in the field of engineering thermodynaﬁiég;

necessary for the correct analysis of processes involving
energies and the conversion of one form of energy into another,
is based upon a thorough knowledge of several fundamental con-

~cepts. These fundamentals are briefly discussed in the fol-
lowing paragraphs. ;

Thermodynamics 1s the service that deals with energy and
its transformation.

Energy may be broadly defined as the ability to produce,
or capacity for producing an effect, and may be classified
for the purposes of engineering thermodynamics as follows.

Stored Energy

(a)

(b)

(c)

()

(e)

March

Potential Energy Energy possessed by matter becsuse of
its vertical displacement relative to an arbitrary datum
plane. Potential energy = weight x height.

Kinetic Energy Energy possessed by matter due to its

velocity. Kilnetic energy =

weirght x (velocity)? op Bass xi,velocitv)2
2g 2

Internal Energy U Energy possessed by matter due to its

activity and configuration of its molecules.

Flow work or flow energy Energy possessed by a fluid

flowing in a conduit because of the work done upon it by
the fluid upstream causing it to flow across an arbitrary
plane. Flow energy per pound of fluid may be evaluated
by the product of its pressure and specific volumej flow
energy = pv.

Chemical Energy The energy possessed by matter because

of its atomic structure, and evidenced by the energy
resulting from a chemical reaction.
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(f) Nuclear Energy The energy binding the particles within
atomic nuclei and evidenced by the energy released during
the redistribution of the particles within the atomic
nuclei. The relationship between the decrease in mass
during a nuclear reaction and the energy released as given
by Einstein's equivalence relationship is:

E = me2

where E = energy génerated in ergs, m = mass decrease in
grams and ¢ = velocity of light, 2.9979 x 1010 ¢cm/sec.

¥y
‘Energy in Transition ‘
(a) Heat, Q Energy in transition from one body to another due .

to a temperature difference. The gquantity of heat is
usually evaluated by the product of the weight of the sub-
stance, the heat capacity, and the temverature change, or

Q = w/ch

(b) Work, W Translatory energy resulting from the action of
a force moving through a distance. It is evaluated by
the product of the force and the collinear distance,

through which it acts, or W :Jp Fdx. In the case of a

medium undergoing a reversible expansion or contraction,
the work is evaluated by the equation:

W :(f (pdV)R, where the subscript R signifies a reversible

process.

The thermodynamic system is the region enclosing the matter
involved in the energy transformation being studied. The system
is separated from the surroundings, the region outside of the
system, by an imaginary or real line or envelope termed the
boundary. The system will be termed closed when no mass crosses
the boundary, or open when there is mass exchange between the
system and surroundings. The boundary may be fixed or elastic.
The solution of many thermodynamic problems dictates the limi-
tation of the system to the working fluid or medium, while other
problems are easily solved by including various pieces of equip-
ment as well as the working fluid in the system.

Equilibrium A system is said to be in equilibrium when
there is no tendency of the system to undergo a spontaneous
change. A system may be in mechanical equilibrium, thermal
equilibrium, chemical equilibrium, etc. ’

The medium is the material substance which absorbs, rejects,
or transports energy during a thermodynamic process or cycle.
The term working fluid may be used instead of medium. Examples
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~of media or working fluids are the refrigerant in a refrigerator
plant, or water and its vapour in a steam power station.

The physical properties of a medium such as its pressure,
temperature, specific volume, etc., define its solid, liquid,
or gaseous state, and are sometimes termed the defining co-
ordinates of the medium.

Mass, m The quantity of matter expressed in mass units.
One pound mass is defined as 0.45359 kilogram. One slug mass
is 32.1739 pound mass.

Force, F One pound force is that force which will give a
one pound mass an acceleration of 32.1739 ft/secQ, or one slug
mass an acceleration of 1 ft/sec<.

Weight, w The weight of a given mass is the force of the
earth's gravitational field upon that mass, and is generally
expressed in pound force.

£y

Newton's law may be expressed as F = %ﬁ
c

: . _ slug ft - 1lb mass ft
in which g, = 1 15 To57es 5552 — 32.1739 TF Torce 5502

Newton's equation written in terms of the local gravita-
tional acceleration to express the weight of a given mass
me

becomes w = 7
Ee

2 2

w (1b foree) = M(slugle(ft/secs) _ m(1lb mass)g(ft/sec”)
1 slug ft 32.1739 1b mass ft?

1p force sec? ‘ Tb force sec”<

The equation shows that the weight expressed in pounds
force of a given quantity of matter is numerically equal to its
mass expressed in pound mass when the value of g is 32.1739.
Since the numerical value of g does not vary greatly over the
surface of the earth, in general no distinction is made between
pound mass and pound force in engineering notation. Throughout
these lessons the word pound (1b) will be used to denote both
force and mass.

Pressure, p, is defined as force per unit area and may be
expressed in pounds per square inch, pounds per square foot,
atmospheres, or other units. Fig. 1 illustrates the various
common pressure terms.

Density, ©, 1s mass per unit volume, and may be expressed
as grams per cubic centimeter, pounds per cubic foot, etc.

Specific weight,V, is the gravitational force exerted on
the mass of a medium per unit volume, or weight per unit volume.
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Specific velume, v, may be defined as the volume of a
unit mass of a medium.

Temperature, T, is an index or a measure of the molecular
activity of matter and is expressed in degrees Fahrenheit,
Rankine, Centigrade, Kelvin, etc.

e —— ———r

pressure above

atmospheric
" Pgage Pabsolute
E
atmospheric
o pressure
3
" Pvacuum
i pressure below
A atmospheric
Pabsolute

Various methods of expressing pressure

Fig. 1

The heat capacity of a medium is the quantity of heat absor-
bed by a unit quantity of the medium during a temperature change
of 1 degree. The ratio of the heat capacity of the medium to the:
heat capacity of water at a standard state is termed the specific
heat of the medium. Since the heat capacity of water is approxi-
mately unity, the specific heat of the medium is equal to its
heat capacity, and for this reason no distinction is made between
heat capacity and specific heat in engineering usage. The quan-
tity of heat required to cause 1 degree change in the temperature
of a medium depends upon the processj therefore, the specific
“heat notation must specify the type of process such as constant-
pressure or constant-volume specific heat.

The enthalpy of a medium is defined as the sum of its
internal energy per unit weight and the product of its pressure
and specific volume, or h = u + pv/J.

A process takes place when a system changes from one state
to another. Changes in the values of the physical properties
are independent of the manner in which the changes occur, and
are evaluated by the end points only. This independence has
resulted in the use of the term point functions, which is the
mathematical way of expressing this condition. The amounts of
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heat and work depend upon the process; therefore, heat and
work are termed path functions, indicating that their values
are dependent upon the path or process. The symbols §W and

§Q will be used to designate small increments of work and heat,
respectively, instead of the usual differential notation.

A process is said to be reversible if, at the conclusion
of the process, the system and surroundings can be restored
to their initial states and no evidence ‘remains that the pro-
cess has taken place. The reversible process is sometimes
called an ideal process. When a system changes from its initial
state to a final state by an irreversible process, evidence of
the process remains if the system is restored to its initial
state by any reversible process. All natural processes are
irreversible.

Thermal efficiency is defined as the ratio of the useful
output of a system to the energy input. In the case of prime
movers, the thermal efficiency is the ratio of the net work
output to the heat supplied.

Zero Law The statement of the zero law of thermodynamics
is: Two bodies each on thermal equilibrium with a third body
are in equilibrium with each other, and it follows that all
three bodies are at the same temperature. This fundamental
concept is the foundation of temperature measurement.

FPirst Law When a system undergoes a cyclic process, the
algebraic sum of the heat quantities and work quantities are
proportional for any given cycle. Stated mathematically the
first law is:

J (3£Q) cycle = (X §W) cycle or J/SQ =j5w

Devices which violate this principle are called perpetual motion
machines of the first kind.

Second Law The second law may be stated in several ways,
two of which are given here. It 1s impossible to construct a
self-acting machine which, operating in a cycle, will produce
no effect other than the absorption of heat from one reservoir
and the performance of an equivalent amount of work. This is
the Kelvin-Planck statement. Another statement is that it is
impossible to constuct a device which, operating in a cycle,
will product no effect other than the transfer of heat from a
body at low temperatures to a reservoir at a higher tempera-
ture. Devices which violate this law are called perpetual
motion machines of the second kind.




. Entropy One consequence of the second law is the intro-
duction of a physical property of matter called entropy, desig-
nated by S. The change in entropy of a substance or system
during a reversible process may be evaluated by the following
equation:

ds = <§19~) or A4S = /%Q or

R R

SS_/_‘S_Q.
2 = 5 2T

where the subscript R indicates a reversible process. It must
be understood that §Q cannot be evaluated until the process is
specified. A more detailed treatment of entropy is presented
in a following lesson.

The following examples illustrate the use of fundamental
concepts, and should be studied carefully. .

Example 1:
A 100-1b weight is located 300 ft above a reference plane.
What type of energy does the weight possess and what is its
magnitude?

Solution:

The weight possesses potential energy.
Potential energy = 100 1b x 300 ft = 30,000 ft-1b

Example 2:
A truck weighing 10 tons is travelling at sea level with a
velocity of 50 mph. What form of energy does the truck
possess and what is its magnitude?
Solution:

The truck possesses kinetic energy.
Weight = 10 ton x 2000 1b/ton = 20,000 1b

: - mile . 1 =93.3 ¢
Velocity = 50 S X 5280 ft/mile x TE00 555/ T 73.3 fps

o 20,000 1b N\ 1
Kinetic energy = 3577 ft/se02 X (73-3 558) *72

= 1,670,000 ft-1b
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Ixample 3:
An airplane weighing 4,000 1b, flying at 10,000 ft altitude

has a velocity of 250 mph. Based upon the sea level, what
is the total energy of the plane®?

Solution:
Velocity = 250 mph = 367 fps
Weight = 4,000 1b

" 4,000 1b 2
Kinetic energy = 32‘é FTaes2 X <§67 3g%> X %

= 8,370,000 ft-1b
Potential energy = 4,000 1b x 10,000 ft
| = 40,000,000 ft-1b
Total energy = kinetic energy + potential energy
= 48,370,000 ft-1b

Example 4:

Fifty 1b water are heated from 60 F to 160 F by addition of .
5,000 Btu of energy. What is the final form of the energy?

Sclution:

Internal energy of the water.

Example 5:

Air at_200 psia pressure and with a specific volume of
1.4 ££3/1b is flowing in a conduit. What is the value of
the flow energy per pound of air?

Solution:
Flow energy = pv = 200 %ﬁg x 144 in2/ft2 x 1.4 ££3/1b
= 40,300 ft-1b/1b
Example 6:

Water at 200 F and a pressure of 800 psia is flowing through
a pipe with a velocity of 100 fps. The pipe is at an eleva-
tion of 250 ft above a reference plane. If the internal

.‘;- 7 -



Example 6:

e —————————_—

energy of_the water is 170 Btu/1b and its specific.volume
0.0166 ft3/1b, what is the total energy possessed by 1 1b
of water? i '

Solution:

250 £t-1b/1b

t

Potential energy = 1 1b x 250 ft

Kinetic energy

= (11b) écx>_-_:> X 355 Tt/sec? X 2= 155 £-1b/1b

|

secC

Internal energy

L

= 170 B ¥ 778 £t-1b/Btu 132,000 ft-1b/1b

1b
Flow energy 2

= 800 125 x 14k 1n?/162 x 0.0166 ££3/1b 1,920 ££-1b/1b

134,325 f£t-1b/1b

Example 7:

Solution: —— 150 ft

A force of 200 1b acts along a line making an angle of
200 with the X-axis. If the force moves 150 ft along the
X-axis, how much work has been done?

AN X X
20°
200 1h 200 1b
F F

Force in direction of motion = 200 1b x cos 20° = 188 1b

Work = 188 1b x 150 ft = 28,200 ft-1b

Example 8:

Three hundred gal fuel oil are to be pumped into a storage
tank 500 ft above the floor. If the oil has a specific
weight of 52 1b/ft3, (a) how much work must be performed
in pumping the oil neglecting losses, and (b) what is the
form of the energy at the end of the process?



Solution:

1
(2) weight per gal = 52 1b/ft3 x T gal/Fed = 6-97 1b/gal (US)

total weight = 6.97 1b/gal x 300 gal = 2,090 1b
force to raise oil = 2,090 1b
work = 2,090 1b x 500 ft = 1,045,000 ft-1b

(b) Final form of energy is potential

Example 9.

Indicate whether these systemsare opened or closed.
(a) pump (b) tank of water (¢) moderator system

Solution:

(a) open (b) closed (¢) closed

Example 10:

A pressure gauge indicates a vacuum of 10 vsi when the ‘
atmospheric pressure is 28.70 in. Hg. What is the absolute
pressure in psi?

Solution:
Barometric pressure
1b
= 28.70 in Hg. x 0.491 352/in. Hg = 1h4.1 psi

Absolute pressure

= Doy = 14%.1 psi - 10 psi = 4.1 psi

Bxample 11:

The pressure of air in a tank as indicated by a gauge is
200 psi when the atmospheric pressure is 14.70 psia. What
is the absolute pressure?

Solution:

Pap = 200 psi + 14%.70 psi = 214.7 psia



Example 12:

Three £t3 of a material weighs 350 1b. What is the specific
welght of the material?

Solution:

¥ =390 1b, = 117 1p/£t3
3 ft

Example 13:

What is the specific volume of the material of the above
problem?

Solution:

1 - 1 '

+ = TToTE/FE3 = 0-00855 ££3/1b

V:

Example 1k:

The temperature of oil measured on the Fahrenheit scale is
70 deg. What 1is the temperature of the oll in degrees
Rankine, Kelvin, and Centigrade?

Solution:

Degree R = degree F + 460 = 70 + 460 = 530 R

Degree K = degree R x 5/9 - 530 x 5/9 = 294 K

Degree C = degree K - 273 = 294 - 273 = 21 C

Check, degree C = (degree F - 32) 5/9 = (70 - 32) 5/9
=21 ¢C

Example 15:

When 70 Btu of heat are transferred to 10 1b of air at
constant pressure, the temperature changes from 50 F to
79.2 F. What 1s the average specific heat of the air for
this temperature range? ’

Solution:
- Q _ 70 Btu B
°p T §E, —E;7 "~ T0IB (/9.2 F - 507y - 0.2 Btw/Ib ¥

- 10 -
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Example 16:

What is the enthalpy of 1 1b steam at 300 psia and 417.3 F
when its internal energy is_1117.1 Btu/lb and it has a
specific volume of 1.543 ft3/1b?

Solution:

h = + DV
u T 1
=1117.1Btw/1b + 300352 x 14k in¥/£t2 x1.543 ££310 x Zrgm-To75ew

h = 1117.1 Btw/1b + 86 Btu/lb - 1203.1 Btu/lb

Exanple 17:

An internal combustion has an output of 10 hp with a fuel
consumption of 4.2 1b/hr. If the fuel has a heating value
of 20,000 Btu/lb, what is the thermal efficiency of the
engine? ‘ ,
Solution:
Output for 1 hour = 10 hp-hr x 2545 Btu/hp-hr

= 25,450 Btu

Heat supplied per hour = 4.2 1b x 20,000 Btu/lb

= 84,000 Btu
_ 25,450 Btu g
~ BL,000 Btu 100 = 30%
ASSTGNMENT

1. A thermodynamic system has a pressure of 110.0 psia and a
volume of 2 ft3. During a reversible expansion the volume
changes to 5 ft3 and the pressure changes according to the
equation p = 140 - 15 V, in_which p 1is pressure in psia, and
V is the total volume in £t3. How much work is done by the
system?

V2

Hint:

W= pdV, in which p is absolute pressure in psf

Vyq

- 11 -
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A thermodynamic system expands reversibly at constant
pressure_of 25 psia from a volume of 20 ft3 to a volume
of 30 f£t3. What work was done by the system?

A diesel engine has an efficiency of 37% when burning 18
1b of fuel (18,600 Btu/lb) per hr at full load. What
horsepower 1s the engine developing?

When 5 1b copper at 200 F are immersed in 2 1b of water at
60 F, the final temperature of the water and copper is
observed to be 86.0 F. What is the specific heat of the
copper, considering the specific heat of water to be unity?
How much energy was absorbed by the water?

Forty 1b of a gas per sec. flow through a horizontal 12 in.
diameter pipe. The gauge pressure of the gas is 100 psig
when the barometric pressure ig 29.92 in. Hg. The specific
volume of the gas is 0.1 1b/ft3. Evaluate the forms of
energy possible from this data.

What forms of energy enter and leave a steam turbine opera-
ting in the usual manner?

George Howey
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The symbols that will be used throughout these leésons are
listed below

H

£ I C S|

(0]

o T S =

g

acceleration, linear
Area

British thermal unit
specific heat, general

volume
specific heat

constant

constant pressure

specific heat
Constant
degree Centigrade

constant volume
molar hesat

constant pressure
molar heat

Diameter

coefficient of
friction

Force

degree Fahrenheit
gravitational constant
enthalpy

total enthalpy, or
molar enthalpy

heat equivalent of work
specific heat ratio
degree Kelvin

mass

M

O = B

molecular weight or Mach
number

exponent of polytropic
process

speed revolutions per unit
time

number of moles

mole fraction
pressure

quantity of heat
compression ratio
universal gas constant
degree Rankine

subscript for a reversible
process

entropy per unit weight
total entropy

temperature, degree
Fahrenheit

absolute temperature
total temperature
internal energy per pound

total internal energy or
molar internal energy

specific volume
total volume

velocity

1

." - 13 -



- 14 -

(cont'd)

w welight

W Work

X quality of vapour

Y specific weight
symbol for difference

AP = Dy - Dy

S

OLS

Iy 8 &

efficiency‘
relative humidity
specific humidity
density

wall force
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Lesson 1A25.00-2

Heat & Thermodynamics
FIRST LAW OF THERMODYNAMICS

It is a matter of experimental observation that for any sys-
tem undergoing a cyclic process the summation of the work input
and output is proportional to the summation of the heat supplied
and rejected during one cycle, This concept known as the first
law of thermodynamics expressed mathematically is:

Tcycle (8W) = J Zcycle (8Q)  —=mm—mmemmccenaoo (1)

or SOW = J 45Q
where J is the constant proportionality factor. The value of J,

historically known as Joule's constant, now an international
standard is:

1 Btu = 778.26 ft-1b

i

or J = 778.26 ft-1b/Btu

It is common practice to use 778 rather than the more exact value,

When heat and work are expressed in the same system of units
by employing appropriate unit conversion factors, equation (1)
may be written as:

Fou = 48Q  or POQ - FEW =0 mmemmmmemoe- ———--- (2)

As a consequence of the first law, a property of the system
U, known as the internal energy exists., For equation (2) to be
valid for all non-cyclic processes, it follows that:

dU = 8Q = W  —eccmccmcccrccr e e (3)
for any closed system in the absence of gravitational and magnetic
effects. Equations (1), (2) and (3) are applicable 'to systems
undergoing irreversible as well as idealized reversible processes.

Integrating equation (3) for a cyclic process gives:

FAU = F80 - F80 = 0 mmmmmmemommcmeeemeeeee (4)

Thus it can be seen that the change in the internal energy gf a
system is zero for any cyclic process. Another way of stating

March 1966 (R-0) -



this concept is to say that the change in the internal energy of
a system is independent of the process and depends only upon the
initial and final states of the system, thus, internal energy is
a polnt function.

The first law of thermodymanics is a powerful tool available
for use in the solution of thermodynamic problems. A word state-~
ment of the first law applied to any thermodynamic process is:

Energy in + energy stored in the system
at condition 1 = energy out + energy
stored in the system in condition 2 =—-=--- (5)

Equation (5) may be used with systems undergoing irreversible as
well as the idealized reversible processes.

Before equation (5) can be utilized, the thefmodynamic system
must be defined. A problem may be simplified by the judicious
selection of the system.

The quantities of energy present in various forms, such as
heat, potential energy and work, nust be expressed in the same
units before they can be summed. By themselves, heat, internal
energy and enthalpy are usually expressed in British thermal
units (Btu), whereas work, potential energy and kinetic energy
are expressed in ft-pounds (ft-1lb). The conversion factor (J)
is employed to convert one system of units to the other.

Closed System

A large group of the thermodynamic problems can be solved by
using the closed system, obtained by defining the system so as to
prevent mass transfer across the system's boundaries. This.does
not preclude mass flow within the system. Some authors prefer to
call the energy equation for this system the nonflow energy equa-
tion.

Q out
heat out

initial boundary
- - -final boundary

U2 internal \
energy |

Nin

/ heat in
rd
-
Win A it \wout

work in work out

U; internal
energy

Generalized Closed System
Pig. 1
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Fig. 1 is a schematic representation of a general closed
system, The integrated form of eq. (3) for the closed system is

eq. (6).

Q-W=1U, - U  =-scemmmommmemoemeeaeoo— (6)

2

where Q =L heat terms, and W = & work terms. Heat is positive
if heat enters the system, and negative if the heat leaves the
system. Work is positive if work is performed by the system,
and negative if work is performed upon the system. When the
system is in motion, potential and kinetic energy must be in-
cluded in the energy equation,

Example 1

A steel tank contains 10 1b air at 120°F having an internal
energy of 98.8 Btu/lb., Heat is added to the air until the
internal energy of the air increases to 125.6 Btu/l1b. What
is the amount of heat transferred to the air?

Solution

Choosing the air as the system and applying equation (6)
gives: .

Q - W

fl

10 1b (125.6 Btu/lb - 98.8 Btu/lb)
W

]

O (no change in volume)
Q = 10 1b (26.8) Btu/lb = 268 Btu

Note: If the steel tank and air mass are chosen as the
system, additional information concerning the heat
transferred to the tank is necessary before the
problem can be solved.

Example 2

A system receives 15 Btu of heat and 8500 ft-1b of work.,
What is the change in internal energy?

Solution

The system receives heat and work therefore Q is + and W is
-. Applying equation (6) to the system gives:

Q-W=a

U
w15 e - (- ) A

AU = 15 Btu + 10.9 Btu = 25.9 Btu



Example 3

The internal energy of a system decreases by 100 Btu while
150 Btu of work are transferred to the surroundings. Is
heat added to or taken from the system?

Solution

The internal energy of the system decreases and the system
does work; therefore AU is -, and W is +. Applying equa-
tion (6) to the system gives:

Q - (+ 150 Btu) = -100 Btu
Q = (=100 + 150) Btu = +50 Btu

The answer indicates that the system receives 50 Btu from
the surroundings.,

Example L

A quantity of gas under atmospheric pressure is contained in
a closed steel tank., An electric resistance heater heats
the gas at a uniform rate., Write an equation for the inter-
nal energy of the gas at any time T after the current has
been turned on.

Solution

Choose the gas as the system, Since the volume of the gas
is approximately constant, no work is performed on or by
the system. Let Qjn represent the quantity of heat added,
and (Qoyt the quantity of heat lost by the gas. Applying
equation (6) to the system gives:

Qin - Qout = U2 - Ul or U2 = Qin - Qout + Ul

Example 5

A quantity of gas is compressed behind a movable piston in
a cylinder. The piston is released and permitted to move
until the volume of

the gas is reduced Qout\c——

Al
to one-half its ori- [ : i W work in
ginal value, It is | , -
found that 100 Btu L] S Assume a vacuum
of heat left the gas, behind piston
1f the internal cyiinder, Piston, and Compressed Gas
energy of the gas is )
assumed to be constant, Fig. 2

how much work is done on
the system which is as-
sumed to be the gas?
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Solution
Writing equation (6) for the system gives:
-Q-W=0
- Q=W or - 100 Btu =W
W= - 100X 778 = - 77,800 ft-1b

- Example 6

Air at 150 F and 100 psia flows from an insulated pipe through
a small valve into an evacuated insulated steel tank, When
the pressure in the tank reaches line pressure, the valve is
closed.BQWhat is the weight of air in the tank if the volume

is 5 ft
Solution NI
-~ ===3
Choose the air that E.System condition 1 :'
enters the tank as = o t-=c-=c-o--e-nr-oo
the system., Write 7777777777 77711 //7 7777777
equation (6) for et et
1l 1b air. )
: System
Q =0 :condition 2
{
Therefore e ecmen
-w=1 lb(u2 b ul) Unsteady Flow Process
The work done on the Fig. 3

1 1b air entering the
tank by the other air in the pipe is equal to -pv since the
line pressure is assumed to be constant. Therefore,

From the air table, h; at 150 F is 145,88 Btu/lb, but u, = hy;
Therefore u, = 145.88 Btu/lb. From the air tables at u =

145.88, the temperature is 851 R. The specific wgight of

air at 100 psia pressure and 851 R is 0.316 1b/ft°; _therefore
the total weight of air in the tank is equal to 5 63 x

0.316 1b/ft3 or 1.58 1lb.

Open System

Fig. L4 is a sketch of a generalized open thermodynamic sys-
tem, utilizing one fluid, encircled by a dotted line representing

-5 -



the imaginary boundary. For simplication it will be assumed that
the system is stationary and that all electrical, chemical, etc,
effects are negligible. .

! Cin
All energy gquantities \\
are evaluated at the sys- al = Win
tem's boundaries with the o '
exception of the stored f - ,ﬂ
energy. Equation (7) is : :
obtained by applying the {/ o
first law to an open sys- ! —— =g i
tem with one fluid entering Y, ;/E ___________ X__ﬁ“"‘ I l
and leaving. w; and w, re- Tow b HIRE
present the weights of~fluids AJ Wou l
entering and leaving, respec-
tively.
Generalized Open System With One Fluid
Fig, 4
Flow Internal Kinetic Potential Stored
Heat Work energy energy  energy energy energy Heat
2
W, WP,V w,V w.Y
in 15171 1'1 1°1 -
Un* 7 7 oWy * J2g. T T OB = Qoue
Work Flow Internal Kinetic Potential Stored
energy energy energy energy  energy
2
W W,P,V w,V u,Y
out 27272 2 2 272
+ TS wou, 128 + 3=+ By eee-e- (7)

It will be noted that all terms are expressed in Btu units. If
more than one fluid is involved, additional terms will appear in
equation (7).

Equation (7) may also be written for the transient system
in terms of differential with respect to time as

=2
\'f Y dw.
S P11V 1 1 1 _
E i Gl Tt gt T> T
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in which é% = net rate of heat transfer
oW _
T = net rate of work performed
Q%%El = rate of change of energy storage
dwl
% = weight rate of fluid flow in
dw2
T = weight rate of fluid flow out

$Q and W have the sign notation employed in equation (7).

Steady-Flow Energy Equation

The majority of engineering systems are such that the condi-
tions at points 1 and 2, and the values of Q and W do not vary
appreciably during a chosen time interval, or the system experi-
ences steady flow conditions. Under steady flow conditioms,

w, = W,, and equation (7) written for one pound of fluid applied
t% a o§e~fluid steady flow system becomes:

2
. (pyvy) , Vv
Gt T vt 37 + oyt T 5T T Qour T Yout
2
AP \F 1
+ T + u2 + —z-gf' + S (8)

It will be noted that the E terms have disappeared because no
energy can be stored within the system under steady flow condi-
tions. Equation (&) may be further simplified by combining the

heat terms and work terms, and noting that %} + u = h,

Q-%=(n,-n)+ + (Y



Q and W will have the same sign notation as in equation (2).

Equation (9) will now be applied to a number of thermodynamic

problems.
OOU
Example 7 : X 4¥{ L2
=== p===Fa] R
The enthalpies of e I // !
steam entering and 14 4J==§—————
leaving a steam tur- Rkl | g
bine are lBA? Btu/1b Ay
and 1100 Btu/lb, re- X
spectively. The es- Steam Turbine
timated heat loss is Fig, 5

5 Btu/lb of steam.

1 lb steam

unit time

Neglecting changes in kinetic and potential energy, deter-

mine the output of the turbine per pound of steam,

Scolution
Q- W= (h, - hy)
-5« W=11b (1100 - 1349) Btu/lb = - 249 Btu
- W= - 249 + 5 = - 24, Btu

W = + 244 Btu, or 244 Btu x 778 ft-1b/Btu = 189,832 ft-1b

" The positive value indicates that work is being performed by

the turbine.

Example 8

Air enters a cen-
trifugal compressor

| . Z
‘with a velocity of —t—
200 fps, a pressure 13%%&_35___
of 1 atm, and an - e
enthalpy of 124.3 v
Btu/lb. If the air in
leaves with a velo- Air Compressor
city of 400 fps, a .
pressure of 50 psia, Fig. 6
and an enthalpy of

J :
—_—
|
i
|
!
[}

L ——l
=== —— 1000 lb air

hr

185.4 Btu/lb, neglecting heat transfer, determine the work,
in horsepower, required to drive the compressor per 1000 1b

air per hr.
Solution

Writing equation (9) for 1 1b air gives:
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Kinetic energy entering

7,2 >:z
£t 1 1 1 _
707 ~\20 5% ) x3x 32.2 t0/oec? © 778 Fe-Ib/Btu 0.8 Btu

Kinetic energy leaving

v, ( L1 1 1
557 = LOO =—= = X pd = 3,2 Btu
gd sec X2 32,2 ft/se02 778 ft-1b/Btu

- W= (185.4 - 124.3) Btu + (3.2 - 0.8) Btu = + 63,5 Btu

W= - 63.5 Btu/lb air
W= - 63,5 Bt i i 1 _
= - 63, u/lb air x 1000 1b air/hr 2555 Btu/hp-hr - " 25 hp
Example 9
Water enters a boiler = [F=eEEs=sss=ssg .oz

with an enthalpy of

269.6 Btu/lb, and

steam leaves with an
enthalpy of 1204.4 -
Btu/1b., Neglecting
changes in velocity

and elevation, de- | OFFEEmsIsTe-=—- 4
termine the heat in-
put per hour if the

|| =———= steam

steaming rate is Steam Generator
gg,OOO 1b steam per Fig. 7
Solution

Writing equation (9) for the system in terms of 1 1b steam
gives:

Q = (1204.4 - 269,6) Btu/lb = 934.8 Btu/lb
For 50,000 1b/hr
G = 934.8 Btu/lb x 50,000 1b/hr = 46,740,000 Btu/hr



Example 10

A steam power plant consists of a pump, boiler, turbine, and
condenser. The enthalpies of the water and steam at various
points in the cycle are given below:

h

Pump Water in 28,06 Btu/1b
Water out  29.56 Btu/lb

Boiler Water in 29.56 Btu/1b
Steam out 1345.7 Btu/lb

Turbine Steam in  1345.7 Btu/lb
Steam out 1020 Btu/lb

Condenser Steam in 1020 Btu/lb
Water out  28.06 Btu/1lb

Neglecting changes in velocity and elevation, determine the
heat added in the boiler, the heat rejected in the conden-
ser, the work input to the pump, the work output of the tur-
bine, the net heat transfer, the net work performed, and the
cycle efficiency.

/\ Wout

-
overall system boundary ¥
Win '

Note when using overall system it must
be assumed that there is no matter inside
the boundary with the exception of work-
ing fluid and the equipment,

Steam Power Plant System
Fig, 8

Solution

Write equation (9) for 1 1b water or steam for each simple
system and then for the complete cycle,

- 10 -
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Pump system 1

- W= (29,56 - 28,06) Btu/lb = + 1.5 Btu/1b water;

I

W = - 1.5 Btu/1b water
Boiler system 2
Q = (1345.7 - 29.56) Btu/lb = + 1316.1 Btu/1b steam;
Q = + 1316.1 Btu/lb steam

Turbine system 3

it

- W= (1020 - 1345,7) Btu/lb = - 325.7 Btu/1lb steam;

]

W =+ 325,7 Btu/lb steam
Condenser system 4
Q = (28,06 - 1020) Btu/lb = - 991,94 Btu/lb steam

Over-all system

I

Net heat (+ 1316.1 - 991,94) Btu/1b = +324,16 Btu/1b steam

(+ 325,7 - 1.5) Btu/lb = + 324.2 Btu/lb steam

Net work
Net work = net heat for the cycle.

The efficiency is given by:

_ net work output _ 324.2 Btu/lb _
7~ Total heat input 1316.1Btu/lb © 100 = 24.6%

ASSIGNMENT

Closed Systems

1.

The internal energy of a system decreases 50 Btu while 150

Btu of work are performed upon the system, What is the

direction and magnitude of the heat transfer?

A gas expands doing 7000 ft-1b of work while receiving 15
Btu of heat from the surroundings. What is the change in

internal energy?

- 11 -



3.

A system performing a cyclic operation receives 110 Btu/min
and delivers work at the rate of 0.75 hp. How much heat
leaves the system per minute and what is the thermal effici-
ency of the system?

Two 1b steam at 400 psia and 720 F are contained in an insula-
ted tank. The tank is connected through a small valve to a
vertical cylinder fitted with a frictionless weighted piston
such that a pressure of 124 psia is required to move it.
Initially the piston is at rest at the bottom of the cylinder.
The valve is opened and the steam enters the cylinder, for-
cing the piston upward. When the pressure in the cylinder

and tank are equalized, the temperature of the steam in the
tank was found to be 440 F, What was the temperature of the
steam in the cylinder?

Steady-Flow Systems

5.

6.

- 12 -

A fluid enters a nozzle with a velocity of 100 fps and leaves
with a velocity of 1500 fps. What is the change in enthalpy
of the fluid, neglecting friction heat transfer, etc?

A steam jet decreases in velocity from 1500 fps to 750 fps
while flowing across a turbirne blade. How much work was
done per 1b of steam by the system of the blade and steam?

Steam enters a condenser with an enthalpy of 1000 Btu/lb and
a velocity of 500 fps and the condensate leaves at a negli-
gible velocity with an enthalpy of 105 Btu/lb. How much heat
is transferred from the fluid?

If cooling water entered the condenser in question seven with
an enthalpy of 28 Btu/lb and leaves with an enthalpy of 87.9
Btu/lb, how many 1lb of water are needed per 1lb of steam con-
densed?

A water pump delivers 100 gal per min at a pressure of 150
psig with a velocity of 50 fps 150 ft above the pump inlet,.
At the inlet the vacuum is 10 psi, and the velocity is 25
fps. Neglecting changes in internal energy, how many horse-
powgr%are required to drive the pump, assuming an efficiency
of 80%"7

George Howey
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Heat & Thermodynamics

SOLIDS, LIQUIDS AND VAPOURS

The engineer must possess knowledge of the physical proper-
ties of various working flulds before he can solve thermodynamic
problems or choose the most advantageous medium for any specific
application. In the following discussion emphasis has been
placed upon the liquid and phases since these are more frequently
encountered by the engineer. The material dealing with the solid
phase 1s presented to complete the phase picture.

Phase and Pressure-Volume Diagrams

The relationship between pressure, specific volume, and
temperature of any medium can be represented on a three dimen-
sional surface. Because of the difficulty of visualizing and
drawing these surfaces, it is customary to depict the data on
projections such as the p - T and p - v planes. Figs. 1 and
2 are examples of these planes for water; other materials have
similar diagrams.

The liquid phase, vapour pvhase and one solid phase of water
are shown in the phase diagram for water in Fig. 1. The diagram
is divided into three areas by three lines: the solid-vapour,
solid-liguid, and liquid-vapour lines. The triple point is a
region in which liquid, solid, and vapour can exist in equilib-
rium simultaneously. At the critical point there is no distinc-
tion between the liquilid and vapour phases. It can be seen from
Fig. 1 that when ice 1is heated at constant pressure it will
melt into a liquid at a fixed temperature, and upon continual
heating will vapourize at another fixed temperature when the

" pressure is above the triple point and below the critical point.
When this process takes place at pressure below the triple
point ice sublimates into a vapour without becoming a liquid.
Tce, heated at a constant pressure above the critical point,
melts into a liquid, and no apparent phase change occurs with
continued heating.

It is not possible to present all the p, v, T data on the
phase diagram; therefore, the p - v diagram must be used.
Since the p - v plane is perpendicular to the p - T plane in
the p, v, T coordinate system, the solid-vapour, liquid-vapour
and solid-liquid areas of the p - v plane appear as lines on
the p - T plane of phase diagram. It will be noted that the solid

March 1966 (R-0) _ -
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area overlaps the liquid area because of the decrease in volume
when ice melts into water.

Definition describing the states represented in Figs. 1 and
2 are given below.

Liquid in equilibrium with its vapour is saturated liguid,
point A. Vapour in equilibrium with its liquid is saturated
vapour, point B. Vapour at a temperature above the saturation
temperature at the same pressure is superheated vapour, point C.

Liquid at a lower temperature than the saturation tempera-
ture at the same pressure, subcooled liguid, point D. A mixture
of vapour and liquid, wet vapour, point E. Solid in equilibrium
with its vapour, saturated solid, point F.

The energy given up by a medium when 1t changes from a
ligquid to a solid is termed the latent heat of fusion. There
is no temperature change.

The latent heat of vapourization is the heat absorbed by a
medium in going from the liquid to the vapour phase, and 1s
equal to hfg.

The latent heat of sublimation is the energy absorbed by
a medium during the transformation from a solid directly into
vapour.

Tabular data for the numbered regions of Fig. 1 and 2 may
be found in the correspondingly numbered tables of Thermodynamic
Properties of Steam by Keenan and Keyes. These tables will be
referred to later as the steam tables.

Temperature-Enthalpy and Temperature-Entropy Diagrams

Consider 1 pound of ice encased in a cylinder fitted with
a weighted piston such that the pressure is always constant at
p,- Let the ice be heated from a low temperature (40 F).
The temperature of the ice will rise as the ice absorbs the
energy until the melting point (B) is reached. This process
is represented on the T - h and T - s diagrams of Figs.3 and
L by line A - B. The energy added is represented on the T - h
diagram by the change in enthalpy (h) between A and B and by
the area under the line A - B on the T - s dlagram, since

Tds
Q::

R
for all reversible processes. As more energy is added to the
ice, it will melt at constant pressure and form a subcooled
liquid at C. Additional heat causes the liquid to Increase
in temperature until it reaches the saturation temperature at
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point D. As vapour is formed, the amount of liquid decreases
until all liquid disappears and saturated vapour fills the
cyclinder, corresponding to point F. At some intermediate
point such as E, the mixture of liquid and vapour is referred
to as wet vapour having a quality x defined by the equation (1)

mass of vapour welght of wvapour
X: = s 0 058 00 '00(1)
mass of mixture weight of mixture

A mixture having a quality of 40 per cent contains 40 per cent
vapour and 60 per cent liquid by weight. The values of enthal-
pies for saturated 1liquid and vapour are represented by he and
h, respectively. The difference between the enthalpies o%
saturated liquid and saturated vapour at the same pressure
(latent heat of vapourization) is designated by he,» If x =
the pounds of vapour per pound of mixture g

hX:th+ (1 _'X) hf + 4 6 % e s s s s e s s 0 s 0000010(2)

Since hfg = hg - he by definition

hy = xhg, + xhg + he - xhg

Collecting terms,

h :hf+thg 0-0---"cvuoco-'-nocto-ott.oo"o(B)

X

This equation may also be derived by referring to Fig. 3.
In a similar manner equations (%) and (5) may be derived.

VX:Vf+XVfg ooooo s 9 00 o LR A R A T Y A (L")

SX:Sf+Xng P R I I I S SN R A R 0.-..-00(5’)

If the heating process described in the preceding para-
graphs is repeated at warious pressures, a series of constant
pressure lines similar to p4 may be obtained. The locus of
all points B forms the saturated solid curve, while the locus
of all D and F points from saturated liguid and saturated vapour
curves respectively.

It should be noted that, during a change in phase, both
the temperature and pressure are constant.



Vapour Tables

It is customary to present property data in Tables 1 to L,
It should be noted that only the temperature or the nressure
needed to fix the state of the saturated liquid, vapour, or
solid presented in Tables 1 and 2 while both pressure and tem-
perature are necessary before Tables 3 and 4 can be used. Tt
should be pointed out that Tables 1 to 4 correspond to simi-
larly numbered regions of Figs. 1 and 2.

Special Diagrams

It has been found convenient, in the solution of many
problems involving steam, to present the data on an enthalpy-
entropy diagram, termed a Mollier diagram after its originator.
Usually a small section of the total possible diagram is
utilized. Fig. 5 is a skeleton of a Mollier diagram.

1330

1178 1182

Enthalpy

Entropy

Mollier diagram for steam, not completely
to scale

Fi

-6 -
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The following examples illustrate the use of the steam
tables. : -

STEAM

Example 1:
What is the boiling point of water at 100 psia pressure?
Solution:

From Table 2 of the steam tables the saturation temperature
at 100 psia is 327.81 F, which corresponds to the bolling
point.

Example 2:

What is the specific volume, enthalpy, and entropy of
saturated steam at 4OOCF?

Solution:
From Table 1 of the steam tables at HOOCF.

vg = 1.866 ££2/1b; h, = 1201 Btu/lb; sy = 1.5272 Btu/1b R

Example 3:

What are the enthalpy and internal energy of saturated
water at 350 psia?

Sclution:
From Table 2 of the‘steam tables at 350 psia
he = %09.69 Btu/l1b and up = 408.45 Btu/lb

Example 4:

What are the specific volume enthalpy and entropy of water
at 400 F and 3500 psia?

Solution: -

From Table 4 at 3500 psia and 400 T

(v - vg) X 109 = - 35,0
(h - he) = + 4.07
(s - s¢) x 103 = - 8.21



At %00 T,
© vp - 0.018639, hp = 37%.97, sp = 0.56638

- 35

(v - vg) X 107 = - 35, Or V - Vg = ——
Y

Substituting in the value of vy and solving for v gives:

v = 0.018639 - 0.00035 = 0.018289 £t3/1b

h - he = + 4.10

Substituting in the value of he and solving for h gilves:

nh = 37%.97 + 4.1 = 379.07 Btu/lb
- 8.21
§ - 8o =
£ 105

Substituting in the value of s and solving for s gives:

s = 0.56638 - 0.00821 = 0.55817 Btu/1b R

Example 5:

What are the specific volume, enthalpy and entropy of steam
naving a quality of 90% at 40 psia?

Solution:

From Table 2 of the steam tables at 400 psia
vy = 1.1613; ve = 0.0193; hp = k2k.0; npg = 780.5
sp = 0.6214; spg = 0.8630

Using equation (&) gives:

v = 0.0193 + 0.90 x 1.1420 = 1.0471 £t3/1b

Using equation (3) gives:

h = 424.0 Btu/lb + 0.90 x 780.5 Btu/lb = 1126.45 Btu/lb



Using equation (5) gives:

0.6214 Btu/1b R + 0.9 x 0.8630 Btu/lb R

S

1.3981 Btu/1b R

Example 6:

Superheated steam at 700 psia and 680 F is eXpanded at
constant entropy to 140 psia. What is the change in
enthalpy?

Solution:

On the Mollier diagram, Fig. 5, locate point 1 at the
intersection of the 700 psia and the 680 F line. Read
hy = 1323 Btu/l1b. Follow the entropy line downward
vertically to the 140 psia line and read ho = 1178,

Ah = 1178 - 1323 = - 145 Btu/1b

Example 7:

Wet steam at 200 psia is throttled in a calorimeter to a
pressure of 20 psia and a temperature of 280 F. What is
the quality of the wet steam?

Solution:

Since hqy = hp for a throttling process, on the Mollier
diagram, locate point 2 at the intersection of the 20
psia line and the 280 F line. Follow horizontally the
constant enthalpy line to the left of the 200 psia line,
point 1 and read 2% moisture. This gives a quality of
100-2 or 98%. This example may also be solved by using
the steam tables. From Table 3 at 20 psia and 280 F
obtain he = 1182 Btu/lb. From Table 2 at 200 psia obtain
he = 355.36 Btu/lb and hrpy = 843.0 Btu/lb. »

Since the enthalpy 1s constant in a throttling pro-
cess hye at 20 psla and 280 F = h wet steam at 200 psia,
using equation (4) gives:

1182 Btu/1b = 355.36 Btu/lb +X 843.0 Btu/1b
Solving for X gives:

1182 -~ 355.36
X = x 100 = 98%
843
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Table 1.

Properties of saturated water and steam

Abs. pressure Specific volume Enthalpy Entropy
Temp. In. Sat. Sat. Sat. Sat. Sat. Sat.
F psi Hg liquid Evap. vapor liquid Evap. vapor || liquid Evap. vapor
t o Uy Uy Uy h[ h/g h, Sy Sy 8y
32 [0.08854 | 0.1803 || 0.01602 3306 3306 0.00 | 1075.8 1075.8 | 0.0000 2.1877 2.1877
50 10.17811 | 0.3626 || 0.01603 1703.2 1703.2 | 18.07 1065.6 1083.74 0.0361 2.0903 2.1264
100 | 0.9492 1.9325 || 0.01613 350.3 350.4 { 67.97 1037.2 1105.2 | 0.1295 1.8531 1.9826
Table 2. Properties of saturated water and steam
Sperific volume Lnthalpy Entropy Internal energy
Abs,
press | Temp. [| Sat. Sat. Sat. Sat, Sat. Sat. Sat. Sat.
psi F liquid vapor liquid Lvap. vapor || liquid Evap. vapor || liquid vapor
p t 1y ry hy hyy h sy 8z Sy Ur Uy
0.20 53.14 | 0.01603 | 1526.0 21.21 1063.8 1085 0.0422 2.0741 2.11631 21.21 | 1007.3
1.00 [101.74} 0.01614 | 333.6 69.70 1036.3 1106.0|| 0 1326 1.8456 1.9782 (] 69.70 974.6
14.696 1212.0 || 0.01672 26.80 || 180.07 970.3 1150.4§ 0.3120 1.4446 1.7566 || 180.02 897.5
100.0 327.81) 0.01744 4.432 || 298.4 888.8 1187.21} 0.4740 1.1286 1.6026 || 298.08 807.1
Table 3. Properties of superheated vapor
Abas. press. Sat. Sat. Temperature F
psi liquid | vapor
(sat. temp.) 300 400 600 800 1000 1300 1600
v 0.02 333.6 452.3 512.0 631.2 750.4 869.5 1048.3 1227.0
1 h 69.7 1106.0 1195.8 1241.7 1335.7 1432.8 1533.5 1691.2 1857.5
(101.74) ¢ 0.1749 1.920 2.0387 2.0955 2.1938 2.2778 2.3519 2.4501 2.5373
10 v 0.02 38.42 45.00 51.04 63.03 74.98 86.92 104.8 122.69
(193.21) h |[161.2 1143.3 1193.9 1240.6 1335.1 1432.5 1533.2 1691.1 1857.3 .
8 0.2835 1.7876 1.8595 1.9172 2.0160 2.1002 2.1744 2.2727 2.3598
Table -4. Properties of compressed liquid )
Abs, press, Saturated Temperature F
i liquid
psi q
(sat. temp.) 32 > 200 400
(v-v7) X 108 —3.5 —3.4 —4.4
600 (h-h ) +1.80 +1.31 +0.39
(486.2) (s-s) X 10° +0.07 —-0.74 —0.96
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Table *-5. Properties of saturated solid and vapor
Specific volume FEnthalpy Entropy Internal energy
Temp{ Abe. Sat. Sat. Sat. Sat. || Sat. Sat. Sat. Sat.
¥ |press rolid | vapor {|solid Subl. vapor ||solid Subl. | vapor solid Subl. vapor |
psi
t » v v, 1073 h; hig hy 8 8ig 3, u, Uy Uy
32 10.0885/0.01747| 3.306 || —143.35 | 1219.1| 1075.8 || —0.2916| 2.4793 | 2.1877 || —143.35 | 1164.9 | 1021.6
15 [0.0396[0.01745| 4.508 || —151.75 | 1220.2 | 1068.4 || —0.3089| 2.5698 | 2.2609 || —151.75 | 1167.9 | 1016.1
5 10.0240[0.01743 | 11.53 —156.56 | 1220.6{ 1064.0 || —0.3192{ 2.6260 [ 2.3068 || —156.56 | 1169.4 | 1012.8
0 {0.0185]0.01742 | 14.77 —158.93 [ 1220.7 | 1061.8 || —0.3241| 2.6546 | 2.3305 || —158.93 | 1170.0 | 1011.1
~10 ]0.0108}0.01741 | 24.67 —163.59 | 1221.0} 1057.4 || —0.3346| 2.7143 | 2.3797 |} —163.59 | 1171.4 | 1007.8
ASSIGNMENT
1. What is the change in specific volume when one pound of ice

(a)
(b)
(c)
5.
6.

at 32 F in converted to steam at 1 psia pressure and 800 F?
What is the change in internal energy?

. Wet steam at 100 psia having a quality of 10% is converted
to dry saturated steam at constant pressure in a heat
exchanger.

How much heat is required per 10 pounds of steam?

. What is the internal energy of steam at 14%.7 psia having a
quality of 70%?

. Steam at 10 psia and 300 F is superheated at constant pres-
sure to 1600 F.

stant temperature.

How much heat is required per pound of steam?
what is the change in enthalpy?
What is the change in internal energy?

What is the change in volume?

One pound of superheated steam at 10 psia and 800 F is

cooled at constant volume until the pressure is 1 psia.

(a)
(b)

What is the final quality of the steam?
How much heat must be removed?

George Howey

Water at 100 F is converted to dry saturated steam at con-

1 -
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Lesson 1A25.00-4

Heat & Thermodynamics

PERFECT GAS

Ideal Eguations of State

The results of certain experiments at relatively low pres-
sure, led Robert Boyle to formulate his well-known law, which
which states that the pressure of a gas expanding at constant
temperature varies universely as the volume, or

'p.]v‘] = p2V2 = p3v3 = COl’lStaIlt e s s e e s e c.'o(1>

Charles, likewise as the result of experimentation, concluded
that the pressure of a gas varies directly with temperature
when the volume is held constant,and the volume varies directly
with temperature when the pressure is held constant, or

V1 T4

_—:-—' ..0000.'.."‘...0'0..’0.0""0'.'(2)
V2 T2

py Ty

—:—-— ‘0.'0!000..0‘0'.'.0.0.0.0'.0...'.(3)
p2  Ip

By combining the results of Charles and Boyles experiments the
relationship
'—'_—'COnStaIlt 0.0000..000000100.000000.00()'+)
may be obtained.
The constant of equation (%) is called the ideal gas con-
stant and is designated by R; thus, the ideal gas equation of
state becomes:

pV:RT LR AR 2R 20 2R BE BN B Y B R X 2 4 LR BRI AR I B B R B A ) 0-.0..0(5)

(Note that the pressure and temperature are absolute values).

March 1966 (R-0) ‘ -



This equation may also be derived from the kinetic theory
The values of the ideal gas constant R for several
of the more common gases are given in Table 1.

of gases.

TABLE 1
Gas Chemical | Molecular Gas Specific Specific
symbol welght Constant heat heat
ft-1b/1b R Btu/1b ratio
M R Cvy Cp k

Air 28.95 53.35 0.172 | 0.240 1.40

Carbon
dioxide COo L, 00 35.13 0.160 | 0.205 1.28
Hydrogen Ho 2.016 766 .80 2.4 | 3.42 1.40
Nitrogen No 28.02 55.16 0.176 | 0.247 1.40
Oxygen 0o 32.0 L8.31 0.155] 0.217 1.40
Steam H50 18.016 85.81 0.36 0.46 1.28

The ideal gas equation for w pounds of gas occupying a total
volume V becomes

v

= wRT

When the quantity of gas is expressed in pound mole units
(one pound mole being a quantity of gas equivalent to the mole-
cular weight of the gas expressed in pounds), equation (6) 1is

written

pv =

nR T

¢ 6 9 o e 85 00 s 0

where n is the number of pound moles and Rg is the universal

gas constant.

The value of Rp, expressed in the same set of

units, is the same for all gases because of Avogadro's law,

which may be stated:

conditions contain the same number of molecules.

equal volume of gases under the same

The individual gas constant R may be obtained by dividing
the universal gas constant Ry, by the molecular weight of the

gas:



1425.00=k

When the pressure is expressed in pounds per square foot, the
volume in cubic feet, the temperature in degrees Rankine, and
the quantity of gas in pound moles, Ry is equal to approximately

1544 ft-1Db

1b mole R

>Example 1

Determine the gas constant for carbon dioxide from the
universal gas constant.

Solution:

Substituting 44, the molecular weight of COs into equation
(8) gives

Ro 1

R = = 1544 f£-1b/1b mole R x
LY 1b/1b mole

= 35.09 ft-1b/1b R

The units of R must always be consistent with the units of
pressure, volume, and temperature employed in the gas
equation.

No real gas follows the 1deal gas law or equation com-
pletely; however, most gases are in approximate agreement
at low pressures (relative to their critical pressure),
provided the temperatures are sufficiently high.

Example 2:

Deter§ine the pressure exerted by 5 1b air enclosed in a

20 ft2 tank at 140 F,
Solution:
MBETHOD A From Table 1, R = 53.35
20 ££3/1b
Specific volume v = -__—:;-“—" = 4.0 ft3/1b

T = 140 + 460 = 600 R



By equation (5)

"p x 4.0 £t3/1b = 53.35 ft-1b/1b R x 600 R

53.35 x 600 8000
p = psf = 8000 psf = —— = 55.5 psia
L4 14l

METHOD B

The weight of gas w = 5 1b, temperature T = 600 R, and
total volume V = 20 ft3. By equation (6)

p x 20 ££3 = § 1b x 53.35 £t-1b/1b R x 600 R

(5 X 53.35 x 60
p:

0
\> psf = 8000 psf = 55.5 psia
20

METHOD C
The number of 1b moles of gas are
number of pounds 5

n = =
molecular weight  28.95

il

0.1727

Using equation (7) gives
p x 20 £t = 0.1727 1b mole x 154% ft-1b/1b mole R x 600R

0.1727 x 1544 x 600
p = psf = 8000 psf = 55.5 psia
20

Example 3:

Determine the volume of a tank required to hold 50 1b
carbon dioxide at 220 F and 23.3 psig pressure when the
atmospheric pressure is 14.7 psia.
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Solution:

The pressure used in the ideal gas equation must be abso-
lute pressure, thus

p = 23.3 + 14.7 = 38.0 psia

H

p = 38 1b/in® x 14k in?/ft% = 5470 psf;

1l

T 220 + 460 = 680 R

From Table 1, R = 35.09 ft-1b/1b R

By equation (6)
5470/ft2 x V = 50 x 35.09/1b R x 680 R

50 x 35.09 x 680
5470

v = 218 £t3

Specific Heats

The specific heats of all gases vary with temperature.
Table 1 contains the specific heat valuesfor several common
gases.

The kinetic theory of gases may be used to obtain the
molar heats for monatomic and diatomic gases.

Monatomic gases Cy = 3 Btu/lb mole R

Cp = 5 Btu/1b mole R
Diatomic gases Cy = 5 Btu/lb mole R
Cp = 7 Btu/1b mole R

Example Y4:

Determine the constant volume specific heat of hydrogen
using the kinetic theory value and compare 1t with the
value found in Table 1.



Sclution:

The molecular weight of hydrogen (a diatomic gas) is 2.
Therefore, the constant volume specific heat is equal to
the molecular heat divided by 2.

Cy 5 Btu 1
Cy T — = X = 2.50 Btu/1b
2 1b mole R 2 1b/1b mole

The value of c, from Table 1 is 2.44%; thus, the kinetic
theory value deviates
0.06 .
x 100 = 2.5% from the experimental
2.k value.

A polytropic specific heat has been introduced at various
times for convenience in heating the polytropic process

pqV4H = péVgn. This is not a true specific heat since it does

not conform to the definition of constant volume or constant
pressure svecific heats. The polytropic specific heat may have
a negative value, indicating a decrease in temperature during
heat absorption. '

R (k - n) cy (k - n)
On = or
J (k- 1)(1 - n) (1 - n)

Internal Enerey, Enthalpy, and Specific Heat Relationships

The results of experimentation with gases flowing from one
chamber into an evacuated chamber,without doing external work
and in the absence of any observable heat transfer,led .Joule
to conclude that the internal energy of an ideal gas depends
upon the temverature and is independent of the volume. Stated
mathematically Joule's law for an ideal gas 1s:

u:f(T) '...l."'.’.'.'.'00.0000000.‘.".(9)
Since internal energy is a property, it 1s independent of the
process; therefore, any process may be used to evaluate it.

Equation 2 lesson 2 written for 1 pound of a perfect gas under-
going a constant volume process becomes:

Q= U - Wy
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There is no external work since V = constant, but Q = ¢
(T2 - Ty) for a constant volume process; therefore v

CV (TZ-T1):u2-u1 ooooooooo ..-...-....(10)
For an infinitely small change in temperature,

du:CVdT L L I R K N TR IR I I N S Y

HIxample 5:

Determine the internal energy change when 50 1b of CO» afe
heated from 50 F to 250 F assuming constant specific heat.

Solution:
From Table 1, ¢y for COp = 0.160 Btu/lb F

Using equation (10) for 1 1b of gas gives

0.160 Btu
up - uy = (250 - 50) F = 32 Btu/lb
1b F
For 50 1b
32 Btu
Us - U4 = — x 50 1b = 1600 Btu

1b

It can be proven mathematically that the enthalpy of an
ideal gas is evaluated by equation (12)

dh = cpdT sesecsave ceerecreaans ceeeeas ceeveees(12)
When a constant specific heat is assumed, the equation
becomes
hp - hy = cp (Tp = Tq) teseancesssneersananenn (13)
Bxample 6:

Determine the change in enthalpy when 100 1b alr are
cooled from 400 F to 120 F, assuming a constant specific
heat.

Solution:

The value of cp for air from Table 1 is 0.24% Btu/lb F.



Solution: (cont'd)
Using equation (13) for 1b air gives

ho - h1 = 0.24 Btu/1b F x (120 - 400) F = - 67.2 Btu/lb -

for 100 1b
Hp - Hif =---67.2 Btu/1lb x 100 1b = - 6720 Btu

Note that the answer is negative indicating a reduction in
enthalpy.

Example 7:

Determine the relationship between cyp, cy and R for an
ideal gas.

Solution:

Write the first law of thermodynamics for a reversible non-
flow constant pressure process, using 1 1b of an 1deal gas as
the system.
W
Q:u_u1+_
2 J

Q = ¢y (T2 - T4);3 o - uq = cy (T2 = T1)

and
p (vo-v1) pPov2 P4V R To R T4 R
w = = - = - = - (T2 - T«‘)
J J - J J J J
Therefore
Cp (T2 - T']) = CV (T2 - T']) + - (TZ - T“)
or
! L)
C - CV + e B R I 0 8 0 0 8 0 0 9 v s e 090.(1
P J

The ratio of specific heats is commonly designated by k:

Cc
k:—-l—a- "0.coc.oo.'00000000000(15)

Cy
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Solving this relationship for ¢y and substituting it in
equation (14) gives:

k R
Cp :< — 0-000"0..'0000'00010.‘0000.n0l¢0(16)

k-1 J

General Perfect Gas Eguations

Given in Table 2 are the general nonflow reversible process
equations for an ideal gas. All equations are given for 1 pound
of gas; therefore, total values are obtained by multiplying these
equations by the number of pounds of gas involved.

Reversible Nonflow Process Eguation

It is possible to express the equation of the reversible
ideal gas nonflow process plotted on the p - v plane by the
equation:

an:COIlStaIlt .'.0'000.0"0‘.0'0"’.0'0"'0.."!(21“')

The value of n changes with the process.

The most common reversible gas processes are: (1) isobaric

or constant pressure; (2) isovolumic or constant volume; (3)
isothermal or constant temperature; (4) isentropic, constant
entropy or reversible adiabatic; and (5) polytropic for which

n of equation (24%) remains nj; whereas n has some definite value
for all of the other changes. The general equations of Table 2
appllied to these specific processes reduce to several simple
equations when constant specific heats are assumed. Table 3
contains the more common forms of these equations.

-+ It is often convenient when analyzing one or more pro-
cesses to picture them on the p - vT - s, h - s, etc. planes
as shown in Fig. 1.

Y = const. +
n= w <

I P=const, n=0 T = const. n=1

T T
~
—~lonst, .1
\ Cq, 00"\" S = const.
2 n=K
e, NZ

sﬁ_ P

o

\4 . s

Reversible processes for an ideal gsas
presented upon the p - v and T - s dlagrams

Fig. 1



TABLE 2

TERM DIFFERENTIAL TOTAL EXPRESSION FOR
EXPRESSION 1 POUND OF GAS
v2
Work W W= pdv cheeeeae e .(17)
V1.
To :
Heat $Q = cdT sz CAT . vevvenans v (18)
(¢ depends T,
upon process)
Change in T
internal du = cy dT Us - uq = c AT eee.n .(19)
energy T4
Change 1in To
enthalpy dh = cpdT hy, - hy = ¢ aT cecenes (20)
T
Chahge in
entropy Vo
dT R dv R av
ds = ¢y — + —-— Sp-8q = —_— _— (21)
T Jd v J j v
V4
Po
dT R dp aT R dp (22)
ds = ¢p — = — —— Sp = Sq = —_ - - — (22
T J 7 J p
P1
' 1Y
dp ° dp
ds =cp— * Cy —— Sp = Sq = cp.__ + Cy — . (23)
v P P
P1

- 10 -



processes, assuming a constant svecific heat.

TABLE

Equations for reversible nonflow ideal gas

1A25.00-4

Process Isobaric Isovolumic Isothermal Isentropic Polytropic
: : p = constant V = constant T = constant. S = constant pV® = constant
. kR R (k—n)
Specific heat - S _
pecific beat ¢ YT k-7 | T (k-DJ 0 = =)
E#ponent n for .
0 1 =
DV = const. k n = any value
Quantity of heat we, (T2 — Th) we, (T2 — Th) p_ﬂil I V2
1Qx 7Y
J v,
wRT m 2
J .3
Quantity of work p(V, — V1) 0 L PV — piVi P2V — ;¥
iWo P heg 1—k 1—n
V. -
wRT ln — wey (T — Th) wE (T: — T0)
Vl I —n
wRT 1n &
U, — Uy wep (T — Th) we, (T — T) wep (T2 — TH) we, (T2 — Th)
Vo — miVh 1V — ;iVh 0 Z)QVQ —nV; p:Va — iV
(k — D)J k-1J k= 1J k — 1)J
H, — H, wey (T2 - T1) Wey (Tg - T)) Wey (Tz - T|) Wey (Tz - T()
k(p:Ve — piV) k@:V: — mVy) 0 k(p:V: — piV1) k(pVy — piVa)
k — 1)J k- DJ k — 1)J k — 1J
Ss — 8 2 T V. 0 »
1 we, In Fl we, ln 7—11 wR In ‘-j wey In T——l
T
wey In - we, In & wR In n
Vi Dt P
P vVr K1 _ 7:1 Y4 _ :ﬂ p1V1 = p21’2 P]Vlk = 'Pszk ‘Pﬂ’ln = Pszﬂ
T T, P2 Ty
k—1 n—1
T o\ T
P = D2 Vi=1, Ty =T, o (B) k -,2= By n
i 12 T 2\

T, _ (v
T V.

11



The p - v diagram is of special interest, since the area
under the reversible process curve represents the work performed
during the nonflow process.

The T - s diagram is likewise of importance since the area
under the reversible process curve represents the heat transfer
during the process. The areas cannot be negative; therefore,
the direction of the process must be considered when determining
the sign of the work performed or heat transferred.

Example 8:

Determine the work performed, heat absorbed, and changes
in internal energy, enthalpy and entropy when 75 1b air

are heated or expanded at constant pressure from 50 psia
and 60 F to 250 F during a nonflow process.

Solution:
As the first step in the solution of this problem, the

specific volume will be determined at the initial point
by using the ideal gas equation of state.

53.35 ft-1b (460 + 60) R 3
v = X = 3.85 ft°/1b
16 R 50%%2'X 144 in2/ft2

A1l necessary equations will be obtain from the constant
pressure process column of Table 3; however, the general
equations may be used if desired.

vo To (460 + 250) 3
—_— vy = 3.85 = 5,25 ft°/1b
VA TH 460 + 60)
Work/1b = p(v, - vy) = 50 x 144%%2 (5.25 - 3.85) £t3/1b

= 10,100 ft-1b/1b

Total work = 10,100 ft-1b/1b x 75 1b 756,000 ft-1b

Heat absorbed/lb = Q = ¢y (T2 - T4 )= 0.24 Btu/lb Fx (250 - 60)!
45.6 Btu/1b

- 12 -
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Total heat absorbed = 75 1b x 45.6 Btu/lb = 3420 Btu

Change in internal energy/lb
=up - ul =cy (Tp - T1) = 0.172 Btu/lb F x (250 - 60)F

32.7 Btu/lb

H

Total internal energy change = 75 1b x 32.7 Btu/1lb

l

2450 Btu
These three values may be checked by using the first law of
thermodynamics
Q = Up - Uq + work
Thus

756,000 ft-1b
3420 = 2450 Btu +

798 f£+-1b/Btu
3420 Btu = 3425 Btu

The difference is the result of slide rule calculations.

1

Change in enthalpy/lb = hp - h1 = cp (T2 - Tq)

H

0.240 Btu/1b R x (710 - 520) R

i

45,6 Btu/lb
Total change in enthalpy = 75 1b x 45.6 Btu/lb = 3420 Btu

| T2
Change in entropy/lb = sp - s{ = cp 1n —
T4

710

= 0.240 Btu/lb R x In —

520

0.075 Btu/lb R

Total change in entropy = 75 1b x 0.075 Btu/lb R = 5.62
Btu/R

- 13 -
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Example 9:

(a)

1

W

" During a reversible nonflow polytropic process for which
n = 1.29, 10 1b air are compressed from a pressure of 1.7
psia and a temperature of 60 F to a pressure of 75 psia.
Determine (a) the work of compressionj (b) the heat
transfer; (c) the change in internal energy; (d) the
change in enthalpy; and (e) the change in entropy.

Solution:

The initial specific volume as determined by the Gas Laws
are
(460 + 60)

v = 53.35 ft-1b/1b x 1D
1.7 x 1LI~L!-T52

= 13.1 ££3/1b

The final volume by the process equations 1is:

‘] .
T.25
. P1
p1vi! 2 = pova'*20 or vp = V1<;~:>
p2

1

[

I LS ‘
vo = §;> x 13.1 f£3/1b = 3.56 ££3/1b
7 .

The work 1s equal totf pdvy thus:

3.56 | 1.25
d but 1.25 - onstant or p AL
w pdv ut = c , =
’ v v1.2§
13'1
3.56 3.56
dv -wp1v11'25 1 1
_ wp1v11‘25 - . _ —
v1'25 0.25 Vo -25 vy >

13.1 13.1

-10 1b x (1%.7 x 14l4) 1bp

—, % (131 ££3/1p)1 22
0.25 £t

1 1
(356)°25  (13.1)0-25

= -14:29,000 ft-1b



1A25,00-4
This answer may be checked by using the equation for work
from Table 3:

wipovy = pivy)

1 - n

10 1b’E75x1m+>lﬁ x3.56 £63/40 - (1.7 1102 x13.9 ft3:|
2 | . ft 1b

1 -1.25
= - 429,000 ft-1b
The negative sign indicates that work is performed upon the air.
(b) The heat transfer may be obtained by using the first law:
429,000 ft-1b

Q =Up - U1 + W= 346 Btu - = - 207 Btu
778 ft-1b/Btu

Two hundred Btu left the air. This value may be checked by
using the polytropic specific heat.

1.40 - 1.2
cp = 0.173 Btu/lb R p = - 0.1037 Btu/1b R
1 - 1.2

The negative sign indicates heat removed with temperature

increase.

Q = wey, (To - T1) = 10 1b (-0.1037 Btu/lb R)(720 - 520)R
= - 208 Btu

(¢) The final temperature by the equation from Table 2 is:

1.25 -1 0.25

V1 13.1
Ty = T1<i—;> = (520:R)<?——{> = 720 R
vo /. 3.56

- 15 -



_The change in internal energy is:
U, - Uq =wey (Tp-Tq) = 10 1b x 0.173 Btu/1b R (720 - 520) R
= + 346 Btu
(4) The change in enthalpy is:
Hs - Hy =wcyp (Top-T4) = 10 1b x 0.24% Btu/1b Rx (720 - 520) R
= + 480 Btu
(e) The change in entropy is obtained by using the polytropic

equation from Table 3, thus:

T2 720
Sp-81=wep In — = 10 1b (-0.1037) Btu/1b R 1n —
T , 520

= - 0.336 Btu/R

Gas Tables

To make this table air is assumed to obey the ideal gas
law and each gas has a specific heat that variles with temvera-
ture. A reference state is assumed, and any other state is
assumed to be reached by an isentropic process from the reference
state. This procedure permits the internal energy, enthalpy,
pressure and volume changes to be written in terms of the tenm-
‘peratures of the reference and second states.

By writing equation (22) for the isentropic process it can
be shown that

where vp = —
Po

Equation (20) written in terms of T and T, becomes:

- 16 -



TABLE 4

Air at low pressure (for one pound)

1A25.00-k

T t h Pr u Vr fr=4

100] - 359.7 | 23.74 0.003841{ 16.88|9643 0.1971k

125 - 334.7] 29.72 0.008372| 21.15|5531 0.25054

150 - 309.7| 35.71 0.015824| 25.43]3512 0.29418

200| - 259.7 | 47.67 0.04320 33.96{1714.9 0.36303

300 - 159.7| 71.61 0.17795 51.04| 624.5 0.46007

500 40.3| 119.48 1.0590 85.20| 174%.90 0.58233

800| 3%0.3| 191.81 5.526 136.97| 53.63 0.69558
1000{ 540.3| 240.98 12.298 172.431 30.12 0.75042
2000 1540.3| 50%.71| 174.00 367.61 L.258 ]0.93205
4000| 3540.3(1088.26| 3280 814,06 0.4518 | 1.1333%4
6500 6040.3 (1858 .44+ 28974 1412.,87 0.08310| 1 .28268

T
h - hy = cp dT
T

)

The value of u may be obtained from the equation:

u=h-pv=h~RT

By letting

@:

T

Cp

aT

—, equation (22) can be written:

- 17‘5



or

_ R P2
Sp - 51 = £, -1 - —1ln —
' 2 J jo

" The relative volume vy may be obtained from relationship
Vr = c—
DPr
Once To is established, values of pp, u, h, N2 and @

become functions of T alone.

Example 10:

Determine the work required to compress 1 1lb air in steady
flow from 23 psia and 40 F to 120 psia by a compressor
having an adiabatic efficiency of (a) 100% and (b) 87%.
Determine the temperature of the air leaving the compressor
and the change in entropy.

Solution:
(a) The work for this process is obtained by applying the

steady flow energy equation. From Table 4 at 500 R,
h1 = 119048, pr1 = 11059, Q = 0-58233

Now P2 Pp/Py  Pp2

P1 P1/%0  Ppi

Therefore Po
pI‘2 = —X pr1
. P
or 120
pp2 = 1.059 x — = 5.526
23
From Table Y pp2 = 5.526, hp = 191.81, Tp = 800 R and
@2 = 0.69558

The value for this work may be obtained by writing equation
(4) lesson 2 for this reversible adiabatic process, neglecting
kinetic and potential energy

- 18 -



(b)

1425.00-k

W="hy, - hy = 191.81 - 119.48 = 72.33 Btu/lb air
By the entropy change equation:

' 53.35 120
sp-s1=0.69558 - 0.58233 - ln —=0.11325 - 0.1132 =0
778 23

By definition adiabatic efficiency is the ratio of the

ideal isentropic work of compression to the actual adiabatic

work of compression:

Ah ideal Ah ideal  72.33 Btu/lb
n = T ,o0r Anh actual = =
Ah actual N 0.87
= 83.2 Btu/1b

ho = hy + Ah = 119.48 + 83.2 = 202.68 Btu/lb

From Table % at h = 202.68, To = 844.5 R, and ¥ = 0.70878

53.35 120
sp - s1 = 0.70878 - 0.58233 - 1n = 0.0133 Btu/R.

778 23

ASSTGNMENT

During a reversible nonflow compression for which p =
(5 V +_15) psia, the volume of a gas changes from 4 to
1.5 ££3.  What is the work of compression?

Three ft3 of air at 60 F and 45 psig are heated at constant
pressure to 120 F. (a) How much heat was transferred?

(b) What was the change in internal energy? (c) How much
work was performed?

Fifteen Tt3 of hydrogen at a pressure of 250 psia and a
temperature of 400 F are cooled to 150 F at constant volume.
What is (a) the final pressure; (b) the quantity of heat
transferred; (c) +the work; (ds the change in internal
energy”?

A perfect gas is such that R = 386 and k = 1.659. If 600
Btu are added to 6 1b of the gas at constant volume when the
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. (cont'd)

initial temperature is 120 F, find (a) Tp; (b) AHj
(c) AS; (d) AU; (e) W.

During a nonflow gas compression, the internal energy of a
gas decreases 20 Btu while 20,000 ft-1b of work are per-
formed on the gas. 1Is heat added or removed during the
process? How much?

A reversible polytropic nonflow_compression of 1 1b air
proceeds from a volume of 10 ft3 and a pressure of 50 psia
to a volume of 2 ft3. If n = 1.2 for the process, what is

p2?

An ideal gas expands isentropically from (1) t = 539 F, to
(2) po = 30 psia, to, = 4O F. Then it is compressed rever-
sible isothermally to (3) V3 = 3 ft3. The gas is then
heated at constant volume to " its original state. Cp =

0.30 Btu/1b F,cy =0.222 Btu/lb F, R = 62.2 ft-1b/1b R.

(a) Draw a p - V diagram of the processes. (b) Find the
work for each process and the net work for the series.

(c) Determine the heat transferred for all processes and
the net heat transferred for the series.

Two f£t3 of hydrogen at 100 psia and 300 F are expanded isen-
tropically to 20 psia. The gas 1s then expanded at constant
pressure, after which it is compressed by means of a rever-
sible polytropnic process with n = 1.15 to its original state.
(a) Draw a p - V diagram for the series of processes. (b)
Determine the net work performed. (c) Determine the change
in internal energy for the series.

teorge Howey



Course 1A25
Lesson 1A25.00-5

Heat & Thermodynamics

VARIABLE SPECIFIC HEATS OF GASES

" The heat capacities and specific heat of real gases are not
constant, as was assumed to be the case of ideal gases, but vary
with temperature and pressure.

Specific heat curves may be used whenever a continuous
function is not required. Fig. 1, showing the variation in
constant volume specific heats with pressure, indicates that
pressure has little effect upon the constant volume of specific
heats. Fig. 2 presents the variation of the constant pressure
specific heat of air with temperature and pressure.

Example 1:

What is the amount of heat required to change the tempera-
ture of 10 1b air from 600 F to 1,000 F by constant pres-
sure heat addition at (a) p= 0 psia, and (b) p= 5,000psia? .

Solution:

(a) From Fig. 2 the average specific heat at p = O from 600 F
to 1,000 F is 0.257 Btu/lb F

Q - WCp (T2 - T‘])
Q =10 1b x 0.257 Btu/1ib F x (1,000 - 600) F = 1,028 Btu

(b) TFrom Fig. 2 the average value of cp between 600 F and
1,000 F at 5,000 psia is 0.273 Btu/1b F

Q = 10 1b x 0.273 Btw/1b F x (1,000 - 600) F = 1,092 Btu

Example 2:

How much heat is required to increase the temperature of
15 1b oxygen from 2,000 to 3,000 F by a constant volume
process?

Solution:

From Fig. 1 the average cy between 2,000 and 3,000 F 1is
‘ 0.214 Btu/lb F
Q=wey(to - t4) =15 1b x 0.214Btwlb Fx (3,000~ 2,000) F |
= 3,210 Btu

March 1966 (R-0) -



Specific Heat Fouations

From Figs. 1
and 2 it is evident
that whenever the
temperature range
is large, especially
at low pressure,
accurate values of
heat can be deter-
mined only by
integration, because
of the wide varia-
tion in specific
heat values. The
integration may be
performed graphi-
cally or by integral
calculus when the
equations of specific
heat curves are
available. Several
empirical molar
heat capacity equa-
tions are repre-
sented in Table I.
These equations
give precise results
at pressures near
1 atmosphere.

SPEGIFIC HEAT AT CONSTANT VOLUME OF AIR ,CO,CO, ,Ny,AND O, ,BTU/LB F,
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IABLE I

Gas Eguation (Cp in Btu/lb mole F)

o2 Cé=11.515-13,%+15T%o |
N Cy = 9.7 - DAL X 103 | 1.16 ¥21o6
H20 Cp = 19.86 - 20

COp Cy = 16.2 6.53 x 103  1.41 x 108

- T -+ Tz
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Fig. 2

In chemical thermodynamic calculations, it is advisable to
use one form of specific heat equations such as equation (1)
for all gases

Cp = a+ bl + oTC + ... (1)

When a large number of gases are involved, this form of
equation vroves advantageous because the equation for a mixture
of gases is of the same form as the specific heat of one com-
ponent. The equation for a mixture 1s:

where X,, X5 X~ etc. are the mole fractions of the components
A, B, C, etc. having individual molar heat capacities CPA’

C CPC’ etC-

PB’?
Combining equations (1) and (2) gives:

Cijx = (XAaA + Xpap * oo ) + (XAbA_+ XBbB + ees)

2
T + (XACA + Xpeg + o) T (3)



TABLE IT

Approximate molar heat equation constants
(Cp in Btu/1b mole R units)

a b x 103 c_X 106
Air 6.36 0.993 -0.0852
0, 6.100 1.810 -0.313
co 6.342 1.020 - -0.0866
H, 6.950  -0.110 0.148

Example 3:

Determine the heat required to heat 25 1b O, from 500 R
to 2,500 R using (a) the equation of Table I, and (b)
the equation of Table IIT.

Solution:
To 2500
Q =n CpdT = n deT
T1 500
25 1b
n = number of moles = 0.782 1b mole
32 1b/1b mole
172 1530
(a) From Table I, Cp = 11.515 = — 4/ +
, T2 T
2500 172 1530
Q = 0.782 / (11.515 - 02 4 1930y 40 = 0,780
500 T? T
1 2500
172 T°
11.515 T - ——_T;—— + 1530 1n T = 12,550 Btu
500

(b) From Table IT, Cp = 6.095 + 1.809 x 1073 T - 0.313 x 107 72



(b) (cont'd)

2500
Q = 0.782 1b mole
500

(6.095 + 1.809 x 1073T - 0.313 x 10-672)

Btu/1lb mole RAT

1

0.782

1.809 x 10"3T2 0.313 x 10-6'1'3 2500

6.095T + ‘ -
2

3 500
Q = 12,550 Btu

Mean Specific Heats of Gases

The specific heats obtained by the equations of Table I
represent values at any temperature T. It 1s often advantageous
when determining the total energy required to heat a gas from
one temperature to a number of different temperatures to use
average specific heat values over the specific temperature
range involved. The total heat required can be readily deter-
mined by multiplying the mean specific heat by the temperature
rise and the number of pounds of gas. The specific heat cgy
may be obtained by equation (&).

T T2 t

2 caT

cdT T1
T1 or Cav = e

cav R T2 - T1 ()+)
I, - Ty

ASSTGNMENT

1. TFifty 1b No are heated from 40 F to 240 F at constant
pressure

(a) How much heat is required when computed by using a con-
stant specific heat of 0.245 Btu/lb R?

(b) How much heat is required when the variable specific
heat of Table I 1s used?



Twenty 1b air are heated at constant volume from 800 F to
1,600 F. What quantity of heat is required, assuming
constant specific heat? , '

What 1s the value of k for air at 14.7 psia and 3,000 F,
assuming variable specific heat?

what 1s the change in enthalpy of 1 1b CO for a change in
temperature from 140 F to 300 F at 1 atm pressure? Use
specific heat given in Table II.

Using the steam table enthalpy values, determine the con-

stant pressure specific heat of steam at 1 atm pressure
between 400 F and 460 F.

George Howey
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Heat & Thermodynamics

PRESSURE, VOLUME, TEMPERATURE
RELATIONSHIPS OF GASES

The pressure, volume, and temperature of gases in vapours
in various states are related by equations of state assumed to
be valid for the temperature and pressure range under considera- -
tion. The equations vary in their degree of complexity,
requiring from 1 to 15 or more constants.

Ideal Gas Equation

The ideal equation of state, the simplest of all equations
of state, may be developed from the kinetic theory of gases or
from the combination of Boyles and Charles Law. It is assumed
that all molecules are perfectly elastic spheres moving at con-
‘stant velocity with respect to time and space, in the absence
of all attractive forces between the molecules, and that the
molecules occupy no space. The resulting equation is

pV:nROT * % ® % 0 & B 2 ¥ 9 4 6 9 0 9 0¥ % F P T VS e (1)
Example 1:

Determine the prissure at 800 R of CO2 having a molecular
volume of 3.2 ft3/1b mole.

Solution:
800 R

p = 1544 £t-1b/1b mole R X 3.5 F¢3/1b mole

386,000 psf

183 atm

one atmosphere = 2110 psf

The ideal gas equation of state may be used for the first
approximation calculations when more exact information is not
avallable.

Other Bquations of State

It soon became evident to early observers that real gases
deviated from the ideal equation of state. A large number of
equations are in use now, that try to account for the fact that
molecules do occupy space, that molecules do exert a molecular
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attraction upon each other. One of the earliest equations is
van der Waals'
a 2
p = VB%EE - gz or (p+32)(v - b) = Rl ceea(2)

Values of a and b, the constant in van der Waals' equation, are
given in Table 1.

In the absence of experimental values, approximate values
given by the following equations may be used.

27 <R02Tc2 | R,T,
a=— |\ —5—]; b = —g
6L Pe , Po

where p, and T, represent the critical pressure and temperature,
respectively.

Example 2:

Determlne the pressure at 800 R of CO»o hav1ng a molar volume
of 3.2 ft 3/1b mole by using van der Waals' equation. It
should be that

1 = 0.730 atm £t5/1b

Ro = 1544 £t-1b/1b mole R X o= psf/atm mole R

Solution: From Table 1
a = 926 atm ft6/(lb mole)z- b = 0.686 ££3/1b mole

0.730 atm ft3/lbnwleR_x 800R 926 atm ft6/(lb mOle)2
3 5 FL3/1D mole - 0.686ft3/1lbmole (3.2 £t37/1b mole)<

233 atm - 90 atm = 143 atm

Other equations of state are:

Dieterici _
R,T -a/RoTy
p: st e) e o0 000 0¢ 000 9.00;..--(3)
v - b
2., 2
L(R)TT R.T
q = ___SLZTAL_ ; b = _£L{%
Dc® p.®
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Bertholot
ROT a '
p—v_-:_b-.'f‘\_fg ooocanoonooa;oov.oooo--'oo()+>
27 [ (Rg)® 13 9R,T,
a T 3 b =
6L Pe 128Pc

The Beattie, Bridgeman, and Beattie equations using the
same empirical constants are available when greater accuracy
than obtainable from the preceding equations is required.

Beattie, Bridgeman

, (1 -€) A

p:RoT T(V"‘ B)—"\-f-g‘ ooccoo-"oo'(g)
A=, (1 -2 B=3B(1-2); €==

o) </ gl I 0 T3 3 ;Eg

Beattie
V:(Tr.: B)(1—€)——_——RAT ouoooooooooocuao(6>
0]
- . B = b\. f= -So . - Rot

A= Aq {1 - % ; B =Bg (1 -2 €"5T3’ Wr-—%-

The values of the constants Ao, Boy, 2, b, and ¢ for several
gases may be found in Table 1.

TABLE 1
van der Waals’ Beattie-Bridgeman constants Critical constants
constants
a b Ao a Bo b cX10™ Critical  Critical
Gas tempera- pressure
atm fts/ ft3/ atm ft¢/ ft3/ ft3/ ft3/ ft*R3/ ture

(b mole)*| b mole (Ib mole)?| Ib mole | Ib mole | Ibmole | Ib mole R atm
Air 344 0.587 344 0.309 0.738 | —0.0176 406 238.8 37.2
Carbon dioxide 926 0.686 1285 1.14 1.69 1.16 6170 547.8 72.9
Carbon monoxide 381 0.639 345 0.419 0.808 | —0.111 393 242.2 34.6
Hydrogen 62.8 | 0.427 50.7 [—0.081 0336 | —0.698 4.7 60.5 12.8
Nitrogen 346 0.618 345 0.419 0 ROR | -0 111 393 227.2 33.5
Oxygen 350 0.510 383 0.411 0 741 0.0674 449 278.1 49.7
Water vapor 1400 0.488 1165.4 218.2



Example 3:

Using the Beattie-Bridgeman equation, determine the
prgssure of CO, at 800 R when the molar volume is 3.2
££2/1b mole.

Solution:
From Table 1 the critical temperature and pressure are

- 547,.8 R and 72.9 atm, respectively. The constants for
the Beattie-Bridgeman equation are obtained from Table 1.

A, = 1285; a = 1.14; B, = 1.69; b= 1.16; c = 6170 x 107
1.14 1.16
A=1285 (1 = —— | = 8265 B =1.69 {1 - —— |= 1.08
3.2 3.2
6170 x 104
= = 0
3.2 x (800)3
Using equation 5 to calculate the pressure gives:
2
p = 0.73 x 8oc<—l¥> x (3.2 + 1.08) - T§2%72 = 24kt - 81
3.2 3-
' = 163 atm

Compressibility Factors and Reduced Coordinates

The ideal gas equation may be modified by a compressibility
factor for use with real gases:

pV:ZROT e e 0 8 8 s 0 0 00 e s ¢ s 0 00 s 20 (7)

Unfortunately no simple relationship exists between the com-
ressibility factor, pressure, and temperature; this necessi-
tates determination of a compressibility factor for each state
of the gas. It is customary to present compressibility factor
data by using plots of Z as a function of pressure for various
constant temperatures. By employing the law of corresponding
states (gases at the same reduced coordinates have approxi-
mately the same properties), it is possible to present the
compressibility data for all gases on one diagram.

The reduced properties may be obtained by using equations
(8) and (10).
actual pressure D
Reduced pressure pp = = — ....(8)
critical pressure Pe
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actual temperature T

= - (9)

critical temperature T

1

Reduced temperature T,
c

actual volune
Reduced volume v, = = — ..(10)
critical volume Ve

1

Because of the lack of sufficient critical volume data,
an idealized reduced volume v,j defined by equation (11) is
sometimes employed.

v

Vri:"-—"'—_ oucco-oooonoovo-o-oot(11)
RTc/Pe

where v = actual volume.

Fig.1 is a generalized compressibility chart which includes
vpi values as well as the customary Try Pr, and Z data.
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Example 4:

Using the compressibility factor, determine the_pressure
at 800 R of CO5 having a molar volume of 3.2 ft3/1b mole.

Solution:

From Table 1, T¢ = 547.8 R, and p, = 72.9 atm. Calculate
the reduced temperature and ideal reduced volume, using
equations (9) and (11) respectively.

800 3.2
T, = 1.465  vny = = 0.589
47.8 (0.73 x 547.8)/72.9

From Fig. 1, Z = 0.82. By equation (9):

0.82 x 0.73 x 800
p = = 148 atm
3.2

148
Check pp, = — = 2.08; from Fig. 1, Z = 0.82. Solution
72.9 satisfactory.

Generalized BEquation of State

Several equations of state using reduced coordinates have
been proposed. One of the latest is the Su equation.

T, 0.42
pp = - 5 B A =D
vei - 0.125  (vpy)

ri

Example 5:
Y

Using equation (12)determine the pressure at 800 R of COp
having a molar volume of 3.2 ££3/1b mole.

Solution:

From equation (9)

800
Ty = = 1.46
547.8
From equation (11)
3.2
Vei T = 0.585

(0.73 x 547.8)/72.9
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Using equation (12):

1.46 0.42
0.585 -~ 0.125  (0.585)2

Pr

= 3.17 - 1.23 = 1.94

From equation (8):

P =1.9% x 72.8 atm = 141 atm

Real Gas Mixtures

iny threg of the many available methods of treating real
gas mixtures will be outlined briefly in the following: ‘They
are: (1) the law of additive pressures, (2) the law of

additive volumes, and (3) +the pseudocritical temperature and
pressure method.

METHOD 1:

The law of additive pressures assumes that the pressure of
a gas mixture is the sum of the pressures exerted by the
individual components if each is assumed to occupy the total
volume of the mixture alone. The components may be assumed to
follow any one of the many equations of state. For example,
if a mixture of x, moles of a gas A, xg moles of gas B, etc.,
in total volume V is assumed to follow the van der Waals'
equation, the following equation results:

2 2
X4 RAT a.x X, R T aEXE
_ TAFo ATA = B o _ s ete ..(13)

= - )p'—
Voxpy V2P Vexgry V2

Py

Total pressure of mixture:

- + + + e
PEPy TP P

METHOD 2:

The law of additive volumes assumes that each component
of a gas mixture is at the temperature and pressure of the
mixture, and that the total volume of the mixture 1s equal to,
the sum of the individual component volumes. ?hls method .
leads to a trial-and-error solution. Here again any equation
of state may be employed. Assume that v is the molar volume



of the gas mixture, and that vp and vp are the molar volumes
of the components A and B at the temperature and pressure of
the mixture. Let N, and Ny represent the mole fractions of

the components. Then by the law of additive volumes:

V:NAVA+N'BVB 09-0000-000000;....(1)'*')

Assume a value for vy or vp and solve equation (14) for the
remaining molar volume, then substitute these wvalues in the
chosen equation of state and solve for the pressure of the
components. When the component pressures are equal, a solu-
tion has been obtained.

METHOD 3:

The pseudocritical temperature and pressure method treats
a gas mixture as though it were a single gas having a critical
temperature and pressure equal to the pseudocritical temperature
and pressure of the mixture. This pseudocritical point does not
in general coincide with the true critical point of the mixture.
The compressibility factor for the mixture is obtained from the
generalized reduced coordinate compressibility factor chart,
Fig. 1, using the pseudocritical temperature and pressure in
computing the reduced temperature and pressure of the mixture.
Equation (7) is then used for the gas mixture.

Equation (15) and (16) may be used to compute the pseudo-
critical values. More complicated equations may be found in
reference 8.

P’ = NAPCA + NpPep + NCch t et reeenas .............(15)L
To' = NATCA + NBTCB + NCTCC F ettt eerntoneerosanans (16)
where
pCA = critical pressure of component A, etc
' Tep = critical temperature of component A, etc.
N, = mole fraction of component A, etc.
Example 6:

Determine the pressure of a mixture of 0.7997 mole fraction
of methane and 0.2003 mole fraction of n - butane at 340 F,
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the mixture having a molar volume of 4.511 ft3/lb mole.

Solution:
R,T  0.73 atm £t3/1b mole R x 800 R

= T.577 T83/10 mols & = 129.5 atm,

(a) p =
v
or 1900 psia

(b) Law of additive pressure and van der Waals' equation.
Using equation (13) gives:

0.73 x 800 x 0.7997 581.2 x (0.7997)2
Do = -
CH,  y.511 - 0.6855 (0.7997) (4.511)2
= 99.5 atm
0.73 x 800 x 0.2009 3675 (0.2009)2
pCyH = -
B0 T ) s1q - 1.944 (0.2009) (4. 511)2
= 21.2 atm

pp = 99.5 + 21.2 = 120.7 atm, or 1770 psia

(c) Law of additive volumes and van der Waals' equation. By
equation (14):

L.511 = 0.7997 Ve T 0-2003 vOyHyg

After several trials, assume vCH, = 4.85 ft3/1b mole.
Then by the above equation, vCyHip = 3.195 ££3/1b mole.
Using van der Waals' equation gives:

0.73 x 600 581.2 "
p = - = 114 atm
Ol ™ ) 85 - 0.68  (4.85)2

0.73 x 800 3675

poyHig = - 112 atm
O3 15 Z 1.9k (3.15)2 |

These values are in good agreement; therefore the assumed
molar volumes are correct, and the pressure of the mixture is
113 atm, or 1660 psia.

-9 -



(d)

- 10 -

o o F oW

Pseuddcritical temperature and pressure. By equations
(15) and (16):

T' = 0.7997 x 380 + 0.2003 x 770 = 458 R
p'y = 0.7997 x 45.8 + 0.2003 x 36 = 43.9 atm
T 800

Tl :._..__.:——-—-:1,7‘5
r 1
T, 58
v .51
Vipg = ROT(C = 0.73 x 458 = 0.592
p' 43.9

c

from Fig. 1, Z = 0.91. By equation (7),

0.91 x 0.73 x 800
p = = 117.5 atm, or 1730 psia
4.511

ASSIGNMENT

Determine the pressure of 1 1b mole of nitrogen at 910 R
when the molar volume is 1.40 £t2/1b mole, by means of the
ideal gas equation.
Repeat problem 1, using the compressibility chart.
Repeat problem 1, using the Bertholot equation.

\
Repeat problem 1, using the Beattie, Bridgeman equation.
Repeat problem 1, using the Su equation.
Determine the molar volume at 313 K of CO, having a pressure

of 72.16 atm using (a) van der Waals' equationj (b)
ideal gas equation; (c) Beattie equation.

George Howey
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Heat & Thermodynamics

THE SECOND LAW OF THERMODYNAMICS
AND ENTROPY

The first law of thermodynamics is used to relate and to
evaluate the quantities of the various types of energy involved
in a process., However, no information as to the direction of the
process can be obtained by application of the first law. Early
in the development of the science of thermodynamics, investigators
noted that while work could be converted completely into heat, the
converse was never true for a cyclic process, Certain natural
processes were also observed to proceed always in a certain direc-
tion. The second law of thermodynamics was developed as an ex-
planation for these natural phenomena.

One consequence of the second law is the development of a
physical property of matter termed entropy. The change in this
property, which may be defined as the index of unavailable energy,
can be used to determine the direction in which a given process
will proceed. A discussion of the second law and the development
- of a concept of entropy will be presented in this lesson.

Statements ofvthe Second Law

Several common statements of the second law are:

1, It is impossible to construct a machine that, while operating‘
in a cycle, will produce no other effect than the transfer of
heat from a cold body to a body at a higher temperature.

" 2. It is impossible to construct an engine that, while operating
in a cycle, will absorb heat from a single reservoir and pro=-
duce an equivalent amount of work,

3. A simplified statement of the second law may be presented as:
heat by itself will not flow from a cold to a hot body.

Reversible and Irreversible Processes

Thermodynamic problems, processes, and cycles are often ad-
vantageously investigated by substitution of reversible processes
for the actual irreversible processes, As has been pointed out
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before, changes in physical properties are independent of the
path; therefore a series of reversible processes may be substi-
tuted for the actual irreversible process and thus aid the en-
gineer in his study. Several statements defining reversible and
irreversible processes are given in the following:

"In order for a process to be reversible, the following con-
ditions must be completely and precisely fulfilled.

1. The process may proceed in either direction.

2. The process may be reversed by infinitely small changes in
the values of the conditions controlling it,

3. The working substance is always in a state of equilibrium
throughout the process.

L. No energy transformations occur as a result of friction.

5. All energy transformations which occur as the process pro;
ceeds in one direction must equal in both form and amount
those which take place in the reverse order,

6. The working substance must be returned to the initial con-
dition by retracing every step of the original process in
the reverse order."

"A process is irreversible if a perpetual motion machine of
the second kind would result from its being reversible.”

From these statements it follows that only reversible pro-
cesses can be depicted on the p-v, T-s, etc, diagrams. Actual or
irreversible processes cannot be drawn, since they are not a suc-
cession of equilibrium conditions. Only the initial and final
conditions of irreversible processes are known; however, some
authors prefer to represent the irreversible process by dotted
lines on the diagrams.

Example 1:

Classify the following processes as reversible or irreversible
and state the reason for the classification. (a) Free expan-
sion of a gas. (b) The transfer of heat from a body at a
temperature T + dT to a body at temperature T,

Solution:

(a) A gas is said to undergo free expansiocn when it expands
from a state of pyVy at constant temperature to a state

ppV,, doing no work and in the absence of heat transfer,
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This process is irreversible., It can be shown that its
being reversible would result in a perpetual motion
machine of the second kind; therefore, it is irreversible
by Keenan's irreversible process definition.

(b) This process may be proven to be reversible by means of
the preceding reversible process statement. If the tem-
perature were changed an indefinitely small amount, dT,
the direction of heat transfer would be reversed.

Carnot Cycle and Principle

Sadi Carnot, in 182A, proposed a heat power cycle composed of
the following reversible processes:

(1) 4isothermal expansion and reception of heat at temperature 61;
(2) isentropic expansion;

(3) disothermal compression and rejection of heat at temperature
€2; and

(4) 1isentropic compression of temperature 8y .
The Carnot cycle op- ]~\\“ 8
erating between two 2
fixed temperatures ~ \~~-o,
81 and 62 and employ-

P 4 T

ing gas as the work-

ing fluid is plotted

on the T - s and p - v
diagrams shown in Fig. 1.
The efficiency of the cycle - M

is given by the follow=- Fi 1
ing equations: 118, 1

Q - Q '
7 = L _ 2 N ¢ §
, Q)

where Q; is the heat received at temperature 8,, and G, is the
heat rejected at temperature 82,

Since all component processes of the Carnot cycle are rever-
sible, the complete cycle may be reversed to produce a Carnot heat
pump or refrigeration cycle. This cycle absorbs heat at the low
temperature ©,, receives work input, and rejects heat at the higher

temperature Gl.



In the field of refrigeration, the term coefficient of per-
formance is used as the criterion of performance similar to the
use of thermal efficiency in the heat power field. The CP or co-
efficient of performance is defined as the ratio of the refrigera-
ting effect (heat absorbed at the low temperature) to the work in-
put. The CP for the reversed Carnot cycle is given by the follow-
ing equation:

%

CP = ~—5—o

® & & & 2 8 B 4 2 & % 0 9 W P2 A e ‘(2)
9 -9

where Q2 is the heat absorbed by the reversed Carnot cycle at tem-

perature 6,, which is equivalent to the heat rejected by the Car-

2)
not engine, and Ql is the heat rejected by the reversed Carnot en-

gine at temperature 61, which is equivalent to the heat absorbed
by the Carnot engine.

Example 2:

A Carnot engine receives 100 Btu and rejects 75. What is
the efficiency?

Solution:

Using equation (1) gives:

QL - Q
9 - Q9% 100 Btu - 75 Btu 25 Btu ~
7= 5 100 Btu x 100 = IG%‘E%E x 100 = 25%

Example 3:

The Carnot engine of example 2 is reversed to form a Carnot
refrigerator, with 75 Btu being absorbed at the low tempera-
ture and 100 Btu being rejected. Determine the ccefficient
of performance.

Solution: Using equation (2) gives:

Q, 75 Btu _ 75 Btu _ ,

CP = Ql - Q2 = J00 Btu - 75 Btu _ 25 Btu

Carnot also disclosed the following principle which bears
~his name today: :

1. No engine can be more efficient than a reversible engine op-
erating between the same high-temperature and low-temperature
reservoirs. Here the term heat reservoir is taken to mean
either a heat source or a heat receiver or sink,



1A25.00~7

2. The efficiencies of all reversible engines operating between
the same constant temperature reservoirs are the same.

3. The efficiency of a reversible engine depends only upon the
temperatures of the heat source and heat receiver,

Example 4:

Prove that the first statement of Carnot's principle is true.

Solution:

Assume that the statement is false and that an irreversible
engine can be more efficient than a reversible engine opera-
ting between temperatures ©; and ©,. Assume further that
both engines receive 100 Btu and tgat the irreversible engine
rejects 50 Btu, whereas the reversible engine rejects 75 Btu.
Reverse the reversible engine to act as a refrigerator and
drive it by the irreversible engine. The reversed engine
will now receive 25 Btu work input, will absorb 75 Btu from
the low-temperature heat reservoir and will reject 100 Btu

to the high-temperature reservoir, The irreversible engine
will absorb 100 Btu from the high-temperature reservoir de-
liver 50 Btu of work output, 25 Btu of which are used to
drive the reversed reversible engine, and 25 Btu constitute
net useful output; and reject 50 Btu tc the low-temperature
reservoir, The net result of the operation of the combina-
tion of the irreversible and reversible engines is the ab-
sorption of 25 Btu from the low-temperature reservoir and

the production of 25 Btu of useful work. This is a perpetual
motion machine of the second kind and therefore impossible.
Carnot's principle must be true since the negative of it can-
not be true. Fig. 2 illustrates the combined irreversible
and reversible engines.

net energy =+ 100 - 100=g

Irreversible and
reversible engines
: operating between
nrEs = 25% same heat source
and sink

& net energy =+ 50 - 75 = -258

net withdraw of 258

Fig. 2

Kélvin Temperature Scale

In 1848 Lord Kelvin derived a temperature scale indepeﬁdent
of the nature of the thermometric substance, by basing it upon the
Carnot engine., He defined the scale such that:

-5 -
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where Q, is the heat received by a Carnot engine from a source at
tempera%ure Ty, and Qy is the heat rejected to a receiver at tem-
perature T2.

. The combination of equations (3) and (1) results in an ex-
pression for the Carnot engine efficiency in terms of the tempera-
tures of the heat reservoirs:

7"" '(" - T ooooooctoocoovvootccptavco(hv)

The magnitude of the unit of temperature is determined by the
number of Carnot engines interposed between two given reference
temperatures. One advantage of the absolute scale is the absence
of negative temperatures.

Example 5:
Determine the efficiency of a Carnot engine operatin between
the following temperatures: (a) 1040°F and LO°F, %b) 10LO°F
and -60°F, and (c) 114L0°F and LO°F,
Solution:

The following results are obtained using equation (4):

(a) Ty = 1040°F + 460 = 1500°R, T, = LO°F + 460 = 500°R

7 = 1500 - 500 1009 = 2990 4 1009 = 66%

1500 1500
(b) T = 1040°F + 460 = 1500°R; T, = -60 + 460 = LOO°R
_ 1500 - 4LOO _ 1100 -
7 = 506 X 100% = 1500 * 100% = 73.5%

(c) T, = 1140°F + 460 = 1600°R; T, = LOOF + 460 = 500°R

7= 1000, 229 x 100% = 1g5g x 100% = 68.9%
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Note that the temperatures must be expressed in. degrees ab-
solute, and that the reduction of the receiver temperature
is more effective in increasing the efficiency than raising
the source temperature an equivalent amount,

Example 6:

An inventor claims to have an engine which receives 100 Btu
and produces 25 Btu of useful work when operating between a
source at 140°F and a receiver at 0°F. Is this claim valid?

Solution:

The maximum efficiency obtainable by any engine operating be-
tween the given temperatures is that of the reversible or

Carnot engine, Therefore, the maximum efficiency of the in-
ventor's engine, if it were reversible, is given by equation

(4):
T, = 140°F + 460 = 600°R; T, = O°F + 460 = L60°R

o o .0°

The maximum efficiency is less than the claimed efficiency;
therefore the claim is invalid.

Example 7:

Determine the coefficient of performance of a Carnot refrig-
erator operating between OOF and 8QOF,

Solution:
Expressing the temperature in degrees Kelvin gives:

T, = 80°C + 273 = 353°K and T, = 0% + 273 = 273%

Using equations (3) and (2) gives:

2 2L L -3

CP = = =
T, - T, 353 - 203 80

Clausius! Inequality and Entropy

Clausius noted that equation (3) could be rearranged as
follows:
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1 2 1 2
——-:T— OI‘ T"‘+T =O ..nooacoob:accaaocotc(s)
Tl 2 1 2

The minus sign of Q, denotes heat leaving the system. This
equation indicates that %he change in the quantity Q/T around a
reversible or Carnot cycle is zero. Clausius extended this rela-
tionship to embrace all cyclic processes by stating that the cyclic
integral of 84/T is less than zero or in the limit equal to zero;
thus:

f%(‘ézo "00lo.‘lO'OOOOO‘OOOl..!"(6)

This equation is now known as the Inequality of Clausius,

It can be proven that the cyclic integral of 8Q/T is equal to
zero for all reversible cycles and less than zero for all irrever-
sible cycles. Since the summation of the quantity 8Q/T for a re-
versible cycle is equal to zero, it follows that the value of the
integral of 8Q/T is the same for any reversible process between
states 1 and 2 of a system, and thus is g property of the system.

This property of a system is called entropy and may be defined
as the ratio of heat transferred during a reversible process to
the absolute temperature of the system, or expressing it mathema-
tically:

ds=<—6T2> R or As=/ 'ST"%‘ LR R A S P ) co-<7)
rev rev

Entropy, since it is a property, is advantageously used as one of
the coordinates when representing a reversible process graphically.
Examples of its uses may be found in the T-s and h-s diagrams al-
ready discussed. Equation (7) indicates that Tds = §Q; therefore
the area under a reversible process curve on the T-s diagram re-
presents the quantity of heat transferred during the process.,

Some authors maintain that only reversible processes can be plotted;
therefore they indicate irreversible processes by dotted lines,

The reader should note that the area under an indicated irreversible
process on a T-s diagram does not represent a quantity of heat,

The change in entropy may be positive or negative depending
upon the directjion of energy exchange. If 10 Btu of heat leaves
a system at 500°R or is received by the surroundings at 500°R, the
entropy change for the system, by equation (7), is:

AS system = :%86g§3 = -0.20 Btu/°R

The corresponding change in entropy of the surroundings is:

AS surroundings = i%gﬁgﬁg + 0,20 Btu/°R
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The algebraic sum of the entropy change of the system and sur-
roundings may be termed the entropy change of the universe; thus:

&S universe = a5 system + AS surroundings ..........(8)
The entropy change of the universe for the above example is:

Clausius termed the universe an isolated system, and based
upon his inequality it follows that:

AS . >O L A A I I A I A RS A I ¢'(9)

universe-—

This equation is also a criterion of reversibility, for it can be
shown that if &S5 of the universe is equal to zero, the system
has undergone a reversible process, and if AS of the universe is
greater than zero, the system has undergone an irreversible pro-
cess.

Changes in Entropy for Several Processes

The change in entropy of a system during a reversible proces
is calculated by means of equation (7). When the system undergoe
an irreversible process between states 1 and 2, the change in en-
tropy is obtained by summing the changes in entropy for a number
of reversible processes which, when substituted for the original
irreversible process, cause the system to change from state 1 to
state 2. This procedure may be followed because entropy is a
point function; therefore the change in entropy is independent of
the path or process. The following examples are illustratrative
applications of equation (7).

Example 8:

Heating. Compute the change in entropy of 1 1b water when
it is heated from 32 to 2120F,

Solution:

For this process &Q = wcpdT; w=1 1b; cs = 1 Btu/1b°R,

Applying equation (7) gives:

S
S

672
AS = %8 = /(1 1b) (1 Btu/1b°R) %? = (1 1b)(1 Btu/lbOR)ln:égg
Rev 492 |

0.311 Btu/°R

-9 -

It



Example 9:

- 10 -

A system initially at 500°R increases in temperature by ab-
sorption of 100 Btu of heat from the surroundings initially
at 1500°R: The heat capacities of the system and surround-
ings are 0.75 Btu/°R and 0.50 Btu/°R, respectively. Was the
process reversible?

Solution:

Assume that 100 Btu of heat are added reversibly to the sys-
tem. The final temperature of the system is determined as
follows:

— — W
Q= C(T2 - Tl)’ or T2 = Tl + T
_ 100 0
T2 = 500 + 5.75 = 633°R

Applying equation (7) gives:

633 633
AS ictem™ %S = [ 0.75 Btu/°R & = 0.75 Btu/°R 1n %%i =
500 Y500

+0,176 Btu/°R

Assume that the surroundings loses 100 Btu of heat reversibly;
then .

-0 =c(T, - T = 1500 - %9% = 1300°R

2 l>’

oo

or T2 = Tl -

The minus sign indicates that heat left the surroundings.
Applying equation (7) gives:

1300
_ [ ¢ dT _ /O 1300 _ _ 0
25 surroundings T 0.5 Btu/ R 1n 1500 0.072 Btu/"R
1500
By equation (8):
A5 yniverse T 0.176 Btu/°rR - 0.072 Btu/°R = +0.104 Btu/°R

Therefore by equation (9) the process is irreversible.
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Example 10:

Friction. Compute the change 1n entropv of 1 1b water when
its temperature changes from 32°F to 212°F during a mechani-
cal stirring process.

Solution:
Assume that the reversible addition of a quantlgy of heat

8QF causes the water to change from 320F to 212%F, Applylng
equation (7) gives:

o 672
= | —F =110 x1 Btu/10°% & = 0.311 Btu/°R
J 192

Example 11:

Mixing of liquids accompanled by a change in temperature,
Three 1b of liquid A at 60°F are mixed with 5 1b of liquid

B at 2509F under constant pressure, Determine the change in
entropy for the system composed of the two liquids, assuming
that the constant pressure specific heats are 0,95 Btu/1b°R
for liquid A and 0.55 Btu/1b°R for liquid B.

Solution:

The change in entropy during mixing may be obtained by con-
sidering the process to be similar to the reversible heating
of liquid A and the reversible cooling of liquid B, such
that the final temperature of both liquid A and llquld B is
equal to the final temperature of the mixture,

The final mixture temperature T, is obtained by equating the
heat given up by liquid B to that absorbed by liquid A; thus:

-Qp = QA or —ch Wy (Tm- TB) = CpA Wy (Tm - TA)

where TA = initial temperature of liquid A
TB = initial temperature of liquid B
Wy = weight of liquid A
wg = weight of liquid B

The minus sign indicates heat leaving liquid B. Substituting
numerical values and solving for Tm gives: .

- 11 -
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-Oib gtu x 5 1b(T_ - 710fR = Qi%iagﬁﬁ x 1b(T_ - 520)°R

T, = 613°R

The entropy change of liquid A, by equation (7), is:

T 613
m
as, =wy [ e, 4% = 3 10 | (0.95 Btu/1o%) & = (2.85 Btu/°R)
T, 520

x 1n %%% = +0.472 Btu/°R

The entropy change of liquid B is:

T 613 .
m
asg=wy oy F =510 | (0.55 Btu/10°R) & = (2.75 Btu/°R)
Ty 710

x 1n %%% = -0.408 Btu/°R
&S Total = ASA + ASB = +0.472 Btu/°R + (-0.408)Btu/°R

= +0,064 Btu/°R

This exémple indicates that the entropy of a system increases
during a mixing process.

Example 12:

Isothermal mixing of different perfect gases. Two 1lb moles

of nitrogen at 15 psia and 70°F are mixed with 3 1b moles of

oxygen at the same temperature and pressure. Determine the

change in entropy for the system consisting of the two gases.
i

Solution:

The mixing process of the two gases may be treated as though
each gas were permitted to expand reversibly and isothermally



1425.00-7

from its original volume to the total volume occupied by
both gases after mixing, in the absence of any external work,
The change in entropy for the system will be equal to the

sum of the changes in entropy for each gas during the assumed
isothermal expansion, as calculated by means of equation (21)
or equation (22), lesson 4. The original volumes of the
oxygen and nitrogen and the final volume of the mixture are
obtained by using the ideal gas equation, lesson 4.

V. = nRoT _ 2 1b moles x 1544 ft-1b/1lb mole °r x 5300R = 756 ft3
Np b 15 x 144 1b/ft?

nR T 0 o]
vy =0 _ 3 1b moles x 15Lk ft-10/1b mole "R x 530°R _,y4) 3
o P 15 x 144 1b/ft° | |

nR T o} o]

_ o”_5 1b moles x 1544 ft-1b/1b mole "R x 530°R =1890 ft3.

mip P 15 x 14k 1b/ft*

Applying equation (21), lesson 4, written for w pounds gives:

530 1890
_ _ dT | wR dv _
82 - Sl —ASN2~W c, Tt T -v-—O+ (2.lb moles)
530 756

O
(28 1b/1b mole) 5%§§9fﬁfi%3éiﬁ B 1og %%%9 = +3.63 Btu/°R

530 1890

- dT . wR dav _ .
‘ASoz— wl e, t T T 0 + (3 1b moles)(32 1b/1b mole)
530 1134
4,8.25 ft-1b/1b°R 1890 _ o
58 Tt-1b/Beu L°8 1134 ~ T 200 Btw/R
= - £ o

¢ASSystem=438N2 +45502 = 3.63 + 3.05 = 6.68 Btu/°R

- 13 -



Example 13:

During a reversible adiabatic or isentropic compression pro-
cess 1 1b air is compressed from 5400R and 1 atm pressure to
a pressure of 10 atm. Plot the process upon T-s and h-s ‘
diagrams. Plot an irreversible adiabatic compression between
the same pressures upon the diagrams.

Solution:
From the Keenan Gas Tables at 5400R

P.1= 1.3860; h,= 129,06

1

_ Py 10 _
pr2— prl X 31— = 1.3860 X T’ = 13.860

From the gas tables at p_ = 13.860, T, = 1033: h, = 249.3:
for the isentropic process As = 0.

During an irreversible adiabatic compression process the en-
tropy must increase by equation (9). Therefore the final
state for the irreversible compression process will lie to
the right of the state reached by the reversible compression
and is represented by the dotted line on the diagram.

1033

540

Air compression process plotted upon
the T-S and h-S diagrams

Fig,

Entropy and Unavailable ELnergy

From the discussion of the second law it was learned that a
portion of the heat supplied to a reversible engine operating in
a cycle must be rejected; thus part of the energy supplied is

- 14 -
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~unavailable for conversion into useful work by the most perfect
engine imaginable. That portion of the heat supplied converted
into useful work is termed available energy. Thus the terms
available and unavailable energy refer to the conversion of heat
into useful work by a perfect engine. Applying the first law to
an engine gives:

QszQa+Qu co.oac--oc-oa-caot-oa.-.o-cooc(lo)

where Q. is the heat supplied, Q, is the available energy conver-
ted into useful work, and Q, is %he unavailable energy or the en-
ergy rejected by the reversible engine.

From equation (3) it follows that:
q Q )
U S S S
—(IT-=T or QuzTu.f-I]— ‘0.‘..0‘.0"0‘0..'(11)
u s s
where Tu = temperature at which heat is rejected, or reference
temperature
TS = temperature at which heat is supplied

Writing equation (11) in incremental form gives:

szs
aQ, = Tu Ts I B D

But 5QS/TS is the change in entropy of the system during heat
reception; therefore equation (12) may be written:

Pa = '
Qu TuAS 0.0000ooooocat:oocuonocﬁotoono(lB)

Although equation (13) was derived for the Carnot engine, it
is much more general in nature and may be applied to any process,.
Stated in words, equation (13) states that the increase in un-
available energy is equal to the reference or receiver temperature
multiplied by the change in entropy for the process. This gives
rise to the definition of entropy as the index of unavailable
energy, because it can be seen from equation (13) that the un-
available energy increased directly with the change in entropy
and the reference temperature. .

- 15 -
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The increase in unavailable
energy as the temperature
of energy reception is de-
creased.

e e

S

Fi *

Example 1.L:

Determine the increase in unavailable energy when 1000 Btu
are added to a system at constant temperatures of 500°R,
10009R, and 2000°R, assuming a reference temperature of
4LOOCR,

Solution:
At 5000R

A, = 400°k 2000 BLU/TR _ 400 gy
At 1000°R |

AQ, = 4000R 2000 BLU/OR _ ) 06 gy
At 2000°R

a0, = 40008 2000 BU/ZR _ 500 pey

These processes are represented on the T-5 plane in Fig. 4.‘

Example 15:

- 16 -

One 1b water is heated at constant pressure from 60°F to
340CF., Determine the quantity of heat supplied, the amount
of heat supplied that is unavailable for doing useful work
based upon a reference temperature of -10°F, and the amount
of the heat supplied that is available for doing useful
work, Plot the process on a T-s diagram and indicate the
various quantities of heat designated.

Solution:
The quantity of heat supplied is:

Q. =c (t, - t;) = 1.0 Btu/1b°F x (340 - 60)°F=280 Btu/1b

S p' 2 l)
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800 5

520 . Qs=Area 1234
[-4 6 5 Q,=Area 5346

450
Qa=Area 1256

4 : 3
|¢—-AS-———4
Increase in entropy as water is heated

Fig L4 5

The change in entropy of the water is obtained by using equa-
tion (7); thus:

800

- 0 §__ -
As ¢y Tr = 1 Btu/1b °R x 1n 255 = t0.43 Btu/1b °R

520

O

The portion of the energy supplied that is unavailable, or
the quantity of unavailable energy, by equation (13) 1s

Qu = Ty4@s = L50°R x 0.43 Btu/1bOR = 193 Btu/lb
The quantity of available energy is:

Qg = Qg - Q, = 280 Btu/lb - 193 Btu/lb = 87 Btu/lb

hot water

Qs ' Change in entropy
when hot water is
+Qa mixed with cold
cold | reference
water | ] T 7 7 [temperature
+Qq -Qu

pt——ts 5—f '1—-AS —-
3

Fig. 6 -7 -



Example 16:

Ten 1b water at 240°F are mixed with 10 1b water at 1LOCF
under a constant pressure of 30 psia. Determine the change
in available and unavailable energies when the temperatures
are equalized. Use a reference temperature of: LO°F and a
constant pressure specific heat of 1 Btu/1b°F,
Solution:
The final temperature is determined first.
10 1b x 1 Btu/1b°F x (240 - t,)°F = 10 1b x 1 Btu/1b°F
Omn. - o}
x (tp - 140)°F; tp = 190°F

The hot water will be considered first.

Heat transferred = wcy(T2 - Tl) =10 1b x 1 Btu/lboR

x (650 - 700)°R = -500 Btu

650

dar
T

Change in entropy = w ch %g = 10 1b x 1 Btu/1b°R x

700

=10 (Btw/°R) 1n 233 = -0.74 Bou/°R

Change in‘unavailable energy

ASSTu== -0.7L Btu/°R x 500 = -370 Btu (decrease)

Change in available energy

=W, - Q, = -500 Btu - (-370 Btu) = -130 Btu (decrease)

The cold water is now considered,
Heat transferred = WCp(T2 - Tl) =10 1b x 1 Btu/1b°R
x (650 - 600)°R = + 500 Btu

650
T o}
Change in entropy =w [ ¢ %f = 10 1b x 1 Btu/1b°R %;
600

- 18 - = 10Btu/°R 1n g%%==+o.795 Btu/°R
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Change in unavailable energy

= AST = +0.795 x 500 = +398 Btu (increase)

Change in available energy

= Qg - Q, =+500 Btu - 398 Btu = +102 Btu (increase)

Net change in available energy = +102 Btu - 130 Btu = -28 Btu
‘ (decrease)

Net change in unavailable energy = +398 Btu - 370 Btu
= 28 Btu (increase)

Net change in entropy = +0.795 Btu/°R - 0,74 Btu/°R = +0.055 Btu
(increase)

The change in entropy of the two quantities of water is pre-~
sented in Fig. 6.

ASS IGNMENT

One 1b water is heated at constant pressure from AOOF to lhOOF.
Determine the change in entropy and the increase in unavailable
energy when the reference temperature is OOF,

The latent heat of vaporization of water at 30 psia is 945.3
Btu/lb, and the boiling point is 250,.33°F. Determine the
change in entropy, the portion of the energy supplied that is
available energy, and the portion of the energy supplied that
is unavailable, referred to a reference temperature of LO°F,

Thirty 1b water at 240°F are mixed with 30 1b water at 140°F
at a constant pressure of 45 psia. Using a reference tempera-
ture of LOOF, determine the changes in available energy, un-
available energy, and entropy.

Twenty 1b steam at 60 psia and 600°F are cooled at constant
pressure to 140°F by transferring heat to 244.78 1lb water at
LO®PF. Using the steam tables for all necessary data, deter-
mine:

(a) the quantity of heat transferred,

(b) the net change in entropy,

- 19 -
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.:(c) the change in available energy, and

Ay
(d) the change in unaxailable energy based upon a reference
temperature of LO™F, , .

Determine the change in entropy when 2 1b moles of oxygen at
1 atm pressure are mixed with 2 moles of nitrogen at 1 atm
pressure, both gases having a temperature of 60°F,

What is the efficiency of a Carnot engine operating between
60°F and 800°F?

George Howey



Course 1A25
Lesson 1A425.00-8

Heat and Thermodynamics

MIXTURES OF IDEAL GASES AND VAPOURS

At relatively low pressures the pure gas constituents of a
~mixture may be considered ideal gases; therefore, the mixture may
be treated as a single ideal gas. The following equations apply
to such a mixture. Subscripts A, B, C, etc., indicate quantities
evaluated for component gases A, B, C, etc.

Dalton's partial pressure law:

pmiX:pA+pB+pC+ ® 0 8 08 60 2 0 09 0 0 680 e o-oooo'(j)

Partial pressures pa, PB, PC, etc., are evaluated at the tempera-
ture and volume of the nmixture.

Amagot's partial volume law:

Vmix = VA + VB + VC + vooaon00000-000.1'00110-0'0(2)

Partial volumes Vap, VB, Vg, etc., are evaluated at the temperature
and total pressure of the mixture.

Example 1

Determine the total pressure of a gas mixture composed of
10 1b oxygen, 15 1b nitrogen, and 5 1b hydrogen at 1Mo F
when the total volume is 200 ft3.

Solution

The partial pressures are calculated by using the ideal gas

equation.
wRT 600 R

Po, = = = 10 1b x 48.25 £t-1b/1b R X —— = 1448 psf
v 200 ft3 .

March 1966 (R-0) -



600 R

PN, = 15 1b x 54%.99 ft-1b/1b R x = 2470 psf
200 £t3
600 R

PHo = 5 1b x 765.86 f£t-1b/1b R x = = 11,500 psf
200 £t~

By equation (1)

Ppix = (1448 + 2470 + 11,500) psf = 15,418 psf, or 106 psia

Example 2

Determine the total volume of a gaseous mixture at 140 F and
106 psia total pressure, composed of 10 1b oxygen, 15 1b
nitrogen, and 5 1b hydrogen.

Solution

The partial volumes will be computed by using the ideal gas
equation, then the total volume by using equation (2):

wRT 10 1b x W48.25 ft-1b/1b R x 600 R '
Vo, = — = = 18.8 £t3
2 D 106 x 144 1p/ft2

&

wRT 15 1b x 54.99 f£-1b/1b R x 600 R
Uy, = = = 32.2 £t
2 106 x 144 1b/ft2

g

wRT 5 1b x 765.86 ft-1b/1bR x 600 R .
Vg, = — = = 149 £t
SR 106 x 144 1b/ft2

2

Vpix = (18.8 + 32.2 + 149) £t3 = 200 1t
This answer agrees with the original value of example 1.

The mass of the mixture is equal to the sum of the masses
of the components; it follows, therefore, that the number of
pound moles of the mixture i1s equal to the sum of the pound
moles of comnonents; thus:
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I]TnixznA+IlB+IlC+.....-........-.. ooooooo ooo:o‘q.o(3>

where n represents the number of pound moles.

When analyzing the effects of a gas mixture process, it is
often convenient to use one pound mole of mixture and mole
fractions, defined by equation (4), of components, rather than
the total moles of gas involved.

X5 (mole fraction of component i) = ceeereceeas ()

XA+XB+XC+.Q':1 oooooooooo I I R R R ) (5)

The aoparent or equivalent molecular weight of a gas mix-
ture is given by equation (6):

Mpix = XaMa + XBMB + KQMC +  vevvvvvonenonnonnonene. .(6)

An equivalent gas constant R for a wmixture may be obtained from
the universal gas constant Ry by using the equivalent gas mole-
cular welght.

PLO
RmiX: ” 0 0 % 8 8 S 0 T S P F T 40 s s » 4 5 9 a8 5 s e (7)
Mpix

ABxamnle 3

Repeat example 1, using (a) the universal gas constant
and (b) the mixture gas constant.

Solution (a) The number of moles of each commonent 1s
determined first.

total weight of gas 10 1b
Ngs = = = 0.313 1b mole
2 molecular weight 32 1b/1b mole

15 1b
ny, = = 0.526 1b mole
= 28 1b/1b mole




5 1b
Ny, = - = 2.5 1b moles
2 2 1b/1b mole

Using equation (3) gives:
npix = (0.313 + 0.536 + 2.5) 1b moles = 3.349 1b moles of mixture

The pressure is computed by using equation (7) lesson k4:

nR T 3.349 1b mole x 1544+ ft-1b/1b mole R x 600 R

P = = 15,500 psf
v

200 £t3

(b) The comnonent moles fractions are obtained by using
equation (4): .

0.313 1b mole 0.536 1b mole
X0, = = 0.09%%; Xy, = = 0.159 "
3.349 1b mole 2 3,349 1b mole

2.50 1b mole
X

I

= 0.747

Hy 3,349 1p mole

The equivalent molecular weight is obtained by using equation (6):

N

Mpjx = (0.09% x 32 + 0.159 x 28 + 0.747 x 2) 1b/1b mole
= 8.95 1b/1b mole

By equation (7):

1544 ft-1b/1b mole R
Rpix = = 173 ft-1b/1b R
8.95 1h/1b mole

Total weight of mixture = (10 + 15 + 5) 1b = 30 1b
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The ideal gas equation is used to obtain the total nressure:

30 1b x 173 f£t-1b/1b R x 600 R

p = 15,500 psf

200 £t3

Values obtained in parts (a) and (b) agree with the value
obtained in example 1.

A combination of equations (1), (2), (3), and the ideal
gas equation results in the two important equations given below

relating the partial pressure, mole fraction, and total vnressure;
and the partial volume, mole fraction, and total volume.

pi:Xi pmix € 00 s e v e B Rt e Ve ey PR I Y vo(8)
Vi:XiVmiX P I I I N O 2 N I A S A A ) coo(9)

These equations are applicable to ideal gas mixtures only. Real
gas mixtures are treated in lesson 6.

i¥xample b
Determine (a) the partial pressures and (b) the partial

volume of the components of a gaseous mixture at 200 psia
and 240 I' containing 20 1b nitrogen and 15 1b oxygen.

Solution (a) The number of moles of each component is
determined first.

20 1b
ny, = = 0.715 1b mole
2 28 1b/1b mole
15 1b
ng, = = 0.469 1b mole

32 1b/1b mole

Total number of pound moles n = (0.715 + 0.469) 1b mole
= 1.18% 1b mole.

The mole fractions are determined by equation (4):



0.715 1b mole 0.469 1b mole
XN2 = = 0.,60k4; X02 = = 0.396
1.18% 1b mole 1.184% 1b mole

The partial pressures are obtained by equation (8):

PN, = 0.604 x 200 psia = 121 psia; P, = 0.396 x 200 psia = 79 psia

(b) The partial volumes may be computed by using the ideal gas
equation:

nR,T  0.715 1b mole x 1544+ ££-1b/1b mole R x 700 R .
VN = = = 26.9 ££o

2 D 200 x 144 psf

nRoT  0.469 1b mole x 1544 ft-1b/1b mole R x 700 R
Vo, = = = 17.6 £t3
P 200 x 144 pst

The total volume, by equation (2) is:
Vpix = (26.9 + 17.6) £t3 = 4.5 £t3

The partial volumes may be checked by using equation (9):

VN2 = (0.60% x 4%.5) ££3 = 26.9 ft3;
Vo, = (0.396 x 4k.5) £t3 = 17.6 ££3

The other physical properties of a gaseous mixture such as
heat capacity, enthalpy, etc. may be computed from the summation
of similar component properties by the following equations. Mix-
ture properties are based upon one pound of mixture. -

Wy wR W
+ CpB + cpg
Winix Wmix Vimix

+..-.-......-(1Q)

Cpmix = °pA
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W A W B W 6
. = + s seoseses s s an e
hpix = ba + hp he . (11)
Ymix Wmix Wmix
oy W W
A B C
. = i + + A .
Upix = Uy up — U (12)
Wnix Wmix Yix

where w represents the weight of a component or the total weight
of the mixture according to the subscript.

Comix = Cpa¥a + CpBXp + CppXo © revvvvnernneenennn, (13a)
Coypix = Cydph Xp + Cydp XB + CvC Ko+ verinnesenses.(13D)
Upix = Up X4 + U Xg + Uc Xg +  +onnn. ............. (1)
Hpix = Hy Xp T Hg Xy P Ho Xg + vovevivennnnns veel L (15)

Ideal gas mixtures undergoing processes may be treated
as single-component gases by ervloying the mixture properties.
The following example will illustrate this method of treatment.

Example 5

A gas mixture comvosed of 5 1b nitrogen and 4 11 oxygen

at 15 psia and 140 I is compressed isentropically to a
pressurc of 50 psia. Determine, (a) the final tenvera-
ture, (b) the final volume, (c) the change in internal
energy, (d) the change in enthalpy, and (e) the ork
of compression.

Solution

The equivalent mixture nroperties are determined [irst.

The number of moles of each component is:



5 1b

ny, = = 0.178 1b mole
28 1b/1b mole
L 1p :
NG, = = 0.125 1b mole
2 32 1b/1lb mole

n= (0.178 + 0.125) 1b mole = 0.303 1b mole
The mole fractions are obtained by using equation (4):

0.178 1b mole 0.125 1b mole
Ko = = 0.59; X02 = = 0.1
0.303 1b mole 0.303 1b mole

Bquation (6) is used to compute the equivalent molecular weight:

Mpsy = (0.59 x 28 + 0.41 x 32) 1b/1b mole = 29.6 1b/1b mole

By eguation (7):

1544 ££-1b/1b mole R
Rpix = = §52.2 ft-1b/1b R
29.6 1b/1b mole

The specific heats are computed by using equation (10) and a
similar equation for the constant volume specific heat.

5 L |
Cpmix = | 0247 B + 0.217 5 Btu/1b ¥ = 2.23% Btu/lb ¥
L el
5 ' L
Cvpix = | 0176 | =] + 0.155 | — Btu/lb F = 0.167 Btu/lb F
o 9 9

Cp. 0.23% Btu/1b £
— mix _ ,

The mixture specific heat ratio is Kpyix = .
Cynpix  Q.167 Btu/lb ¥

= 1.40
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The initial total volume is obtained by using the ideal gas
equation.

. wRT 9 1b x 52.2 ft-1b/1b R x 600 R 3
1= = = 130 ft°
D 15 x 144 1p/ft2

(a) The final temperature is obtained by using the equation
given in Table Y4 lesson 3 for the isentropic process.

: k - 1 1.40 - 1
To Po\ Kk 50 7.5%0 0.285
_ = | — = | — = (3.33) = 1.41
T4 P4 15

T, =1.41 T, = 1.41 x 600 R = 845 R

(b) The final volume is obtained by using the ideal gas
equation

9 1b x 52.2 £t/1b-1b R x 845 R o5 i3
V - = ft‘)
2 50 x 144 1b/ft2

(¢) The change in internal energy, by equation (19) lesson 4 is

aU = wey(To - T1) = 9 1b x 0.167 Btu/1b R x (845 - 600)R
= 367 Btu

(d) The change in enthalpy, by equation (20) lesson 4 is:

4H = wep(T2 = T9) - 9 1b x 0.23% Btu/lb R (845 - 600) R
= 516 Btu

(e) The work of compression may be obtained by application of
the first law given in equation (2) lesson 2



Q=W+ &o0U; Q = O for isentropic processes
Therefore
W=-4aT

W = - 367 Btu, or - 367 Btu x 778 ft-1b/Btu
= -285,000 ft/1b

The minus sign indicates work input to the system. This value
may be checked by the following equation obtained from Table 3
lesson 4 for an isentropic process.

PoVs - P1V4
1 -k

Work

(50 x 144%) 1b/ft2 x 55 ££3 - (15 x 14%) 1b/£t2130 £t3

1 - 10"‘"0

- 285,000 ft-1b

Gravimetric and Volumetric Analysis

The analysis of a gaseous mixture may be on a volume or
weight basis. When the total pressure is relatively low, per-
mitting the mixture to be treated as an ideal gas, the per cent
by volume of a constituent is equivalent to the mole fraction
multiplied by 100. The method of changing from one basis of
analysis to another is illustrated by examples 6 and 7.

Example 6

- 10 -

Determine the volumetric analysis of a gaseous mixture
having the gravimetric analysis: 25% oxygen, 5% carbon
dioxide, and 70% nitrogen.

Solution

One hundred 1b of mixture will be used; thus there will
be 25 1b O, 5 1b COp, and 70 1b Np in 100 1b of mixture.
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70 1b
Number of moles of N = nyp = = 2.5 1b mole
28 1b/1b mole
25 1b
Number of moles of Op = ng, = = 0.781 1b mole
32 1b/1b mole v
5 1b
Number of moles of COp = ngoo = = 0.113 1b mole

LY 1b/1b mole

Total number of moles, by equation (3) is:
n = (0.781 + 0.113 + 2.5)1b mole = 3.394 1b moles
The mole fractions of the components are computed by equation )

noo 0.781 1b mole
X, = - = 0.231
0
2 npix  3-39% 1b mole }

2.5 1b mole
A = = 0.736
3.39% 1b mole

0.113 1b mole

0.033

"

X =
€02 3.394% 1b mole

Per cent by volume = mole fraction x 100; thus:

Per cent by volume of Op = 0.231 x 100 = 23.1%
Per cent by volume of COp = 0.333 x 100 = 3.3%
Per cent by volume of Np = 0.736 x 100 = 73.6%

- 11



Example 7

Determine the gravimetric analysis of a gaseous mixture
having the volumetric analysis: 23.1% oxygen, 3.3%

carbon dioxide, and 73.6% nitrogen.

Solution

The per cent by volume may be taken as the number of
pound moles of components per 100 1b moles of mixture;
therefore in 100 moles of mixture there are 23.1 moles
of 0o, 3.3 moles of CO», and 73.6 moles of Ny.

The number of pounds of component = 1b mole of component x

molecular weight of component.

2
7

Pounds of O»
Pounds of CO2
Pounds of N2

3.1 1b mole x 32 1b/1b mole
3.3 1b mole x 44 1b/1b mole
3.6 1b mole x 28 1b/1b mole

740 1b
145 1b
2060 1b

i n

Total weight per 100 moles of mixture is 2945 1b

1b 0o
Per cent of 0o = x 100
total weight

1b COp
Per cent of COp = x 100
total weight

1b No

"

x 100

Per cent of Ny
total weight

These values check the original gravimetric
example 6.

Mixtures of Air and Water Vapour

- 12 -

740 1b

2945 1b

2945 1b

x 100 = 25%

2945 1b

145 1b
x 100

4.95%

2060 1b

x 100 = 70.0%

99.95%

analysis of

At low pressures vapours exhibit the characteristics of
ideal gases and may be so treated. Generally the vapour in the
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mixture is superheated, and in the case of water vapour i1s
assumed to have an enthalpy equal to that of saturated water
vapour at the same temperature. When the vapour is in the
saturated state the mixture is termed a saturated mixture.
Several common terms and equations for air-water vapour mix-
tures are given in the following:

Relative humidity,

partial pressure of water vapour Dy

¢: = ooo'(16)
saturation pressure of water vapour Psa
at the same temperature T
OR
Py = #DPsat

Applying the ideal gas equation to equation (16), it follows
that

Vsat
V -

W (’p

Specific humidity w or humidity ratio

P A R A A A A N AR ‘l-oaooooonuot(17)

mass of water vapour
HR: --nuaooo-co'-o'ool(18)
mass of dry alr in same volume

Usually this is expressed as

1b or grains of water vapour
w =

1 1b dry air

Dew Point -

A mixture of superheated water vapour and air cooled at
constant total pressure, and therefore constant partial water
vapour pressure, until it becomes saturated is said to have
reached its dew point. The relative humidity at the dew point
is 100 per cent since the partial pressure of water vapour py
is equal to the saturation pressure pPgat-

- 13 -
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Wet Bulb Temperature

A convenient device used in the determination of the mois-
ture content of an air-water vapour mixture is termed the wet-
bulb psychrometer. It consists of two thermometers, one termed
the dry-bulb, and the other the wet-bulb since its bulb is
covered with a cloth wick saturated with water. An air stream
moving past the wet bulb becomes saturated with the moisture
evaporated from the wet-bulb wick, thus reducing the temperature
of the wet-bulb thermometer. This difference in temperature
between the wet- and dry-bulb thermometers is termed the wet-
bulb depression. The process described above is termed a pro-
cess of adiabatic saturation, and for water vapour the wet-bulb
temperature is approximately equal to the temperature of adia-
batic saturation. This is not true of all vapours. Fig. 1
illustrates the process.

dry bulb T wet bulb T2

1 1b of dry air 1 1b of dry air saturated
—— o lb of water vapor with ey 1b of water VAPOY w—fie
at temperature Ty at temperature T,

water at temperature
1 T, 2

Wet bulb psychrometer
Fig. 1

The following equation may be developed by applying the
steady flow general energy equation between sections 1 and 2

of Fig. 1.

0.2% (to - t1) + Woheysn
1 = g ....t.o.l.'l.‘..l...(19)

hgq = hep

where subscript 1 indicates quantities evaluated at dry-buldb
temperature, subscript 2 indicates quantities evaluated at wet-
bulb temperature, and other subscripts correspond to those used
in the steam tables.

An equation was developed relating the partial pressure
of the water vapour and the dry- and wet-bulb temperatures.
Subscripts 1 and 2 refer to dry- and wet-bulb temperatures,
respectively.
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(pmix ~ psat2>(t1 - tp)
2800 - 1.3ty

pw1 :psat2" .000-0.0.00:(20)

\

The enthalpy of an air-water vapour mixture is usually
based upon 1 pound of dry air plus the associated water vapour,
but for convenience the enthalpy of the air is based upon O F,
while that of the water vapour, following the steam table prac-
tice, is based upon 32 F. The enthalpy of the mixture is some-
times referred to as the total heat content. The following
equation may be used to calculate the enthalpy of the air-water
vapour mixture.

h:012)+ (t"o) +Q)hgt 0..0-.0-..0-.0-0-.000(21)

where t is the dry-bulb temperature in degrees F, h,+ is the
enthalpy of saturated water vapour at the dry-bulb %emperature,
and w is the specific humidity of the mixture.

The following examples illustrate the use of the preceding
equations.

Example 8

Determine (a) the dew point and (b) +the humidity ratio
of ai% at 14.696 psia and 85 F, having a relative humidity
of 70%.

Solution

(a) The saturation pressure and specific volume of water vapour
at 85 F are obtained from the steam tables.

psat = 0-5959 psia; Vgt = 943.5 ££3/1b
The partial pressure, by equation (16) is:
Py = 0.70 x 0.5959 = 0.417 psia

The saturation temperature corresponding to this pressure
is the dew point, which is obtained from the steam tables.

- 15 -



7 F

tdew point =

= 14.696 - 0.417 = 14.279 psia

¢

Py = Pmix = Py

The volume of 1 1b dry air is obtained by using the ideal
gas equation.

wRT 1 1b x 53.35 ft-1b/1b R x (85 + 460) R

v' ey -
® 0 14.279 x 144 1b/ft2

= 14,13 £t3/1b

The specific volume of the water vapour in the mixture is
obtained by using equation (17).

Veap  OH3.5 £83/1b

Yy = = = 776 ££3/1b
7 0.70
14.13 £t3
Water vapour in 1%.13 £t3 = = 0.0182 1b
776 ££3/1b

Equation (18) is used to calculate the humidity ratio.

1b water vapour/il.13 ft3 1b water vapour
HR = 0.0182 = 0.0182
1 1b dry air/14.13 £t3 1b dry air

The humidity ratio expressed in grains may be obtained by using
the conversion factor 7000 grains/1b; thus:

HR = 0.0182 1b water vapour/lb dry air x 7000 grains/1b = 127 graimn
water vapour/lb dry air .

Example 9

Air at a pressure of 14.969 psia has a dry-bulb temperature
of 80 F and a wet-bulb temperature of 65 F. Determine

- 16 -
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~ (a) the specific humidity, (b) the partial pressure of the
water vapour, (c) the dew point, (d) the relative
humidity, and (e) the enthalpy.

Solution

(a) The following items necessary for the calculation of the‘
specific humidity using equation (19) are obtained from
the steam tables.

At 80 F: hgyt = 1096.6 Btu/lb
At 65 F: hgp = 1057.1 Btu/lb; he = 33.05 Btu/lb

vg = 1021 £t3/1bj pg,y = 0.3056 psia.

At wet-bulb temperature:
Pa = 1%.696 - 0.306 = 14,390 psia
11bx 53.3 ft-1b/1bR x (65 +460) R

v, = = 13,5 £t3/1b dry air
a 14.39 x 144 1b/ft2

13.5 £t3/1b dry air 1b water vapour
W, = = 0.0132
1021 ft3/1b water vapour 1b dry air

By equation (19):

» 0.24 (65 - 80) + 0.0132 x 1057.1 0.0097 1b water vapour

1 1096.6 - 33.05 1b dry air

or

0.0097 1b water vapour 7000 grains 68 grains water vapour

X =
1b dry air 1b 1b dry air

(b) The partial pressure of the water vapour is determined by
using equation (20):

(14.696 - 0.3056)(80 - 65)
Py = 0.3056 - = 0.226 psia
2800 - 1.3 x 69

- 17 -
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(c)

(d)

(e)

Psychrometric Charts

charts have been
devised to facili-
tate the determina-
tion of the various
air-water vapour
properties. Fig. 2
is a skeleton psy-
chrometric chart.
The subject of
psychrometry will
be treated more
fully in a follow-

The dew-point temperature is obtained from the steam
tables corresponding to a pressure of 0.226 psia.

Equation (16) is used to calculate the relative humidity.
From the steam tables at 80 F, Pgat = 0.5069 psia. From
part (b), p, = 0.226 psia.

0.226
¢ = —— x 100 = 44.5%
0.5069

By equation (21):
h = 0.2% x 80 + 0.0097 x 1096.6 = 29.9 Btu/lb dry air

Psychrometric

4 226
Weight of water vapor in one lb of dry air

o

grains

o Pressure of water vapor, lo, x'n‘)‘

Of— — = —— —_———

ing lesson. The
following example 0 - -
illustrates the dry bolb temp. ¥ SOF
1.15 ngf t}zle chart Skeleton psychrometric chart
in Fig. 2.

Fig. 2
Example 10

Repeat example 9, using the psychrometric chart.

Solution

(a) Moving horizontally across the chart from the inter-

section of the 80 F dry-bulb and 65 F wet-bulb temperature

lines to the weight of water va
humidity or humidity ratio of 6

dry air.

50

ur scale, read the specific
grains of water vapour/ldb
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(b) Continue moving to the left from the weight of water
vapour scale to the vapour pressure scale and read the
partial pressure of water vapour of 0.226 psia.

(¢) Locate the intersection of the 80 F dry-bulb tempera-
ture and 65 F wet-bulb temperature lines. Move horizon-
tally across the chart, following the line of constant
partial pressure to the saturation curve, and read the dew
point temperature of 57 F.

(d) At the intersection of the 80 F dry-bulb and 65 F
wet-bulb temperature lines read the relative humidity of

4. 5%.

(e) From the intersection of the 80 F dry-bulb and 65 F
wet-bulb temperature lines, follow the wet-bulb temperature
line to the total heat content scale and read the enthalpy
of 30 Btu/1b dry air.

Note that these answers are in agreement with those obtained
in example (9).

Air-Water Vapour Processes

The following examples illustrate typical problems involving
moist air.

Example 11

Cooling, dehumidifying, and heating. Determine (a) the
amount of moisture removed, (b) the heat removed, and
(¢) the amount of heat added when 50,000 ftJ of atmos-
pheric air per hour at 14.696 psia having a dry-bulb
temperature of 90 F and a wet-bulb temperature of 80 F

is go?ditioned to air at 75 F having a relative humidity
of 0%.

Solution

The problem will be solved by using the steam tables,
although the psychrometric chart could be used. For
simplification it will be assumed that the mixture is
cooled to the dew point of the final mixture, then heated
to the final state. Fig. 3 illustrates the process.

- 19 -



1

cocling Gout
coils 1/

{
1 Ib of dry air ! lbo(drya 1 Ibofdr yax
R, ——
& 1b of water vapor wy lb of water vapor =, 1o of wa le vapor

2
Qi
heating

coils [

at 9?? n 5 F at 75F

l a, - o lbof
water at 55F

Airconditioning process

Fig. 3

(a) The initial and final specific humidities are calculated
first. From the steam tables, at 80 F

1048.6 Btu/1b

1
1

v 633.1 ££3/1b; hrg

sat

he = 48.02 Btu/lb; Pgat = 0.5069 psia

at 90 F
h, = 1100.9 Btu/1b
At the initial wet-bulb temperature
pa = 14.696 - 0.5069 = 14.19 psia
1 1b x 53.35 ft-1b/1b R x (80 + L60) R

vy = = 1%.15 ££3/1b
14.19 x 144 1p/£t2

14,15 ££3/1b dry air 1b water vapour
W = = 0,0223
633.1 £t3/1b water vapour 1b dry air

By equation (19):

0.24 (80 - 90) + 0.0223 x 1048.6 1b water vapour
u91: = 0.020
1100.9 - 48.02 1b dry air

At the final state t = 75 F; ¢ = 50%. TFrom the steam tables at
75 F:

Dsat = 0.4298 psia;  vg = 74O ££3/1b;  h, = 109%.5 Btu/lb
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The final partial pressure 1s obtained by using'equation (16).

I

0.50 x .4298 = 0.215 psiaj; py = 14.696 - 0.215
= 14.481 psia

Dy

1 1b x 53.35 ft-1b/1b R x (460 + 75) R |
v, = = 13.7 ££3/1b
1448 x 14 1b/Ft2

Using equation (17):

740
v, = —— = 1480 £t3/1b
0.50
13.7 ft3/1b dry air 1b water vapour
w, = = 0.0092
1480 ft3/1b water vapour 1b dry air

Loss of water vapour per pound of dry air

1b water vapour

Wy -wWp = 0.020 - 0.0092 = 0.0108
1b dry air

The initial partial water vapour pressure is obtained by u51ng
equation (20).

(14.696 - 0.5069)(90 - 80)
0.5069 - = 0.h54 psia
2800 - 1.3 x 80

Pw1

Daq = 14.696 - 0.5k = 14,242 psia

1 1b x 53.35 ft-1b/1b R x (460 + 90) R
Va1 = = 14,27 £t3/1b °
14,04 x 144 1b/ft2

50,000 f£t3

Dry air/50,000 ft3 of original mixture = = 3500 1b

14,27 ££3/1D

- 21 =~
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Total water vapour removed

' 1b water vapour :
= 3500 1b dry air x 0.0108 — = 37,8 1b water
' 1b dry air vapour .

(b) The dew point of the final mixture, the temperature to which
the initlal mixture theoretically must be cooled to remove
the required quantity of moisture, is obtained from the steam
tables.. At 75 F: '

psat:(),)-{-298; pW=psat @= O.)+298 X 0-50 = 00215 psia;vt= 55 B

Equation (21) is used tb calculate the enthalpy of the mix- |
ture at points 1 and 2 of Fig. 3.
ny = 0.2% x 90 + 0,020 x 1100.9 = 43.6 Btu/lb dry air
At 55 F
hg = 1085.8 Btu/lb; hy = 23.07

ho 0.24 x 59 + 0.0093 x 1085.8 = 23.4 Btu/1b dry air

Applying the steady flow general energy equation between sec-
tions 1 and 2 of Fig. 3 to obtain the quantity of heat removed
gives: ‘ ‘ :

h14n = Qout * h2out - @1 -wWo)hf oyt
Qout = M1 in - hoout - (wy ~wWylhr .4
¢ = 43.6 Btu/lb dry air - 23.4% Btu/1b dry air

Qou

- 0.0108 1b water/1b dry air x 23.07 Btu/lb water
Q = 20.0 Btu/lb dry air

Total gquantity of heat removed
= 20.0 Btu/lb dry air x 3500 1b dry air/hr = 70,000 Btu/mh
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(c) At 75 F
hg = 1094 .5 Btu/lb

h3'= 0.24 x 75 + 0.0093 x 1094.5 = 28.2 Btu/lb dry air

Applying the steady flow general energy equation between sec-
tions 2 and 3 of Fig. 3 to obtain the quantity of heat added
gives: '

hp + Qip = h3
Qqp = h3 - hp = 28.2 Btu/lb dry air - 23.4 Btu/lb dry air

= 4.8 Btu/1b dry air

Total amount of heat added
= 4.8 Btu/1lb dry air x 3500 1b dry air/hr = 16,800 Btu/hr

These answers should be checked by using the psychrometric chart.

E:X.am 1"e' '1'2' 1 1b of dry air o T 1 T

1b/hr of water from
105 F to 80 F. Atmos-
pheric air at 90 F
having a relative
humidity of 60%

enters the tower,

and leaves at 100 F
with a relative

4
o, 1b of water vapor ~ :_I W1 lbof water
Cooling tOWGI-. at 100F I ~t ;ll at 105F
A cooling tower is !
used to cool 200,000 :
|
|
I
|
|
|
[
|
[
|
humidity of 97%. |

1 1b of dry air

Determine the volume ey 1b of water vapor—-—z'%—’

of moist air required aL90F |

and the quantity of [ i ______ | L1,  Wep lbof water
1 t—:— e e at B0 F

water lost be evapora- e 2

tion per hour. Fig.
4 illustrates the

process. Fig. 4

Cooling tower

Solution

One 1b dry air will be taken as the basis of analysis. From
the psychrometric chart at 90 F, @ = 60%.

- 23 -
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Wy

w3 = 0.0183 1b = 128 grains; py3 = 0.42 psiaj hy = 41.5 Btu/1b

: dry air
The corresponding values for the air leaving the tower must be
calculated, as the point lies outside the range of the psychro-
metric chart.

From steam tables at 100 F

Dot = 0.9492 psia; Vg = 350.4 ££3/1b; hg = 1105.2 Btu/1b .

By equation (16):
0.9492 x 0.97

Dy 0.92 psia

1]
1}

14.696 - 0.92 = 13.77 psia

Pay,

1 1b x 53.35 f£t-1b/1b R x (100 + 460) R
val = = 15,1 £t3/1b
13.77 x 144 1b/ft2

By equation (17):
350.4%

0.97

= 362 ft3/1b

Ve T

15.1 £t3/1b dry air

= = 0.0417 1b water vapour/lb dry air
362 £t3/1b water vapour

By equation (21):
ny = 0.2% x 100 + 0.0417 x 1105.2 = 70.1 Btu/1b dry air
The amount of water leaving the power per pound of dry air is

the amount entering per pound of dry air minus that lost by
evaporation; thus:

o = Wy - (e -w3) = W, - (0.0417 - 0.0183) = Wy1 - 0.023%
The enthalpies of the water are obtained from the steam tables.

At 105 F,
h, = 72.95 Btu/lb; at 80 F, hr = 48.02 Btu/1b
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The amount of water entering the tower per pound of dry air is
obtained by applying the steady-flow general energy equation to
the tower.

hy # Wyqhe = Dy + Wyohe,

1}

H1.5 + Wy472.95 = 70.1 + (Wyy - 0.0234) 48.02

70.1 = 1.5 - 1.13
Wy = = 1.105 1b water/lb dry air
72.95 - 48.02

Quantity of water lost by evaporation:

@y - %3 = 0.0417 - 0.0183 = 0.023% 1b water/lb dry air

Partial pressure of the atmospheric air

p, = 14,696 - 0.42 = 14,27 psia

1 1b x 53.35 ft-1b/1b R x (W60 + 90) R
Va3 = = 14.3 £t3/1b dry air
14,27 x 144 1b/ft2

Quantity of dry air required to cool the water:

200,000 pound of water/hr
Ayip = = 181,000 1b dry air/nr
1.105 1b water/1b dry air

Atmospheric air required
= 14.3 £t3/1b dry air x 181,000 1b dry air/hr = 2,590,000 ft3/hr
Water lost by evaporation

= 0.023% 1b/1b dry air x 181,000 1b dry air/nr = 4250 1b/hr

- 25 -
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2.00
Wy = = 0.00315 1b water vapour/lb dry air
633.1 v
Molsture condensed = LU1 - aJ2 = 0.0132 - 0.0032
= 0.010 1b/1b dry air
ASSIGNMENT

A mixture composed of 15 1b nitrogen and 10 1b oxygen at a
pressure of 50 psia has a temperature of 60 F. For the
mixture determine (a) mole fraction of each component,
(b) the gas constant, (c) the equivalent molecular
weight, (d) +the mixture specific volume, (e) the
partial pressures, and (f) the partial volumes.

Determine the specific heats of the mixture of problem 2.

Determine the volume of a gaseous mixture composed of 14 1b
nitrogen, 32 1b oxygen, 56 1lb carbon monoxide, and 8 1b
hydrogen at 130 F under a pressure of 215 psia.

Determine the partial pressure and total pressures_of a
gaseous mixture resulting from the mixing of 20 ft3 oxygen
at 215 psia and 500 F, and 30 £t3 nitrogen at 13% psia and
300 F. The final volume of the mixture is 12 ft5, and the
mixture is permitted to cool to 150 F.

Determine the gravimetric analysis of a gaseous mixture
having the volumetric analysis: 51% No, 3% CHy, 9% COo,
22% €0, and 15% Ho.

Determine the relative humidity, humidity ratio, and
enthalpy for air having a wet-bulb temperature of 60 F
and a dry-bulb temperature of 80 F, at a pressure of

14.7 psia. Check your answers by using the psychrometric
chart.

What are the relative humidity and partial pressure of the
water vapour for air having a dry-bulb temperature of 85 F
and a wet-bulb temperature of 65 F at atmospheric pressure?

- o7 -
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Determine the wet-bulb temperature, partial water vapour
pressure, relative humidity, humidity ratio, and enthalpy
of moist air having a dry-bulb temperature of 90 F, a dew
point of 65 F at 1 atm pressure.

A 10 ft3 tank contains moist air at a total pressure of
100 psia at 300 F with a relative humidity of 5%. The
mixture is cooled to 80 F. Determine (a) the partial
pressures of the original mixture (b) the partial
pressures of the final mixture, (c) and the weight of
moisture condensed.

A building requires 45,000 ft3 air per minute at 75 F

and a relative humidity of 40%. Atmospheric air at 92 F
with a relative humidity of 60% is used. Calculate the
quantity of heat removed and the heat supplied per minute.
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Lesson 1A25.00-9

Heat & Thermodynamics
GAS COMPRESSORS AND ENGINES

Gas compressors are used to supply high-pressure gases for
use in gas liquefaction processes, for gas turbines, to supply air
for operating pneumatic tools, etc. Each of the two general types,
rotary and reciprocating, is treated in this lesson. A brief sec=-
tion is devoted to the air engine.

Rotary Compressors

- . - - - ——— -

O

The rotary com- —_—
pressor, centrifugal, = T [F-----

L""XJ

axial flow, positive

displacement, etc., 1 4

is in general a high- // E

speed device used to Win Vo8
L

|
t
\

supply large gquanti-
ties of relative low-
pressure gas. Apply-
ing the steady-flow

energy equation to 2
the compressor as pic-
~tured in Fig. 1 gives

R T | e

 —
! Flow

—r——— e e e . - - —— = —d

Generalized Compressor

Pig. 1

W Vo2 - V42
Q -—=w| (ho-hq) +
J 2gJd

in which w is the weight of gas compressed per unit time. There
are no elevation terms because of the low specific weight of the
gas. This equation when solved for the work becomes:

Vo2 - V42
l{‘J:-Vf J(h2—h1)+"—'—'— +QJ 01099.0000000000(1)
°g

In this equation the sign notation of equation (2) lesson 2 is
used; therefore, a negative W indicates work input to the gas,
and a negative Q indicates heat transfer from the gas.

#hen the heat transfer and kinetic energy terms are neglected,
a measure of the performance of the compressor is given by the
adiabatic efficiency defined as:

March 1966 (R-0) -1



isentropic work isentropic Aah'! h'2 - hy

. 7‘18.(1 = - . e (2)
. actual work actual &ah hp - hy

The following examples illustrate the use of the preceding

equations. ,

Example 1
A centrifugal compressor having an adiabatic efficiency of
85% is used to compress 150 1b nitrogen per min from 15 psia
and 60 F to 45 psia. Determine the horsepower required to
drive the compressor, neglecting changes in kinetic energy
and heat transfer.
Solution

- Assuming nitrogen to be a perfect gas:

ah' = cpat' = cp (T2' - Tq)

From Table 3 lesson 4 for isentropic compression
k -1

T _ p2

T4 P1
The value of k for nitrogen, from Table 1 lesson 4, is 1.4,

1 a)'" - 1
)_*_5’ 1 o)+
To' = (60 + 460) R | =~ = 710 R

The value of cp for nitrogen, from Table 1 lesson Y4, is
0.247 Btu/lb R. The isentropic work of compression, by
equation 1, is:

WI
— = - 150 1b/min x 0.247 Btuw/1b R x (710 - 520) R

J
= 7050 Btw/min

The actual work of compression by equation (2) is:
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W 7050 Btu/min
_= - = ~ 8300 Btu/min
J 0.85
1 hp
Work = - 8300 Btu/min x = - 195.5 hp

42.5 Btu/min

Example 2

An axial flow compressor having an adiabatic efficiency of
87% is used to compress 200 1b air per min from 14.696 psia
and 60 F to 55 psia. Determine the horsepower required to

drive the compressor, neglecting changes in kinetic energy
and heat transfer.

Solution

From the air tables of the Keenan and Kaye Gas Tables the
enthalpies hi = 124.27 and hgi = 181.5 are obtained as ex-
plained in example 12 lesson 4. The isentropic work of
compression, by equation (1), is:

w!
— = -2001b/min [}18145-124.27) Btu/1b] = - 11,446 Btu/min
J

The actual work of compression, by equation (2) is:

-11,440 Btu/min 1 ,
W = X = - 310 hp
0.87 Lo 4t Btu min/hp

It is customary to neglect the negative sign.

A different form of equation (1) for an ideal gas with con-
stant specific heat, assuming isentropic compression and neglect-
ing the change in kinetic energy 1is:

[ k — 1 ]
X po\ K k
W= - X wRT1 —_ -1 = pP1VH
k -1 Py | 1 -k
i K - 1 i
ko1
b2 - Ceeenenenes .. (3)
D1 '
L -



Reciprocating Compressors Without Clearance

The reciprocating compressor may be treated as a steady-flow
device, and the steady-flow energy equation may be applied, as was
done in the section on Rotary Compressorsj however, the influence
of several important factors upon its operation is more evident
from a stepwise analysis. For simplicity the compressor is assumed
to be single-acting, and the change in kinetic energy of the enter-
ing and leaving gas is neglected.

From Fig. 2 it e o - T
can be seen that, N
starting point 4,
the work exchanged
between the piston /7
and gas during one
complete reversible
cycle is equal to
suction work ¥q,
represented by area
4150, plus poly- Reciprocating compressor and p-V
tropic compression diagram
work Wo, represen-
ted by area 1265, Fig. 2
plus discharge work
W2 represented by area 2306. These work terms can be evaluated
by using the equations for work for the polytropic and constant-
pressure processes from Table 3 lesson L.

™\

A

| | poVp - P11
A1 = pp (V1 =Vy);  Wo = ;W
1-n

= p2(V3 —V2)

Adding these work terms to obtain the net cycle work, noting that
- Vy = V3 =0, gives:
poVo = p1V4 n

A=Wy +Wo+ W3 =pqVq + - poVp =
1-n 1-n

(p2V2 - p-1V1 )- s e e ()'(')

It should be noted that this net work represented by areas
1234 of Fig. 2 may also be evaluated by Jdep.

Since the cyclic work is negative (work performed upon the
system consisting of the gas), the expression becomes:

P2
VJ=~ Vdp 0000.‘.0000000.000.0.;0(5)

P
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A more convenient expression for the work of comﬁression in
terms of the pressure ratio p2/py may be obtained by multiplying
and dividing equation (4) by p1Vq{ and noting that for the poly-

tropic process
Vo/Vq = (p2/p1) -1/n

The resulting expression is: n-1

n b2 »
p‘[V‘] _ ‘1 oo--oto.o<6)

1 - n Py

W =

Equation (6), when applied to an ideal gas, may be written ’
in terms of the initial temperature by substituting wRT{ for p1V1.'

An ‘expression for the cyclic work of compression for an isen-
tropic compression may be obtained by substituting k for n in
equation (6).

When the compression is assumed to be isothermal, p1V1 = p2V2,
and the work during compression Wpo is p1Viln Vo/V1. The cycle
work using isothermal compression is:

V2
w=p1V1lnT '.000.0‘0‘...0.0.0'.00600.0(7)
.1

It should be noted that all equations in this section neglect
kinetic energy effects.

Ixample 3

Ten 1b air per min are compressed from 14.696 psia and 60 F
to 60 psig when the barometer is 14.696 psia. Determine the
horsepower required to drive the compressor, assuming (a)
isothermal compression, (b) isentropic compression, and (c)
polytropic compression with n = 1.30.

Solution

(a) The initial volume of 10 1b air is obtained by using the
ideal gas equation.

(60 + 460) R

=101b x 53.35 ft-1b/1b R x = 131.0 £t3
1 144 x 14,696 psf

\

The final pressure was given as gauge pressure; therefore the
final absolute pressure is:



= (1%.696 + 60) = 7%4.696 psia

The final volume, obtained by the ideal gas equation, is

(60 + 460)R
14 x 74.696 psf

Substituting the above values into equation (7) gives:

V5 =101bx 53.35 ft-1b/1b R x = 25.8 £t3

25.8 £t3

1b
W= (14.69 x1l+l+)——-2x131 3 x1n—— = - 450,000 ft-1b
£t 131.0 £t3

This represents the work per minute; therefore the horse-
power is:

1 hp
33,000 ft-1b/min

W = - 450,000 ft-1b/min x

(b) Substitubting the appropriate values from part (a) into
equation (6) with n = k gives:

1-)'%"'1
1L 1D 3 74.696 1.4 1
o e . 131 ft —_— -
N o= - 1.4(144 x 14 696)EEZ x 13 .696)

= - 572,000 ft-1b/min, or - 17.3 hp

(¢c) Substituting the appropriate values into equation (6)
with n = 1.3 gives:

— 10'2 - 1 1
1.3
1.30 11 74 .696

— x 131 3
;—tf;~gb(1h4 x 14.696)ft2 x 13 696

L —

= - 546,000 ft—lb/min, or - 16.6 hp

=,
t

tes a sav1ng of 3 7 hp by
son of these results 1ndlca
Sgigizie cooling, and 0.70 hp by partial Coollng
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Work part (¢) of example (3), using equation (1).

Solution
The final temperature 1s obtained by using the polytropic
‘relation
n -1
p2\ *
T2/T1 = | ——
Pq
from Table 3, lesson 4
1- - 1
7,696 1.3
T, = 520 R | =—— = 757 R
2 14.696

The pol&tropic specific heat is:

n-%k 1.3 - 1.40
= 0.173 Btu/lb R = - 0.0578
n"1 103—1

Btu/1b R

The negative sign indicates heat removal.

Equation (1) written for 10 1b air, assumed to be an ideal
gas, and neglecting kinetic energiles, is:

W=-10 —

1b

szu:Btu/lbIt(757-—520)3]4—1011ymin x (-0.0578) (757 - 520)
min
- 568 Btu/min - 137 Btu/min = - 705 Btu/min = - 16.6 hp

This value agrees with that obtained in part (c) of example 3.

Reciprocating Compressors with Clearance

In the actual compressor, part of the gas remains in the
cylinder at the end of the discharge stroke, and expands as the

-7 -



piston starts upon its intake stroke. The volume occupied by
this gas 1is termed clearance volume, Ve of Fig. 3, and is speci~
fied as a percentage of the piston displacement Vps thus:

VC
ClearanCG:C:——- X 100 ouooooac-occao-oo(8)
D

Clearance volume theoretically does not affect the cyclic work of

compression. Actually the effect of friction and the larger re--
quired displacement volume with clearance increases the net work
of the cycle. S

Another term used to indicate
the effect of clearance is called 5
clearance factor, defined in terms
of Fig. 3 as:

()

Clearance factor = CF=

D
1 1 vV \'2
— —ind c'-._.._ D-———.{

- \
pPo 1 P

Vy=Vy| — | = CVip|— _ >
P4 P1

Theoretical P-V diagram with
clearance

Fige 3

Substituting the above values into equation (C) gives:

1
po\ * .
CF:1+C—C<-—2§ ovovcc'oo’a.oonaooooooo'-n(9)
p

A compressor having an 8% clearance is used to compress
nitrogen from 20 to 75 psia. What 1s the clearance factor

when n = 1.19?

Example

Solution

Substituting the clearance value into equation (9) gives:
1
o5\ TTY ~
CF =1+ 0.08 - 0.08 | — "= 0.8% or 84%
20
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Example 7

A compressor having a clearance of 7% is used to comnress
15 1b carbon dioxide from 20 psia and 79 F to 70 psia. As-
suming a value of n equal to 1.15, determine (a) the work
required, (b) the piston displacement required with no
clearance, and (c) the piston displacement required with
clearance.

Solution

(a) The value of R for COp obtained from Table 1 lesson k4
is 35.09 f£t-1b/1b R. Substituting the appropriate values
into equation (6) gives:

1.15 ,
o :-——-—-—§;<15 1b x 35.09 ft-1b/1b R (75+ 460)R
1 -1.1

101 -1
70 1.15

- 1|5 -383,000ft-1b
20

(b) The total volume of gas which is equal to the viston
displacement without clearance, as obtained by using the
ideal gas equation, is:

| 535 R ,
Vp = V' =15 1b x 35.09 ft-1b/1b R = 98 £t

1b
(14l x QO)ft%/

(¢) The clearance factor, by equation (9) is:

1
70\ 1.15
CFr =1+ 0.07 - 0.07 | — = 1.07 - 0.208 = 0.86
20

Equation (C) is used to obtain the piston displacement with .
clearance. V', the volume of gas compressed, is equal to 98 ft3,
from part (b).
v! v! 98 ft3
CF=.— or Vp=—=——mx= 114 ft3
VD CF 0.86
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In the actual compressor the pressure drop through the intake
passage and valves causes the pressure in the cylinder to be less

‘than the pressure in the intake system. In the case of air com-
-pressors using atmospheric air the intake process is assumed to be

isothermal, so that psVa = pi1Vi, in which the subscript a indicates
atmospheric conditions, and subscript 1 indicates conditions inside
the compressor cylinder. The air at prevalling atmospheric condi-
tions is referred to as free air, and a compressor may be rated
upon the volume of free air that it can compress per unit of time.

Certain losses such as leakage loss, pressure-loss, etc.,
reduce the weight of gas delivered by a compressor below the
theoretical value. The ratio of the actual weight of gas delivered
to the weight of gas that would occupy the piston displacement
volume under intake conditions is defined as the volumetric effi-
ciency of the compressor.

welght of gas discharged per cycle (10)
7{ = e o 0 10
M weight of gas that would occupy piston
displacement under intake conditions per cycle

Volume of gas measured at intake conditions
entering compressor per cycle
7\\]: 000...0(10&)

Piston displacement volume per cycle

Under ideal conditions with no losses.

VI
N v = — = clearance factor
Vp

Several other efficiencies used in the compressor field are
defined as follows:

Mechanical efficiency =

indicated horsepower of compressor (1)
= LI I S R A A AN 2 B A 11

brake horsepower supplied

Uy

Adiabatic efficiency =

isentropic work of compression

nad: . A . * 9 8 8 9 0 b v
actual adiabatic work of compression

.. (12)
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Isothermal efficilency =

, isothermal reversible work of compression

,IiS: . 0-0000(1‘3)
actual isothermal work of compression ‘

» The following example illustrates the application of several
of the preceding equations.

_-Examnle /

An air compressor having 5% clearance is used to compress
900 ft3 of free air per min to a pressure of 75 psia. The
atmospheric pressure is 14.696, and the pressure within the
cylinder at the beginning of the compression stroke 1is 14.0
psia. Assuming a value of n equal to 1.3, determine (a) the
theoretical horsepower required to drive the compressor, (b)
the cylinder volume when the compressor is double-acting,
running at 200 rpm and (c) the actual horsepower required to
drive the compressor if its mechanical efficiency is 92%.

Solution

(a) ©Since clearance does not affect the theoretical work
~ of compression, equation (6) may be used. In the absence
of Vq, paVa will be substituted for p1V43 thus:

wf=-—-—-———14.696x14l+1b/ft2x900ft3/min 1.30 -1
1-1.30 14,696

= - 3,770,000 ft-1b/min, or - 11%hp

(b) For a compressor with clearance, V' is equal to the
volume of air in the cylinder at pressure pq. Assuming i1so-
thermal intake:

V’p1
PaVa = Vipq, or Vg =

Da

The volumetric efficiency, be equation (10a), is ny = V5/Vp.
Substituting the previous value of Vg gives ny = pIV'/paVD;

but V'/Vp = CF; therefore ny = (p1/pa)CF. Substituting the

appropriate values into this expresslon gives:

- 1



14.0 . 75 1.3
=— | 1+ 0.05 - 0.05 [ — = 0.8
v 14,696 14 ’

b ——

The compressor is double-acting and makes 200 rpm; therefore
the number of cycles per minute is 2 x 200, or Lo0. The
volume of air at inlet conditions per cycle is equal to the
total volume of free air per minute divided by the total
cycles per minute, or

900 ft3/min
vt o= = 2.25 ft3/cycle
400 cycles/min

The piston displacement is obtained by using equation (10a).

N 2.05 5,05 5
= 0.83 = — = — "  or TV, == 2.71 £t
nv ’ D h.83

(¢) The actual power required to drive the compressor as
determined by equation (11) is: :

114 hp 1L
Ny = 0.92 = ——— or bhp = — = 124 hp
bhp 0.92

Multistage Compression

As the discharge pressure is increased, the discharge tem-
perature increases and may reach prohibitive values. It should
also be noted that as py of Fig. 3 is increased, other values
remaining constant, the point L %ill move further to the right,
thus materially reducing the volume of new gas received per
stroke. These and other practical considerations have given
rise to the practice of multistaging with intercooling between
stages. In the 2-stage compressor the -
gas is compressed to some intermediate sk,
pressure in the low-pressure cylinder,
discharged and cooled at constant pres- 7P
sure, then compressed to the discharge
pressure in the high-pressure cylinder.
The theoretical cycle without clearance !
is illustrated in Fig. 4. The gas is

92 4

\, Process 158 polytropic
62 polytropic
169 isothermal

‘ Theoretical P~V diagram of two stage compressor without
- 12 - clearance and with no pressure drop_in intercooler
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assumed to be cooled to the initial temperature in this analysis,
and no pressure loss in the intercooler is considered. The work
of the complete cycle, assumed to take place in two separate com-
pressors, by equation (6), is:

piVy| | — S B pPiVeg

!
—

P2
Pi

But piV6 = p1V1 by reason of the complete intercoolingj; therefore

n Pi Py
PV || — L B -2

-1 Pq p1

b * —

W =

Differentiating this expression with respect pji and equating to
zero enables one to determine the value of p4 for minimum work.

The resulting value is:
Pi = A/P1D2

which, when substituted into the cyclic work expression, gilves:

n - 1
2n

2n P |
p1V1 s -1 Q-nccooﬁotnoccooatvnai'0(1)*')
1 - n P

W =

This indicates that the cyclic work becomes a minimum when the
work is equally divided between the stages.

The net saving in work by intercooling is indicated in Fig.

L by the area 5826. The intermediate pressures for minimum work
in a 3-stage compressor are: N

- 13 -



pi 1st stage = 3 p12

Xn
W=

P1V1

p—-

b2j

compressor having X stages is:

P2

————

3/
pi 2nd stage = p1p225

A general expression for the cyclic work of a multistage

n -1
Xn

0'000000""000(15)

In the actual compressor, as a result of pressure loss in the
passages, valves, intercooler, etc., the intake pressure of the
second cylinder is less than the discharge pressure of the pre-
ceding cylinder; for this reason equation (6) should be used for
each cylinder rather than equation (15) for the complete compressor.

Example 8

A 3-stage compressor is to be used to compress air from 15
psia and 70 F to 600 psia, with a value of n = 1.32. Compute -
for the theoretical cycle (a) the intermediate pressures,

(b) the cyclic work of compression per pound of air, (c) the
temperatures leaving each cylinder, (d) the heat transfer in
each intercooler, and (e) the total work by the steady flow
analysis.

Solution

(a) The intermediate pressures are determined as follows:

3

Py 1st stage = 'V (15)2(600) = 51.3 psia
3

P; 2nd stage = A/z;5)(600)2 = 175.2 psia

(b) The value of piVq of equation (15) may be replaced by
wRT{, where w represents the pounds of gas discharged; there-
fore the cyclic work, by equation (15), is:

1.32 ‘
W = é——}-c———}- x (1 1b) x 53.35 ft-1b/1b R x (70 + 460) R

1 - 1:32
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RG]

600 .
e -1 | =-121,500 ft/1b
15
L -
(c) The temperatures leaving the cylinders, by the poly-
tropic expression from Table 3, lesson Y4, is:
1.32 -1
1.32
51.3
T leaving first stage = (70 + 460)R : = 715 R
1

The temperature leaving the intercooler and entering the
second stage is also 530 Rj; therefore

1.32 -1
. 1.32
17502
T leaving the second stage is 530 R = 715 R
51.3
and likewise for the third stage.
1.32-1
1.32
600
T leaving the third stage is 530 R . = 715 R
175.2

(d) The heat transfer in the intercooler is:

Q = wep (Tg-—T1)==1 1b x 0.24% Btuw/1b R x (530 - 715)R = - gh.S
tu

Both intercoolers have the same heat transfer since they are
operating between the same temperatures.

(e) The polytropic specific heat for the cooling process
within the cylinders 1is:

n-k 1'32"10)4'
cn = cv = 0.173 Btu/1b R | =————] = - 0.0433 Btu/1bR

- 15 -



The work per cyel ; '
tion (1), 38 yele per cylinder as obtained, by using equa-

W=1 1b - |
[ep (To-T9) - cof (T2-11)] = 1 1b [0.24% Btu/ib R x

(715-530) R = (-0.0433 Btu/lb R)(715-530)] = -52.4 Bty

The total work for the 3 cylinders is:

W= 3 x (-52.% Btu) = =157 Btu, or 157 Btu x 778 £t-1b/Btu

3 = -122,000 -
which checks closely the value obtained in ’ fe-1p

part (b).

Compressed-Gas Engines

Compressed air and other gases may be ex i i
. . : ] xpanded in reciproca-
‘ting engines or in turbines without first being heated. Thgse

‘dev1c§s are not classified as prime movers however. Air hammers
or drills or examples.

ASSTIGNMENT

1. Assuming constant specific heat, determine the horsepower
required to compress isentropically 10 1b COp per min from
20 psia and 60 F to 150 psia.

2. Air at standard sea-level condition (60 F, 1 atm) enters an
air compressor with the velocity of 400 mph,is isentropically
compressed to a pressure of 7 atm, and leaves with a velocity
of 300 fps. How much work is required per pound of air,
assuming constant specific heat?

3. A single-stage air compressor without clearance is used to
compress 3.75 1b air per min from 70 F and 14.7 psia to 150
psia. Compute the horsepower required if n for the poly-
tropic compression has a value of 1.35.

L, Determine the theoretical horsepower required to compress
isothermally 6.13 1b air per min from 60 F and 14.7 psia to
120 psia.

- 16 -
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Determine the horsepower required and the piston displacement

of an air compressor having a clearance of 3% when used to
compress 1600 ft3 free air per min from an atmospheric pres-
sure of 14.7 psia to 100 psia. The pressure before compres-
sion is 14.0 psia, and n is assumed equal to 1.3. Assume
the compressor to be double-acting, operating at 150 rpm.

A centrifugal compressor operating at steady flow and having
an adiabatic efficiency of 85% compresses air at 70 F and 14,7
psia, to 100 psia. Determine (a) the work required per pound
and*(b) the temperature of air leaving the compressor.

George Howey

- 17 -



Course 1A25
Lesson 1A25.00-10

Heat & Thermodynamics

VAPOUR POWER CYCLES, STEAM
ENGINES AND STEAM TURBINES

Carnot Cy >le

The Carnot cycle,Fig. 1, using steam as a working fluid
is impractical; however, it may be used as a criterion of per-
fection. The cycle efficiency expressed in enthalpies is:

work . - worky,  (h3 - hy) - (hp - hi) )

n = -

heatin (h3 - hg)
hy - hy
1 - ————— ..ooa.ooooooooac(1)
h3 - ho

When expressed in terms of temperature the equation becomes:

=] = —

7’{:1_

00..0000.000000'00009.00'0!0(1a)

ToA4s To

Rankine Cyecle

The Rankine cycle, Fig. 2, a more practical criterion of
perfection for steam cycles, is made up of the following rever-
sible steady-flow processes:

(a) 1isentropic compression in the pump of the saturated water
leaving the condenser

(b) constant-pressure heating and evaporation of the water in
the boiler

(¢) 4isentropic expansion of the steam in the prime mover

March 1966 (R-0)



(d) constant-pressure condensatlion of the steam in the con-
denser.

Neglecting kinetic energy terms, the thermal efficiency of

the Rankine cycle using saturated steam, expressed in enthalpies
is:

work, .+ = workin ) (h3 - hy) - (h2 - ht)
heatin (h3 - hp)

ﬂ:

0.&0000(2)

At low pressures, the pump work, being small in comparison to

the other quantities, is usually neglected, resulting in
equation (2) being written:

_h3 -hy h3 - hy
h3 - h2 hy - heo

0..0"‘0.0.0‘00....0'...O‘OD(3)

b Carnot cycle using saturated
steam
2 3
T
R : Fig. 1
i
I“'“AS-—):
l 1
S
Tbeiler - — L
Pt N o~
Rankine steam cycle Y/ St ‘
using saturated
steam

Fig. 2
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Example 1:

Determine the efficiency of a Rankine cycle operating with
saturated steam at 200 psia when the exhaust pressure of
the turbine is 5 psia. Compare the results with the
efficiency of a Carnot cycle operating between the same
temperatures. .

Solution:

The enthalpies are obtained from the steam table. At 200
psia hy = hy = 1198.% Btu/lb, t = 381.8 F, sg = 1.5453.
The en%halpy hly 1s obtained by isentropic expansion from
200 psia to 5 psia. At 5 psia, he = 130.13 Btu/lb,

hfy = 1001.0 Btu/1lb, sr = 0.2347, Sfg = 1.609%. The

actual enthalpy hy is obtained by first using equation (5)
lesson 3 to determine tha quality, and then equation (3) to
calculate the enthalpy.

1}

S3 Sk = sel ¥ X”sfgq or

$3 = Sfly 1.5453 - 0.2347

= 0.815
Srglt 1.609%

X)_(_:

by, = hpy + Xyhegl, = 130.13 Btu/lb + 0.815 x 1001 Btu/1b
= 946 Btu/lb

This value may be checked by using the Mollier diagram. The-

efficiency as obtained by using equation (3) is:

1198.4 Btu/1b - 946 Btu/lb
n = x 100 = 23.6%
1198.4 Btu/1b - 130.1 Btu/ldb

The Carnot cycle efficiency, by equation (1a) is:

(162.2 + 460)3
A=1 - x 100 = 26%
(381.8 + 460)R

The areas on the T - s diagram represent the heat supplied,
and the heat rejected, or unavailable energy; therefore



Solution: (cont'd)

changes in cycle operating conditions are reflected by
corresponding changes in areas on the T - s diagran.
Changes in a basic Rankine cycle using saturated steam
caused by (1) lowing the exhaust pressure, (2) increasing
the operating pressure, and (3) using superheated steam are
illustrated in example (2).

Example 2:

A basic Rankine cycle uses saturated steam at 300 psia and
exhausts at 5 psia. Determine (a) the efficiency of the
cycle, (b) the effect upon efficiency of lowering the

back pressure to 1 psia (e¢) the effect upon efficiency

of increasing the operating pressure to 400 psia, (4)

the effect upon efficiency of using superheated steam at

520 F and 300 psia, and (e) the efficiencz of a Rankine
cycle operating with superheated steam at 400 psia and 520 F

exhausting at 1 psia.

Solution:

The enthalpies are obtained from the steam tables and Mollier
diagram as illustrated in example (1).

(a) at 300 psia, h, = 1202.8 Btu/lb = hy. Isentropic
expansion of sgturated steam at 300 psia to wet steam
at 5 psia gives hy a value of 924 Btu/lb. At 5 psia,
hf = 130.13 Btu/lb. Using equation (3) gives a cycle
efficiency of:

1202.8 Btu/1lb - 924 Btu/1b
A = x 100 = 25.9%
1202.8 Btu/1b - 130.13 Btu/lb :

(b) The isentropic expansion of saturated steam at 300 psia
to wet steam at 1 psia gives hy a value of 844+ Btu/lb.
At 1 psia, hy = 69.7 Btu/lb.

The cycle efficiency, by equation (3) is:

(1202.8 - 844) Btu/1db
= x 100 = 31.7%

n= (1202.8 - 69.7) Btu/1lb

(¢) At 400 psia, hg = 1204.5 Btu/lb. Isentropic expansion
of saturateé s%eam at 400 psia to 5 psia gives hy a
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(¢) value of 908 Btu/lb. At 5 psia, hg = 130.13 Btu/1b.
The cycle efficiency 1is:

(120%.5 - 908) Btu/lb
N T i20%.5 - 130.13) Btu/1b

x 100 = 27.6%

(@) At 300 psia and 520 F, hg = 1269.5 Btu/1b. Isentropic
expansion of superheated steam at 520 F and 300 psia‘
to 5 psia gives hy a value of 968. he at 5 psia is
130.13 Btu/lb. The cycle efficiency Is:

1269.5 Btu/1b - 968 Btu/lb
N = 1269.5 Btu/1b - 130.1 Btu/1b

x 100 = 26.5%

(e) 1Isentropic expansion of superheated steam from 300 psia
and 520 F to 1 psia gives h, a value of 882 Btu/lb.
he at 1 psia = 69.7 Btu/1lb. The cycle efficiency is:

1269.5 Btu/1b - 882 Btu/1lb

R = x 100 = 32.2%
1269.5 Btu/1b - 69.7 Btu/lb

Reheat Cycle

In the reheat cycle, the steam, after partial expansion in
the turbine, is withdrawn and resuperheated at constant pressure
in the steam generator and then returned to the turbine and com-
pletely expanded, as illustrated in Fig. 3. The work output per
pound of steam is (hy - hy) + (hg - hg) the pump work is (h2-hq),

and the heat supplied is Qijp = (A3 - hp) + (hy - hy). The cycle
efficiency is:

Wout - Win (hy - m) + (hg - hg) - (hp - hy) ()
’]\: = v e e
Qin (h3 - hp) + (hg - hy)

Example 3:

Determine the efficiency of a reheat cycle operating under
the following conditions. Steam initially at 800 psia and

700 F is expanded to 40 psia, resuperheated to 500 ¥, and
exhausted at 3 in. Hg.

-5 -



net out

Reheat steam cycle

Fig. 3

Solution:

The enthalpies are obtained from the steam tables and Mollier
diagram. At 800 psia and 700 F, hg = h3y = 1338.6 Btu/lb.
Isentropic expansion from 800 psia and ;OO F to 40 psia gives
h% a value of 1075 Btu/lb. At 40 psia and 500 F, hg = he =
1284.8 Btu/lb. Isentropic expansion from 40 psia and 508 F

to 3 in. Hg gives a value for hg of 1036 Btu/lb. At 3 in.

Hg, hf = h1 = 82.99 Btu/1lb, and t = 115 F. The value of h2 is
obtained from thecompressed liquid tables as follows. At o
800 psia and 115 F, h = hf = 2.11 Btu/lb; at 115 F, hf =282.99.
The;efore at 800 psia and 115 F, h = 82.99 + 2.11 = 85.10
Btu/l1b.

Substituting these values into equation (4) gives:

(1338.6 - 1075) + (1284.8 - 1036) (85.10-282.99)
(1338.6 - 85.10) + (1284.8 - 1075)

n = 34.9%

Regenerative Cyecle

The efficiency of a steam cycle may be increased by removing
a fraction of the steam, after partial expansion in the turbine,
for use in increaseing the temperature of the condensate returning
to the steam generator, as illustrated in Fig. L. The following
example illustrates the method of determining the regenerative
cycle efficiency.
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Regenerative steam cycle

feedwater

heater
o g

QOUt ' Figc L}’

Example 4:

A regenerative cycle using 1 open feedwater heater expands
steam from 400 psia and 780 F to 4 psia. Steam is extracted
at 18 psia for feedwater heating. Determine the cycle
efficiency.

Solution:

The necessary enthalpies are obtalned from the steam tables
and Mollier diagram in the following manner. At 400 psia
and 780 F, h3 = h, = 1405.8 Btu/lb. Isentropic expansion
from 400 psia and®780 F to 18 Esia gives hy a value of

1110 Btu/l1b, and expanding to 4 psia gives hg a value of
1013 Btu/lb. Since the feedwater heater is Open, the pres-
sure in the heater is 18 psia, and hi = hf at 18 psia =
190.56 Btu/lb. At 4% psia, hg = he = 120.86 Btu/lb. If the
pump work is neglected h2 = hi = 190.56 Btu/lb. The weight
of steam extracted per pound of steam entering the turbine
is obtained by making an energy balance neglecting kinetic
energy changes at the feedwater heater. , :

Energy in Energy out

(1 -w) 1b hg + w 1b hy = 1 1b hy
Solving for w gives:

h1 - hg 190.56 Btu/1b - 120.86 Btu/1lb
= = = 0.07 1b/1b
hy - h6 1110 Btu/lb - 120.86 Btu/lb steam

W



Work output = 1 1b (h3 - hy) + (1 - w) 1b (bt - hy)

Work output/lb steam

=11b (1405.8 - 1110) Btu/b+ (1- 0.07)1b (1110 - 1013) Btu/1b
= 385.8 Btu/lb

Heat supplied
=Qin = (h3 -hp) = (1405.8 - 190.6) Btu/lb = 1215.2 Btu/1b

The efficiency of the cycle, neglecting pump work, is:

Wout  385.8 Btu/lb
= x 100 = 31.7%

7 =

Qin 1215.2 Btu/1b

More efficient cycles are obtained by using a greater number
of feedwater heaters and by combining the reheat and regenera-
tive cycles. The method of cycle analysis is similar to that
illustrated in the previous examples.

Steam Engines

Steam engines find wide application in the small prime mover
field especially when the required speed of rotation 1s low. They
have good efficiencies and are extremely reliable.

The steam engine may be analyzed as an intermittent-flow
device by using the indicator card, or as a steady~-flow device by
using enthalpies. An indicator card, a reduced-pressure volume
diagram, of the action of the steam in the cylinder, is shown in
Fig. 5. The mean effec- - —_—
tive pressure, mep, OT )
Pm 1S obtained by 1
dividing the net card
area by its length, thus
obtaining the average P
pressure acting upon the
piston during 1 cycle. 5
The indicated horsepower,
ihp, which represents the
energy transferred from

the steam to thHe piston is Steam engine indicator diagram,
obtained by the following ideal and real
equation. Fig, §
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p,LAN
ih _— — ‘000"000".000'.0'000’0'0.50,000000(5)

33,000

in which py = mep in psi

L = length of piston stroke in ft.
A = piston area in in.?2
N = power strokes per min

The actual output of the engine may bemeasured by means of
some mechanical, hydraulic, or electric brake, and is expressed
as brake horsepower or bhp. The ratio of bhp to ihp is the
mechanical efficiency of the engine.

bhp
%mechzu:—{l— oooctoouocvocncnooooc-oo-o-00‘0000010(6)
1ap

The steam rate, defined as the pounds of steam per unit of
output, is also used to compare the performance of steam engines.
If Wg represents the output work of the engine per pound of steam
supplied, expressed in Btu the steam rate is:

2545 Btu/hp-hr
1b Steam/hp-hl‘.-o.o...-........,..(78,)

=
"
i

WB/lb steanm

3413 Btu/kw-hr

lb Steam/kw—hr ooooo 0..1....000!'0'(7b)

=
]
1]

Wp/1b steam

Treated as a steady-flow device, the work done per pound of
steam by an ideal steam engine, neglecting the kinetic energy, is
the difference between the enthalpies of the steam supplied, hq,
and the exhaust steam, ho' obtained by an isentropic expansion .
from the initial condition to the exhaust pressure. The quantity
of energy supplied per pound of steam is determined by taking the
difference between the enthalpy of the steam supplied, hy, and
the enthalpy of saturated water at the exhaust pressure, because
the engine is not designed to obtain work from a liquid. The
ideal or Rankine engine efficiency 1is:



__h1 - ho!

ﬂR 00l'00..00.00.'0000'0'00'00.00000'00(8)

hy - hep

The work of the actual steam engine per pound of steam 1s
(hq4 - hp), where hqy 1s the enthalpy of the steam supplied, and
ho is the enthalpy of the exhaust steam. The thermal efficiency
is:

hy - hy

t:————— '.OI0'0..l'."'.....'."'.ll'.0'..'(9)
7 ac hq - heo -

or in terms of the steam rate:

2545
w (hq - hfo)

Nact ~

'000:..000'0.000'0000'0.00.!0‘-(98.)

An efficiency ratio used to compare actual and ideal steam
engines, variously called engine efficiency and Rankine cycle
ratio, is obtained by dividing the actual thermal efficliency by
the Rankine engine efficiency:

7?8 ‘ll'l."000000'0...'.‘0000001"..'0!0!'0(10)

The following example illustrates the use of the equation
presented in this section:

Example 5:

The following data were obtained during a test of a steam '
engine.

Cylinder diameter = 12 in. Net brake load = 600 1b

Stroke = 15 in. Brake arm radius = 3 ft.

Piston rod diameter = 2.5 %n. Speed = 250 rpm -
Head in card area = 2.7 in. Initial steam pressure = 115 psia
Crank in card area =2.75in.2 Quality of steam = 100%

Card length = 3.4 in. Exhaust pressure = 15 psia

Spring scale = 60 psia/in. Steam consumption = 3000 1b/hr

- 10 -



Example 5: (cont'd)

Determine (a) indicated horsepower, (b)

(c) mechanical efficiency, (d) steam rate,

(e)

1A25.00-10

thermal efficiency, (f) Rankine cycle efficiency, and

(g) engine efficiency.

Solution:

(a) The mep's are obtained by the following equation:

card area in.?2

Py = mep = x spring scale x 1b/in.

card length in.

2.7 in.2
head end py = ————— x 60 1b/in.3 = 47.7 psi
3.4 in.
2.75 in.2
crank end pp = —————— x 60 1b/in.3 = 48.6 psi
3.4 in.

Using equation (5) gives:

in.2
head end ihp = —iie 12

l+7.71b<15> [12211 )
—_— | —ft x " in. x 250 rpm

33,000 ft-1b/min hp

crank end ihp

_ in.? 12 L L

48.6 1b 15 1224 2.52q
———— x| — |ft - in.2 x 250 rpm

33,000 ft-1b/min hp

Total ihp = 50.5 + 51.0 = 101.9 hp

= 50.5 hpé

(b) The brake horsepower is determined by the equation:

brake horsepower,
actual

= 51.0 hp

- 1"



- 12 -

(b) (cont'a)

or RFN 2 x 3.14 x 3 ft x 600 1b x 250 rpm
= = 85.6 hp

bhp = =
33,000 33,000 ft-1b/min hp

(c) The mechanical efficiency is obtained by using
equation (6).

85.6 hp
7? mech ~ x 100 = 8)4'.5%
101.5 hp

(d) The steam rate is:

1b steam 3000 1b
= = = 35 1b steam/hp-hr

W— =
hr (bhp) 85.6 hp-hr

As a check,

bhp hr x 2545 Btu/hp-hr  85.6 bhp x 1 hr x 2545 Btu/hp-h’™ll
WB = =
1 1b steam/hr 3000 1b steam/hr

= 72.8 Btu/1b steam/hr

Substituting into equation (7a) gives:

2545 Btu/hp-hr

w =

= = 35 1b steam/hp-hr
72.8 Btu/lb steam

(e) The enthalpy of the steam supplied hy from the steam
tables at 115 psia is 1189.7 Btu/lb; he at 15 psia =
181.1 Btu/1lb = hfo. Substituting into equation (9a)
gives:

2545 Btu/hp-hr
t = ‘
7ac 35 1b/hp-hr (1189.7 - 181.1) Btu/lb

x 100 = 7.2%
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(£)

condition to the exhaust pressure of 15 psia from the
Mollier diagram is 1040 Btu/lb. Substituting the
appropriate values into equation (8) gives:

B (1189.7 - 1040) Btu/1b
(1189.7 - 181.1) Btu/1b

N r

x 100 = 14.9%

(g) The engine efficiency using equation (10) is:
7.2 48.3%
= x 100 = e 3%
¢ 14.99

Steam Turbines

The enthalpy after isentropic expansion from the entrance

In the steam turbine prime mover, the kinetic energy that is
absorbed by moving blades and delivered as shaft work to the device

being driven by the prime move originates from the expansion of
steam in the nozzles. The turbine is inherently a high-speed
device, and has a basic advantage over the steam engine in that
its motion is purely rotary.
from small units developing a few horsepower to compound units
developing over 200,000 horsepower. The two basic types of tur-
bines are impulse and reaction, depending upon their mode of
operation. Kach of these types will be discussed below.

(a) Impulse Turbine

The simplest impulse turbine
has a single stage consisting of a
set of stationary nozzles and one

Vi 2143

15 v

row of moving blades. Low-velocity " i~
steam entering the stage is expanded S =
in the nozzles to a high velocity, xY o 550
enters the moving blades, is turned 0 AR
through approximately 150 degrees, ng ~

and then is discharged. The velo- A
city diagram of an actual impulse
stage is presented in Fig. 6. The
relative velocity of the steam
leaving the blade is less than the
relative velocity entering, because
of fluid friction.

Vy, 950
Vg 210

Velocity diagram for
impulse stage with
blade loss

Fig. 6

Modern steam turbines vary in size

- 13 -



The work done by the stage may be obtained by writing the
steady-flow energy equation between points a and ¢ for 1 pound
of stean.

Vg2 ch
Jhyt——=J h, + — + W, or
2 g 2 g
Va2 _ VC2
W= (hg - he) J + BEr- e unniEREREREREREEEAARS (11)
g

A similar equation for the blade is:

V2 1~
J hy + —=J hy, + — + W, or
2 g 2 g
ch - VCZ
W= (hp - he) T+ —————— teriiererrseersssa(12)
2 g

If there are no losses in the blade, hs = hy-

The work done by the stage, Fig. 6, may be obtained by kine-
matic analysis as follows. Force applied to the blade per pound
of steam per second is: ’

y
F = ma = (Vg cos a - Vpy cosf ) —

g
The work done per second per unit weight of fluid is:

Vp
Work = Force x distance = (Vgo cos a - Vpyq cosB) — .(13)

g
or
Vp
w: (Vf‘Vi) -'_. Q..........................(138.)
A g :

- 14 -
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It should be noted that equation (13) and (13a) are written in
terms of vectors; therefore the direction of the velocites must
be considered. It can be shown that for maximum work:

Vb:O¢5V1 COS@ 6 8 58 & 8 8 0 ST LN e 0..0.--000(1)+)

The blading efficiency is determined by dividing the work
done by the blades by the kinetic energy supplied, thus:

(Ve - Vi) Vn/g 2 (Vg = Vi) Vy
77: 2 - 2 ..oocooao-o.o-'oov(15>

Neglecting the kinetic energies entering and leaving a stage,
the stage efficiency is equal to the actual change in enthalpy
through the stage divided by the change in enthalpy for an ideal
stage having the same pressure drop.

ﬁ = ——— 000..0000.00'!0.".00000.‘0'00.000".0‘.00(16)

ha - h'C

The difference between (hg - h'e) and (hy - he) is termed
the reheat.

Example 6:

Superheated steam at 62 psia and 311 F enters the nozzles

of a symmetrical impulse stage with negligible velocity, and
is expanded to 15 psia. The velocity of the blade is 950 '
fps, the ratio of the relative velocity leaving the blade to
the relative velocity entering in 0.97, and the nozzle effi-
ciency is 96%. Determine (a) the work done by the stage
and (b) the blade efficiency when the nozzle angle © is 20°.

Solution:

(a) At 62 psia and 311 F, h, = 1187.2 Btu. From the Mollier
diagram the value of thée enthalpy after isentropic expan-
sion to 15 psia is 1081. The velocity V4 of the steam
leaving the nozzle is obtained by using equation (15).

V1 =2 x 32.2 ft/sec2 x 778 ft-1b/Btu x (1187.2 - 1081 )Btu x 0.96 = 2260 £ps

- 15 -



(2) The velocity diagram Fig. 6 is drawn to scale, and the -

other necessary velocities are determined from it.

work is obtained by using equation (13).

1 1b

W= (-1195 - 1160) ft/sec x 950 ft/sec x

= -69,500 ft-1b/1b

The work by equation (13a) is:

ft 950 ft 1 1b
W= (-210 - 2143) X X
sec sec 32 ft/sec?

= -69,500 ft-1b/1b

The negative sign has no significance here.

(b) The blading efficiency by equation (15) is:

~ (=210 - 2143)

(2260)2 x 2 x 950 x 100 = 87%

n

32.2 ft/sec?

The

A combination of one set of nozzles and two moving rows of

* blades separated by one set of stationary blades is called an

impulse velocity compound stage or Curtis stage.

(b) Reaction Stage

In the reaction stage, Fig. 7,
the velocity of the steam is in-
creased and the pressure decreased
in the moving blades as well as in
the nozzles or stationary blades.
The increase in the relative velo-
city at exit over the relative
velocity at entrance gives a reac-
tion force to the moving blades.

Reaction Stages

- Fig., 7

-16 -
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This principle of operation gave rise to the name reaction
turbine. One set of nozzles or stationary blades and one set
of moving blades constitute a reaction stage. When the moving
and stationary blades have identical shapes and dimensions,
the stage is termed a symmetrical stage.

Equations (11), (12), (13), and (16) apply equally well to
a reaction stage.

Large turbines are made up of any number of impulse or
reaction stages or combinations of impulse and reaction stages.

ASSIGNMENT

1. Determine the work of compression, expansion, heat supplied,
and cycle efficiency at 60 F.

2. Determine the pump work, work output, heat supplied, heat
rejected, and cycle efficiency for a Rankine cycle operating
between 600 psia and 60 F.

3. If the expansion process of problem 2 is 85% efficient, what
is the cycle efficiency?

4. Determine the items called for in problem 2 when superheated
steam at 600 psia and 740 F is used in place of the saturated
steam. .

5. Determine the Rankine cycle and Carnot cycle efficiencies for
a cycle operating between 300 psig and 15 in. Hg vacuum when °
the barometer is 29 in. Hg, and steam leaving the boiler has
a quality of 96%.

6. Determine the cycle efficiency for a regenerative cycle
operating with saturated steam at 150 psiaj the condenser
pressure is 14.7 psia and the steam is extracted at 50 psia
for open feedwater heating.

7. In a reheating cycle, superheated steam at 500 psia and 700 F
is expanded to 100 psia, reheated to 700 F, then expanded to
0.95 psia. What is the cycle efficiency?

8. Steam at 362 psia and 600 F is expanded to 14.7 psia, where
a portion is extracted for feedwater heating. The remainder
of the steam is expanded to 1 psia. What is the cycle
efficiency?

George Howey

- 17 -



