CHAPTER ONE
Some Concepts and Definitions

“Thermodynamics” is derived from the Greek words threme, meaning “ heat/
thermal” and dynamics meaning “ movement/ power/ flow .

Thus; thermodynamics is the science that deals with energy transformation; the
conversion of heat into work, or chemical energy into electrical energy, both of these
are energy transformations, and thermodynamics is the science that provides the tools

to analyze them.

Application of Thermodynamics:

Any application that deals with heat and work transformation such as:
1- Internal combustion engines (IC engine).
2- Power plants.
3- Car radiators.
4- Air conditioning systems.

Refrigerator

Power plants Cars

Dimensions and Units:
Any physical quantity can be characterized by dimensions. The magnitudes assigned

to the dimensions are called units. Some basic dimensions such as mass m, length L,

time t, and temperature T are selected as primary or fundamental dimensions,



while others such as velocity V, energy E, and volume V are expressed in terms of the

primary dimensions and are called secondary dimensions, or derived dimensions.

To Convert from English to
Quantity Symbol | SI Units English Units | SI Units Multiply by
Length L m ft 0.3048
Mass m kg Ibm 0.4536
Time t s sec 1
Area A m- ft? 0.09290
Volume v m’ ft’ 0.02832
Velocity Vv m/s ft/sec 0.3048
Acceleration a m/s? ft/sec? 0.3048
Force, Weight FW N Ibf 4.448
Density P kg/m? Ibm/ft? 16.02
Specific weight ¥ N/m? Ibf/ft? 157.1
Pressure P kPa psi 6.805
Work, Energy WEU |] ft- Ibf 1.356
Heat transfer 0 ] Btu 1055
Power W W ft- Ibf/sec 1.356
W hp 746
Prefixes for SI Units
Multiplication Factor Prefix Symbol
1012 tera T
107 giga G
10° mega M
10° kilo k
102 centi* C
102 mili m
10° micro L
1077 nano n
10°1= pico p




Thermodynamics definitions:

1- System: is a quantity of matter or a region in
space chosen for study.

2- Working substance: is a matter that transfers the
energy through the system (steam, gas,

SURROUNDINGS

liquid,...... ete).
3- Boundary: is the real or imaginary surface that /
separates the system from its surroundings. BOUNDARY
4- Surroundings: the mass or region outside the
FIGURE
system.

System, surroundings, and boundary.

Classification of Thermodynamics Systems:
The system may be divided into the following:

1- Closed system (also known as a control mass):
e consists of a fixed amount of mass.
e N0 mMass can cross its boundary (no mass can enter or fr=—==—=———

leave a closed system). Only energy, in the form of Mass No

Closed

heat or work, can cross the boundary. system

m = constant

2- Open system (or a control volume):
e Both mass and energy can cross the boundary such as a compressor, turbine, or
nozzle.
e The boundaries of a control volume are called a control surface, and they can

be real or imaginary, moving or fixed. In the case of a nozzle, the inner
surface of the nozzle forms the real part of the boundary, and the entrance and
exit areas form the imaginary part. A control volume can be fixed in size and

shape, as in the case of a nozzle, or it may involve a moving boundary.
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() A control volume with real and

imaginary boundaries , ]
e y : (b} A control volume with fixed and
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3- isolated system :

e Special case of closed system

_ isolated -.
e NO mass and NO energy is allowed to cross the enclosure B
boundary.
PROPERTIES OF A SYSTEM:

Any characteristic that describes or identifies a system is called a property. Some
familiar properties are pressure P, temperature T, volume V, and mass m.

Properties are divided into two groups (Intensive and extensive):

1- Intensive properties are those that are independent of the mass of a system,
such as temperature, pressure, and density.

2- Extensive properties are those whose values depend on the mass of the
system.

An easy way to determine whether a property is intensive or extensive is to divide the
system into two equal parts with an imaginary partition, as shown in Fig.
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Each part will have the same value of intensive properties as the original system, but
half the value of the extensive properties.

e Extensive properties per unit mass are called specific properties. Some examples
of specific properties are specific volume (v = V/m) and specific energy (e = E/m).

Thermodynamics terms

1- STATE:
Consider a system not undergoing any change. At this point, all the properties can be

measured or calculated throughout the entire system, which gives us a set of properties
that completely describes the condition, or the state, of the system. At a given state, all
the properties of a system have fixed values. Thus; state of a system is its condition
as described by giving values to its properties at a particular instant.

If the value of even one property changes, the state will change to a different one.

Vl =15m’

(a) State 1 (b) State 2

2- EQUILIBRIUM
Thermodynamics deals with equilibrium states. The word equilibrium implies a state

of balance. There are many types of equilibrium, For example, a system is in thermal
equilibrium if the temperature is the same throughout the entire system, and a
system is in mechanical equilibrium if there is no change in pressure at any point of
the system with time. If a system involves two phases, it is in phase equilibrium

when the mass of each phase reaches an equilibrium level and stays there. A system



Is in chemical equilibrium if its chemical composition does not change with time,
that is, no chemical reactions occur.

20°C 23°C a2eC 32°C
aneC 32°C
35°C 40°C a2eC 32°C
42°C 32°C
(a) Before (b)) After

thermal equilibrium.

3- PROCESSES:

Any change that a system undergoes from one equilibrium state to another is called a
process.

The series of states through which a system passes during a process is called the path
of the process.

Property A
A
State 2

Process path

State 1

L .
¥

Property B

An isothermal process, is a process during which the temperature T remains
constant.
An isobaric process is a process during which the pressure P remains constant.

An isochoric (or isometric) process is a process during which the specific volume
remains constant.



Property A
4- CYCLE: A
A system is said to have undergone a cycle if it returns o
to its initial state at the end of the process. That is, for a
cycle the initial and final states are identical.
State 1

Property B

TEMPERATURE:
It is a measure of relative "hotness™ or " coldness™ of an object.

Thermal equilibrium

It is a common experience that a cup of hot coffee left on the table eventually cools
off and a cold drink eventually warms up. That is, when a body is brought into
contact with another body that is at a different temperature, heat is transferred from
the body at higher temperature to the one at lower temperature until both bodies
attain the same temperature. At that point, the heat transfer stops, and the two bodies
are said to have reached thermal equilibrium.
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The zeroth law of thermodynamics:

It states that if two bodies are in thermal equilibrium with a third body, they are also
in thermal equilibrium with each other.

By replacing the third body with a thermometer, the zeroth law can be restated as two
bodies are in thermal equilibrium if both have the same temperature reading even if
they are not in contact.

Temperature Scales:
Two scales are commonly used for measuring temperature:

1- Celsius scale (formerly called the centigrade scale)
2- Fahrenheit scale




On the Celsius scale, the ice and steam points were originally assigned the values
of 0 and 100°C, respectively. The corresponding values on the Fahrenheit scale
are 32 and 212°F.

« The absolute scale relate to the Celsius or centigrade is Kelvin (K):
T(K) = T(°C) + 273.15
« The absolute scale relate to the Fahrenheit Rankine (R):
T'(R) =T(°F) + 459.67
The temperature scales in the two unit systems are related by
T(R) = 1.8T(K)

T(°F) = 1.8T(°C) + 32

DENSITY AND SPECIFIC GRAVITY:

Density is defined as mass per unit volume.

m (ke/m?3)
- O Im
Ay g

The reciprocal of density is the specific volume v, which is

defined as volume per unit mass. That is,

specific gravity, or relative density, and is defined as the ratio of the density of a
substance to the density of some standard substance at a specified temperature
(usually water at 4°C, for which p +20) = 1000 kg/m?). That is
SG = £
Pu0
Note that the specific gravity of a substance is a dimensionless quantity. The weight

of a unit volume of a substance is called specific weight and is expressed as:

Y, = pg (N/m’)



PRESSURE:
Pressure is defined as a normal force exerted by a fluid per unit area. it has the unit
of Newtons per square meter (N/m?), which is called a Pascal (Pa). That is,

1Pa=1 I"~~T_;"'|112

1 bar = 10° Pa = 0.1 MPa = 100 kPa
I atm = 101.325 Pa = 101.325 kPa = 1.01325 bars

I atm = 14.696 psi.

The actual pressure at a given position is called the absolute pressure, and it is
measured relative to absolute vacuum (i.e., absolute zero pressure). Most pressure-
measuring devices, however, are calibrated to read zero in the atmosphere. and so
they indicate the difference between the absolute pressure and the local atmospheric
pressure. difference is called the gage pressure. Pressures below atmospheric
pressure are called vacuum pressures and are measured by vacuum gages that
indicate the difference between the atmospheric pressure and the absolute pressure.

Absolute, gage, and vacuum pressures are all positive quantities.

) — D
‘I_udj__'r- o PJI‘H "L'.i'..'n
) — . p
‘Lnar - Pﬂlm ‘LJIH
-
gage
_________________T _____ aam ¥ /=
P"'au Puhs
v
' 1
Palm Palm
Pah.-:
Absolute Absolute
P =0

Yacuum ’ Vacuum



Like other pressure gages, the gage used to measure the air pressure in an automobile
tire reads the gage pressure. Therefore, the common reading of 32 psi (2.25 kgf/cm2)
indicates a pressure of 32 psi above the atmospheric pressure. At a location where the
atmospheric pressure is 14.3 psi, for example, the absolute pressure in the tire is 32 +
14.3= 46.3 psi.

the gage used to measure the air pressure in an automobile tire reads the gage
pressure. Therefore, the common reading of 32.0 psi indicates a pressure of 32.0 psi
above the atmospheric pressure. At a location where the atmospheric pressure is 14.3

psi, for example, the absolute pressure in the tire is:

32.0 + 14.3 = 46.3 psi.

EX.:

A vacuum gage connected to a chamber reads 5.8 psi at a location where the
atmospheric pressure is 14.5 psi. determine the absolute pressure in the chamber.

P,.=P

atm

— P, = 145 — 5.8 = 8.7 psi

abs

If we take point 1 to be at the free surface of a liquid open to the atmosphere where
the pressure is the atmospheric pressure Pam, then the pressure at a depth h from the
free surface becomes:

P = ‘Uu'.n'. L p-ﬁh or ‘Ut_'ut_': — J[:}.th O D

PRESSURE MEASUREMENT DEVICES

Tow commonly used devices for measuring pressure:
1- Barometer.
2- Manometer.
3- Bourdon gage.




1- Barometer: Atmospheric pressure is measured by a device

Y
called a barometer; thus, the atmospheric pressure is often  7—[*|¢ T
referred to as the barometric pressure.
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2- Manometer: A manometer consists of a glass or plastic U-tube containing one or
more fluids such as mercury, water, alcohol, or oil. It can be used to measure

pressure differences.

Consider the manometer shown in Figure that is used to measure the
pressure in the tank. Since the gravitational effects of gases are
negligible, the pressure anywhere in the tank and at position 1 has the
same value. Since pressure in a fluid does not vary in the horizontal
direction within a fluid, the pressure at point 2 is the same as the
pressure at point 1, thus;

P2 = P1.

P2=Pu.tm+pgh

where p is the density of the manometer fluid in the tube.




3- Bourdon tube: which consists of a hollow metal tube bent
like a hook whose end is closed and connected to a dial .
indicator needle. When the tube is open to the atmosphere, @
|
the tube is undeflected, and the needle on the dial at this state —f g/

is calibrated to read zero (gage pressure). When the fluid C-type Spiral

rs

inside the tube is pressurized, the tube stretches and moves

the needle in proportion to the pressure applied.

4- Pressure transducers: Modern pressure sensors, use various techniques to
convert the pressure effect to an electrical effect such as a change in voltage,

resistance, or capacitance.

(@]
1

Strain-gage pressure transducers.

Piezoelectric transducers.

»
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Deadweight tester.



ENERGY

Energy (E):
Energy exists in numerous forms such as thermal, mechanical, electric, chemical, and

nuclear. Even mass can be considered a form of energy. Energy can be transferred to
or from a closed system (a fixed mass) in two distinct forms: heat and work. For
control volumes, energy can also be transferred by mass flow. An energy transfers to
or from a closed system is heat if it is caused by a temperature difference. Otherwise
it is work, and it is caused by a force acting through a distance.

FORMS OF ENERGY:
A system may possess several different forms of energy such as thermal, mechanical,

Kinetic, potential, electric, magnetic, chemical, and nuclear and their sum constitutes
the total energy (E) of a system. The total energy of a system on a unit mass basis is
denoted by (e) and is expressed as:

E
e =— (klkg)
m

TYPES OF ENERGY:

a- Potential energy (P.E): The energy that a system possesses as a result of its

elevation in a gravitational field.

PE = mgz (kJ)
or, on a unit mass basis,
pe = gz  (kl/kg)

Where;
g = is the gravitational acceleration
z = the elevation of the center of gravity of a system.

b- Kinetic energy (K.E): The energy that a system possesses as a result of its
motion.

. V? o
KE = m-—— fk“

or, on a unit mass basis,

Where;
V = the velocity of the system.



c- Internal energy (U): A form of energy related to the molecular structure of a
system and the degree of the molecular activity. The energy stored in a battery,
energy stored in an electrical condenser, and vibration of the molecules,
electrons, protons, and neutrons, and the chemical energy due to bonding
between atoms and between subatomic particles. All of these forms of energy
will be referred to as internal energy and designated by the letter (U). A
substance always has internal energy; if there is molecular activity there is

internal energy.

The total energy of a system consists of the kinetic, potential, and internal
energies and is expressed as:

.‘r-l

E=U4+KE+PE=U-+m -+ mgz (k)

or, on a unit mass basis,

-~
K

e=u+ke+pe=u+ — 1 & (kJ/kg)

ENERGY TRANSFER BY HEAT
Energy can cross the boundary of a closed system in two distinct forms: heat and
work.

System boundary
We know from experience that a can of cold soda left on a

—_———

table eventually warms up and that a hot baked potato on

Closed Heat
system

the same table cools down. When a body is left in a
medium that is at a different temperature, energy transfer

takes place between the body and the surrounding medium (m = constant) Work

until thermal equilibrium is established, that is, the body
and the medium reach the same temperature. The direction
of energy transfer is always from the higher temperature body to the lower
temperature one. Once the temperature equality is established, energy transfer stops.

In the processes described



above, energy is said to be transferred in the form of heat.

Heat is defined as the form of energy that is transferred between two systems (or a
system and its surroundings) by virtue of a temperature difference.

Room air
25°C

No heat 8 J/s 16 J/s
transfer

As a form of energy, heat has energy units, kJ (or Btu).

The amount of heat transferred during the process between two states (states 1 and 2)
Is denoted by (Q12) , or just (Q) . Heat transfer per unit mass of a system is denoted g
and is determined from:

Q
q = . (kJ/kg)
Sometimes it is desirable to know the rate of heat transfer (the amount of heat
transferred per unit time) instead of the total heat
transferred over some time interval.
The heat transfer rate is denoted (Q°), where the overdot
stands for the time derivative, or “per unit time.” The

heat transfer rate (Q° has the unit (kJ/s), which is
equivalent to (KW).

oo @

Heat is transferred by three mechanisms: conduction, convection, and radiation.




e Conduction is the transfer of energy from the more energetic particles of a
substance to the adjacent less energetic ones as a result of interaction between
particles.

e Convection is the transfer of energy between a solid surface and the adjacent
fluid that is in motion, and it involves the combined effects of conduction and
fluid motion.

e Radiation is the transfer of energy due to the emission of electromagnetic

waves (or photons).

ENERGY TRANSFER BY WORK
Work like heat, is an energy interaction between a system and its surroundings. As

mentioned earlier, energy can cross the boundary of a closed system in the form of
heat or work. Therefore, if the energy crossing the boundary of a closed system is

not heat, it must be work.

Work is the energy transfer associated with a force acting through a distance. Or it

Is the product of a force and the distance moved in the direction of the force.

Work is also a form of energy transferred like heat and, therefore, has energy units
such as (N.m =J) or (kJ).

The work done per unit mass of a system is denoted by w and is expressed as;

W
w=— (klkg)

m m=2kg

The work done per unit time is called POWER. The l
unit of power is (kJ/s), or (Kw).

W=6KkW
w=15k])/kg

se @)




Heat and work are directional quantities, require the
specification of both the magnitude and direction. Heat
transfer to a system and work done by a system are
positive; heat transfer from a system and work done on a

system are negative.

ANOTHER FORMS OF WORK:
Electrical Work:
he electrical work done during a time interval is expressed as:

W, = VI At (kl)
V= a potential difference

I=the current
At= a time interval

MECHANICAL WORK:
There are several different ways of doing work, each in some way related to a force
acting through a distance.

W = Fs
Shaft Work:
Energy transmission with a rotating shaft is very common in
engineering practice. Often the torque T applied to the shaft
Is constant, which means that the force F applied is also
constant. For a specified constant torque, the work done | F
during n revolutions is determined as follows: A force F |
acting through a moment arm r generates a torque T of: J/) Torque=Fr

W,y = 27T

T
T=Fr — F=?

This force acts through a distance s, which is related to the radius r by:
§ = (27rn
Then the shaft work is determined from:

T
W, =Fs = (—){Zrm‘i = 2anT

r



N
m EXAMPLE Power Transmission by the Shaft of a Car

[ ]

m Determine the power transmitted through the shaft of a car when the torque

m applied is 200 N-m and the shaft rotates at a rate of 4000 revolutions per A N
minute (rpm). = N ¥

Lo

SOLUTION The torque and the rpm for a car engine are given. The power _ '
i = 4000 rpm

transmitted is to be determined. T = 200 Nom
Analysis A sketch of the car is given in Fig. 2-31. The shaft power is deter- a '
mined directly from

W, = 2miT = 2 )(cmooi)(voow )(mm)( = )
s = SmHL =AW min/ " "™\ 605 /\ 1000 N-m

= 83.8 kW

Spring Work
It is common knowledge that when a force is f
applied on a spring, the length of the spring )

know a functional relationship between F and x.
For linear elastic springs, the displacement X is

proportional to the force applied:
x; =1 mm

F = kx

Rest
position

X; =2 mm

changes.
To determine the total spring work, we need to
30

where K is the spring constant and has the unit F, 0N
KN/m.

Fy = 600 N

~

W .. =3k(x3—x3) (kl)

spring

where x1 and x2 are the initial and the final displacements of the spring, respectively,
measured from the undisturbed position of the spring.



FLOW WORK THE ENERGY OF A FLOWING FLUID
Unlike closed systems, control volumes involve

mass flow across their boundaries, and some
work is required to push the mass into or out of

the control volume. This work is known as the

flow work, or flow energy, and is necessary for

maintaining a continuous flow through a control

volume. Imaginary

] ) ] piston
To obtain a relation for flow work, consider a
fluid element of volume V as shown in Figure. The fluid immediately upstream forces
this fluid element to enter the control volume; thus, it can be regarded as an
imaginary piston. If the fluid pressure is P and the cross-sectional area of the fluid

element is A, the force applied on the fluid element by the

Imaginary piston is: JE,‘_

F -
— ] P
-
.‘_
F=PA —————

To push the entire fluid element into the control volume, this force must act through a
distance L. Thus, the work done in pushing the fluid element across the boundary

(i.e., the flow work) is:

Wyow = FL = PAL = PV
The flow work per unit mass is obtained by dividing both sides of this equation

by the mass of the fluid element:
Woow — £V (kl/kg)



It is interesting that unlike other work quantities, flow work is expressed in terms of

properties and sometimes refer to it as flow energy (energy of a flowing fluid).

THE FIRST LAW OF THERMODYNAMICS
The first law of thermodynamics, also known as the conservation of energy principle,

it states that energy can be neither created nor destroyed during a process; it can
only change forms.
We all know that a rock at some elevation possesses " pE =10k

some potential energy, and part of this potential energy KE, =0

iIs converted to Kkinetic energy as the rock falls.

Experimental data show that the decrease in potential

energy (mg Az) exactly equals the increase in kinetic H| h
PE,=7kJ

energy [m (V22 — Vo1)/2] when the air resistance is KE. — 31

L

negligible.

the conservation of energy principle can be expressed as follows: The net change
(increase or decrease) in the total energy of the system during a process is equal to
the difference between the total energy entering and the total energy leaving the

system during that process.

( Total energy ) ( Total energy ) _ ( Change in the total )
entering the system leaving the system energy of the system

E —E = AE

in out System

This relation is often referred to as the energy balance and is applicable to any kind

of system undergoing any kind of process.



Energy Change of a System, AEystem
The change in the total energy of a system during a process is the sum of the changes

In its internal, Kinetic, and potential energies and can be expressed as:

AE = AU + AKE + APE

Where;
AU = m(u, — uy)

-

AKE = im(V3 — V})
APE = mg(z, — z;)

Most systems encountered in practice are stationary. Thus;
&H

&, 2
[ 4 po W

Stationary Systems

4 =:2'—)APE=0
V,=V,— AKE=0
AE =AU

Mechanisms of Energy Transfer, Ein.and Eout
Energy can be transferred to or from a system in three forms: heat, work, and mass

flow.
The only two forms of energy interactions associated with a fixed mass or closed

system are heat transfer and work.

Mass I
! JIirll]‘m‘: —‘*E -

Control
volume

"l,III A58
! lass
out




— F

"nu.u'.«_uut}

E —E,=(0, —Q

In ~out = put

)+ (W, — W )+ (E

ot mass, in

1. Heat Transfer, Q Heat transfer to a system (heat gain) increases the energy of the
molecules and thus the internal energy of the system, and heat transfer from a system
(heat loss) decreases it since the energy transferred out as heat comes from the energy
of the molecules of the system.

2. Work Transfer, W An energy interaction that is not caused by a temperature
difference between a system and its surroundings is work. A rising piston, a rotating
shaft, and an electrical wire crossing the system boundaries are all associated with
work interactions. Work transfer to a system (i.e., work done on a system) increases
the energy of the system, and work transfer from a system (i.e., work done by the
system) decreases it since the energy transferred out as work comes from the energy
contained in the system. Car engines and hydraulic, steam, or gas turbines produce

work while compressors, pumps, and mixers consume work.

3. Mass Flow, m Mass flow in and out of the system serves as an additional
mechanism of energy transfer. When mass enters a system, the energy of the system
increases because mass carries energy with it (in fact, mass is energy). Likewise,
when some mass leaves the system, the energy contained within the system decreases
because the leaving mass takes out some energy with it. For example, when some hot

water is taken out of a water heater and is replaced by the same amount of cold water,



the energy content of the hot-water tank (the control volume) decreases as a result of
this mass interaction.

Noting that energy can be transferred in the forms of heat, work, and mass, and that
the net transfer of a quantity is equal to the difference between the amounts
transferred in and out, the energy balance can be written more

explicitly as:

Ein o Enul = {Qin o Qnu[} + '[wrin o ir]"frnul}| + (E o Emas;!;_uul} = —"“Eﬁ}'ﬁtcm

Mmass, in

where the subscripts “in” and “out” denote quantities that PA
enter and leave the system, respectively. All six quantities
on the right side of the equation represent “amounts,” and

thus they are positive quantities. The direction of any

energy transfer is described by the subscripts “in”” and

13 2

out.

The heat transfer Q is zero for adiabatic systems, the work

transfer W is zero for systems that involve no work interactions, and the energy
transport with mass Emass IS zero for systems that involve no mass flow across their
boundaries (i.e., closed systems). Energy balance for any system undergoing any kind

of process can be expressed more compactly as:

:Ein o E-:.ul§ - _—""“Es_'-sl,:n'._ (k)
Met _':_'r-__'.;' transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies
or, in the rate form, as:
E in E«nm - dE a}almn"{ dt (kW)
Rate of net ;Eu:l';_:}' transfer Rate of change in internal,

by heat, work, and mass  kinetic, potential, etc., energies

=Y



For a closed system undergoing a cycle, the initial and final states are identical, and
thus:
AEsystem =E2-E1=0.

Then the energy balance for a cycle simplifies to:
Ein-Eout=0 or Ein=Eou.

Noting that a closed system does not involve any mass flow across its boundaries, the

energy balance for a cycle can be expressed in terms of heat and work interactions as:

Wncl. ot - anl. in

W

net, out — anl.in or {fﬂl' d C}-’CIE}

That is, the net work output during a cycle is equal to net heat input.

Thus; the first law of thermodynamics then takes the form:
Q,,-W,_,=KE,—KE,+PE,—PE,+U,-U,

I a2 2
= ?H[V; - V) +mg(z,—z)+U,-U,

The energy balance can be expressed on a per unit mass basis as:

- J—
€ [1)] E?IIZILI[

= Ae,

sysiem

(kJ/kg)

EXAMPLE Cooling of a Hot Fluid in a Tank

A rigid tank contains a hot fluid that is cooled while being stirred by a pad-
dle wheel. Initially, the internal energy of the fluid is 800 kJ. During the
cooling process, the fluid loses 500 kJ of heat, and the paddle wheel does
100 kJ of work on the fluid. Determine the final internal energy of the fluid.
Neglect the energy stored in the paddle wheel.



Ein o Eout - J‘Esj..'s,lmn Qo = S00KJ
—_——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

Wsh.in o Qout = AU = UE o UI

U, =800kJ Wipin = 100 kJ
Uy="? N
100k] — 500k] = U, — 800 kJ Ve
Fluid
U, = 400 k]
EXAMPLE Heating Effect of a Fan

A room is initially at the outdoor temperature of 25°C. Now a large fan
that consumes 200 W of electricity when running is turned on (Fig. 2-51).
The heat transfer rate between the room and the outdoor air is given as
Q = UA(T, — T) where U = 6 W/m?.°C is the overall heat transfer coeffi-
cient, A = 30 m? is the exposed surface area of the room, and T; and T, are
the indoor and outdoor air temperatures, respectively. Determine the indoor

air temperature when steady operating conditions are established.
Analysis The electricity consumed by the fan is energy input for the room,

and thus the room gains energy at a rate of 200 W. As a result, the room air
temperature tends to rise. But as the room air temperature rises, the rate of
heat loss from the room increases until the rate of heat loss equals the elec-
tric power consumption. At that point, the temperature of the room air, and
thus the energy content of the room, remains constant, and the conservation
of energy for the room becomes

Ein - Jrjnul - \dEsystem'r dt pltedy) = G_}Ein = Euut

\—V—‘l Ll g
Rate of net energy transfer ~ Rate of change in intemnal, kinetic,
by heat, work, and mass potential, etc., energies

I’i’,ehat:‘r*in - Qnu[ = UA(TI - Tu}

200W = (6 W/m2°C) (30 m)(T, - 25°C)

T, = 261°C



EXAMPLE

A 5-hp fan is used 1n a large room to provide for air circulation. Assuming a well
insulated. sealed room, determine the internal energy increase after | hour of
operation.

Solution
By assumption, Q = 0. With APE = AKE = 0 the first law becomes —W = AU.
The work input is

W= (=5 hp )(1 hr)(746 W/hp )(3600 s/hr) = —1.343 % 107 ]

where W = J/s.
The negative sign results because the work is input to the system. Finally, the
internal energy increase is
AU=—(-1.343 x 107) = 1343 x 107 ]

q:

% ]

General Q-W=AE

Stationary systems Q- W=AU
Per unit mass g—w=Ae

Differential form &g — éw =de

ENERGY BALANCE FOR CLOSED SYSTEMS

The energy balance relation (or the first-law) in that case for a closed system

becomes:

anl.in o 1‘1"?“':[_“”[ = AE or Q — W = AE

5}-‘5lum
Where:

Q = Qnet,in = Qin - Qout is the net heat input
W = Whet,out = Wout - Win is the net work output.



MASS AND ENERGY BALANCE FOR OPEN SYSTEMS

CONSERVATION OF MASS
The conservation of mass principle is one of the most fundamental principles in

nature. For closed systems, the conservation of mass principle is implicitly used by
requiring that the mass of the system remain constant during a process. For control
volumes, however, mass can cross the boundaries, and so we must keep track of the

amount of mass entering and leaving the control volume.

Mass and VVolume Flow Rates:
The amount of mass flowing through a cross section per unit time is called the mass
flow rate and is denoted by m° . The dot over a symbol is used to indicate time rate

of change.
m = pVy,A.  (kg/s)
The volume of the fluid flowing through a cross section per unit time is called the

volume flow rate V°

V=V._A =VA (m¥s)

avg e C

The mass and volume flow rates are related by

- V

i = pV = "

Conservation of Mass Principle

The conservation of mass principle for a control volume can be expressed as: The
net mass transfer to or from a control volume during a time interval At is equal to the
net change (increase or decrease) of the total mass within the control volume during

At. That is,

( Total mass entering ) ( Total mass leaving ) ( Net change of mass )

the CV during At the CV during A7 within the CV during Af



My, — My, = AMey (Kg)

n out

where Ancv = Mrinal — Minitial 1S the change in the mass of the control volume during the
process. It can also be expressed in rate form as:

My, — Ny, = dimey/dt (kgl/s)
where m®%, and m®%.: are the total rates of mass flow into and out of the control
volume, and dmCV/dt is the rate of change of mass within the control volume
boundaries. The above equations are often referred to as the mass balance and are

applicable to any control volume undergoing any kind of process.

Mass Balance for Steady-Flow Processes

During a steady-flow process, the total amount of mass contained within a control
volume does not change with time (mcy = constant). Then the conservation of mass
principle requires that the total amount of mass entering a control volume equal the
total amount of mass leaving it.

The conservation of mass principle for a general steady-flow system with multiple

inlets and outlets is expressed in rate form as:

Steady flow: 2;5: = Zm (keg/s)

in out
It states that the total rate of mass entering a control volume is equal to the total rate

of mass leaving it.

for single-stream steady-flow systems:

Steady flow (single stream): m, =m, — p/V,A = p,V,A,



ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS

A large number of engineering devices such as turbines, compressors, and nozzles are
classified as steady-flow devices Processes involving such devices can be represented
reasonably well by a somewhat idealized process, called the steady-flow process,
which was defined as a process during which a fluid flows through a control volume
steadily. That is, the fluid properties can change from point to point within the control

volume, but at any point, they remain constant during the entire process.

(Remember, steady means no change with time.)

During a steady-flow process, no intensive or extensive properties within the control
volume change with time. Thus, the volume V, the mass m, and the total energy

content E of the control volume remain constant.

As a result, the boundary work is zero for steady-flow systems (since Vcy = constant),
and the total mass or energy entering the control volume must be equal to the total
mass or energy leaving it (since mcy = constant and Ecy = constant). These

observations greatly simplify the analysis.

During a steady-flow process, the total energy content of a control volume remains
constant (Ecy = constant), and thus the change in the total energy of the control
volume is zero (AEcy = 0). Therefore, the amount of energy entering a control
volume in all forms (by heat, work, and mass) must be equal to the amount of energy
leaving it. Then the rate form of the general energy balance reduces for a steady-flow

process to:



E' o Euul =

in

Rate of net energy transfer
by heat, work, and mass

Energy balance: E,

Rate of net energy transfer in
by heat, work, and mass

0 (steady)

dE o/ At =0

yslem

Rate of change in internal, kinetic,
potential, etc., energies

- E[] ut

ey g

(kW)

Rate of net energy transfer out
by heat, work, and mass

The energy balance for a general steady-flow system can also be written more

explicitly as:

Qin T H—'Fm + 2"”3 - Quu[ + ﬁi}u[ + EIFIH

or

-~

: : _ V-
o, + W, + %m ,-‘J+T—|—gz

for each inlet

out

. . V2
) = Qo T Wou + Em(h + 5+ gz)

out

for each exit

The first-law or energy balance relation in that case for a general steady-flow system

becomes:

) . _ V2 _ V2
0— W= Em(h-k?-l-g:{)— - ;m(ﬁ+?+gﬁ)

out )

for each exit

for each inlet

For single-stream devices, the steady-flow energy balance equation becomes:



Dividing the equation by m° gives the energy balance on a unit-mass basis as:

Vi- v
q—w=hy—h +———+ gz, — )
When the fluid experiences negligible changes in its kinetic and potential energies
(that is, Ake = 0, Ape = 0), the energy balance equation is reduced further to:

qg—w=h, — h,

SOME STEADY-FLOW ENGINEERING DEVICES

1 Nozzles and Diffusers

2 Turbines and Compressors
3 Throttling Valves

4 Mixing Chambers

5 Heat Exchangers

6 Pipe and Duct Flow



1 Nozzles and Diffusers
A nozzle is a device that increases the velocity of a fluid at the expense of pressure.

A diffuser is a device that increases the pressure of a fluid by slowing it down.

=
|

Vi——> Diffuser —— V, <<V,
I

e The rate of heat transfer between the fluid flowing through a nozzle or a
diffuser and the surroundings is usually very small (Q = 0) since the fluid has
high velocities, and thus it does not spend enough time in the device for any
significant heat transfer to take place.

e Nozzles and diffusers typically involve no work (W = 0).

e Any change in potential energy is negligible (Ape = 0).

e But nozzles and diffusers usually involve very high velocities, and as a fluid
passes through a nozzle or diffuser, it experiences large changes in its velocity.
Therefore, the kinetic energy changes must be accounted for in analyzing the
flow through these devices (Ake # 0).

2 Turbines and Compressors
In steam, gas, or hydroelectric power plants, the device that drives the electric

generator is the turbine. As the fluid passes through the turbine, work is done against



the blades, which are attached to the shaft. As a result, the shaft rotates, and the

turbine produces work.

Compressors, as well as pumps and fans, are devices used to increase the pressure of

a fluid. Work is supplied to these devices from an external source through a rotating

shaft. Therefore, compressors involve work inputs.

Note that turbines produce power output whereas compressors, pumps, and
fans require power input.

Heat transfer from turbines is usually negligible (Q = 0) since they are
typically well insulated.

Heat transfer is also negligible for compressors unless there is intentional
cooling. Potential energy changes are negligible for all of these devices

(Ape =0).

The velocities involved in these devices, with the exception of turbines and
fans, are usually too low to cause any significant change in the kinetic energy
(Ake = 0).

The fluid velocities encountered in most turbines are very high, and the fluid
experiences a significant change in its kinetic energy. However, this change is
usually very small relative to the change in enthalpy, and thus it is often

disregarded.

3 Throttling Valves

Throttling valves are any kind of flow-restricting

devices that cause a significant pressure drop in the g

fluid. Some familiar examples are ordinary H__,/' "\;_m
adjustable valves, capillary tubes. C—, | e

Throttling valves produce a pressure drop without

(a) An adjustable valve

v

(b) A capillary tube

involving any work. The pressure drop in the fluid is



often accompanied by a large drop in temperature, and for that reason throttling
devices are commonly used in refrigeration and air-conditioning applications.

e Throttling valves are usually small devices, and the flow through them may be
assumed to be adiabatic (g = 0) since there is neither sufficient time nor large
enough area for any effective heat transfer to take place.

e Also, there is no work done (w = 0).

e The change in potential energy, is very small (Ape = 0).

e Even though the exit velocity is often considerably higher than the inlet
velocity, in many cases, the increase in kinetic energy is insignificant (Ake= 0).
Then the conservation of energy equation for this single-stream steady-flow

device reduces to:
h,=h, (kl/kg)
u, + Pv, = u, + P,v,
or

Internal energy + Flow energy = Constant

4a Mixing Chambers

The section where the mixing process takes place is commonly referred to as a
mixing chamber. The conservation of mass principle for a mixing chamber requires
that the sum of the incoming mass flow rates equal the

mass flow rate of the outgoing mixture. ~

e Mixing chambers are usually well insulated (q = 0).

e do not involve any kind of work (w = 0).

e Also, the kinetic and potential energies of the fluid
streams are usually negligible (ke = 0, pe = 0).

*_,-"

=, "::)t:uld

Then all there is left in the energy equation is the total . T waler
energies of the incoming streams and the outgoing '.

mixture. Hot Fetbors

water




4b Heat Exchangers Fluid B

Heat exchangers are devices where two moving |

fluid streams exchange heat without mixing. The A= =
simplest form of a heat exchanger is a double-tube

(also called tube-and-shell) heat exchanger.

It is

diameters. One fluid flows in the inner pipe, and the

othe

<— [luid A
20°C

N : 50°C
composed of two concentric pipes of different

S~

r in the annular space between the two pipes. Ul_

Heat is transferred from the hot fluid to the cold one l

through the wall separating them.

Heat exchangers typically involve no work interactions (w = 0).

Kinetic and potential energy changes are negligible (Ake = 0, Ape = 0) for each
fluid stream.

The heat transfer rate associated with heat exchangers depends on how the
control volume is selected.

When the entire heat exchanger is selected as the control volume, Q° becomes
zero, since the boundary for this case lies just beneath the insulation and little

or no heat crosses the boundary

Fluid B Fluid B
l CV boundary
f

(a) System: Entire heat () System: Fluid A (Qpy =0)
exchanger (Qcy = 0)



If, however, only one of the fluids is selected as the control volume, then heat will

cross this boundary as it flows from one fluid to the other and Q° will not be zero.

5 Pipe and Duct Flow
The transport of liquids or gases in pipes and ducts is of

great importance in many engineering applications. The

control volume can be selected to coincide with the

interior surfaces of the portion of the pipe or the duct

that we are interested in analyzing.
e |f the control volume involves a heating section (electric wires), a fan, or a

pump (shaft), the work interactions should be considered.

e The velocities involved in pipe and duct flow are relatively low, and the kinetic
energy changes are usually insignificant.
e The potential energy term may also be significant when the fluid undergoes a

considerable elevation change as it flows in a pipe or duct.

Enthalpy:

In the solution of problems involving systems, certain products or sums of properties
occur with regularity. One such combination of properties we define to be enthalpy
(H) which is the sum of internal energy and flow work.

H=U+PV
The specific enthalpy h is found by dividing by the mass: h = H/m.

h=u+ Pv



Example: Air at 10°C and 80 kPa enters the diffuser of a jet engine steadily with a
velocity of 200 m/s. The inlet area of the diffuser is 0.4 m2. The air leaves the diffuser
with a velocity that is very small compared with the inlet velocity. Determine (a) the
mass flow rate of the air and (b) the enthalpy of the air leaving the diffuser. Take the
enthalpy at inlet (h; = 283.14 kJ/KkQ).

SOLUTION:

1 This is a steady-flow process since there is no change with time at any point and
thus Amecy =0 and AEcy = 0.

2 Air is an ideal gas.

3 The potential energy change is zero, Ape = 0.

4 Heat transfer is negligible.

5 Kinetic energy at the diffuser exit is negligible.

6 There are no work interactions.

RT, _ (0.287 kPa-m*/kg-K)(283 K) — 1015 mUke
P, 80 kPa -

Vv, =

- — = ——— (200 m/s)(0.4 m*) = 78.8 kg/
v, I.DlSm-‘fkg“ M/EKE.4 1) a

Since the flow is steady, the mass flow rate through the entire diffuser remains
constant at this value.

0 (steady)
IEl‘|in - J]E':\sul = dEs-j.-'sl-:m"fdt = 0
E’jn = Eﬂul

Ve V3 , :
;h(h’l + —) = m(ﬁz + T) (since Q = 0, W = 0, and Ape = 0)

Vi V2
hy=h — ——"

5

A = 28314 KI/k 0 — (200 mfsf( 1 kl/kg )

L, = 283.14 ki/kg — s
) 2 1000 m?/s*

= 303.14 kl/kg




EXAMPLE

Steam at 250 psia and 700°F steadily enters a nozzle whose inlet area
is 0.2 ft?2. The mass flow rate of steam through the nozzle is 10 Ibm/s.
Steam leaves the nozzle at 200 psia with a velocity of 900 ft/s. Heat
losses from the nozzle per unit mass of the steam are estimated to be
1.2 Btu/lbm. Determine (a) the inlet velocity and (b) the exit enthalpy
of the steam.
The specific volume and enthalpy of steam at the nozzle inlet are

v, = 2.6883 ft*/lbm

fi; = 1371.4 Btu/lbm

SOLUTION: o = 1.2 Btu/lbm

1 This is a steady-flow process since there is no R |

change with | ke SN

time at any point and thus Amcy = 0 and AEcy : T~
=0. I Steam

2 There are no work interactions. m =10 Ibm/s ".
3 The potential energy change is zero, Ape = 0. / \

We observe that there is only one inlet and one /] = » =200 psia
exit and thus me2 =me2 =me. P, =250 psia V, =900 fi/s
: l T, = T00°F
— 1
" Vid, A,=02 2
10 Ibm/ 1 (V0.2 )
m/s = — ‘D02 1t
2.6883 ft/Ibm
V, = 134.4 ft/s
0 (steady)
Ein o Erv:ml = d_ES}_Swmjffr =0
Ein =E

Vi _ V3 ,
;h(ﬁl + T]) = QO T m(hg + T‘) (since W = 0, and Ape = 0)

Vi- V3

¥

h :hl_‘?ﬂul_

I

(900 ft/s)* — (1344 fi/s)*
= (1371.4 — 1.2) Btu/lbm —

2

1 Btw/Ibm )
25.037 ft3/s?

= 1354.4 Btw/lbm



EXAMPLE . ] ) ] ]

Air at 100 kPa and 280 K is compressed steadily to 600 kPa and 400 K.
The mass flow rate of the air is 0.02 kg/s, and a heat loss of 16 klJ/kg occurs
during the process. Assuming the changes in kinetic and potential energies
are negligible, determine the necessary power input to the compressor.

The enthalpy of air h, = 280.13 kl/kg h, = 40098 kl/kg

SOLUTION:

1 This is a steady-flow process since there is no change o = 10 Klkg P — 600 &
. . . _ _ | o= 600 kI"a
with time at any point and thus Amecy = 0 and AEcy = 0. — To= 400 K
2 Air is an ideal gas. e i
3 The kinetic and potential energy changes are zero, T
Ake = Ape = 0. . A I %
m=0.02 kg/s :
a 0 (steady) e Wa=2
Ejn o ‘Eum - dEﬁ}'ﬁ[um"fdr =0 ’[]lf_: - glgg :'-{Pa
. . |
Ein - E-nu[

in

W. + mh, = Q,, + rh, (since Ake = Ape = 0)
W. = rmgq,, + m(h, — h,)

in

W,, = (0.02 ke/s)(16 kI/kg) + (0.02 kg/s)(400.98 — 280.13) kl/kg

n

= 2.74 kW

EXAMPLE

The power output of an adiabatic steam turbine is 5 MW, and the inlet and
the exit conditions of the steam are as indicated in Fig.

(a) Compare the magnitudes of Ah, Ake, and Ape.

(b) Determine the work done per unit mass of the steam flowing through the
turbine.

(c¢) Calculate the mass flow rate of the steam.

At the inlet, h, = 3248.4 kl/kg At the turbine exit, h, =2361.01 kl/kg

SOLUTION

1 This is a steady-flow process since there is no change with time at any point and
thus Amecy = 0 and AEcqy = 0.

2 The system is adiabatic and thus there is no heat transfer.



P,=2MPa
T, = 400°C
Ah = hy, — b, = (2361.01 — 3248.4)kl/kg vV, =50 ms
= —887.39 kJ/kg 4 =10m
V- V3

1 kl/kg

_ (180 m/s)? — (50 m/s)? )
N 1000 m¥s?

S

= 14.95 kJ/kg

Ape = 2(z, — ;)
= (981 m/s)[(6 — 10 1( L ki/ke )
- el mEY "M 1000 ms?

—0.04 kJ/kg

0 (steady)

dEﬁ}'SlL‘m';dI

Ein = Euul
T 331)
Vi- V2

_|:[hi — :‘rflj + f

in ~ out

out

Vi
| by, + —-

out

turbine

P,=15kPa
x,=0.90
V>, =180 m/s
IH=6m

0

. V3 .
=W, + m(hz + =t 8::) (since @ = 0)

:1)}

—(Ah + Ake + Ape)

—[—887.39 + 1495 — 0.04] kl/kg = 872.48 k]J/kg

(¢) The required mass flow rate for a >-MW power output is

14

out

5000 klJ/s

R

n

m =

Wou | 87248 kl/kg

kg/s



EXAMPLE

Consider an ordinary shower where hot water at 140°F is mixed with cold
water at DO°F. If it is desired that a steady stream of warm water at 110°F
be supplied, determine the ratio of the mass flow rates of the hot to cold
water. Assume the heat losses from the mixing chamber to be negligible and
the mixing to take place at a pressure of 20 psia. h, = 107.99 Bw/Ibm

h,= 13.07 Btw/lbm h, = 78.02 Btu/Ibm

SOLUTION: T, =140°F
1 This is a steady-flow process since there is ity

no change with time at any point and thus ".

Amey = 0 and AEcy = 0. \

2 The kinetic and potential energies — ]

are negligible, ke = pe = 0.
3 Heat losses from the system are negligible

and thus Q = 0.
4 There is no work interaction involved. —
7
T, = 50°F
1, Hity
0 (steady)
Mass balance:  ny, — gy = dMgygen/dt =0
my, = m,, —>Hly + Hl, = Ji;
0 (steady)
Energy balance: E,_, — E,_, = - =0
Ein = E{]ul

My + ish, = ditshy (since Q = 0, W = 0. ke = pe = 0)
Combining the mass and energy balances,

mhy, + m,h, = (m + m,)h,

Dividing this equation by m, yields

vh, + h, = (v + 1)h,
where y = m,/m, is the desired mass flow rate ratio.
hy — hy,  78.02 — 18.07

y = = = 2.0
YT h = h, 10799 — 78.02




EXAMPLE

Refrigerant-134a is to be cooled by water in a condenser. The refrigerant enters
the condenser with a mass flow rate of & kg/min at 1 MPa and 70°C and leaves
at 35°C. The cooling water enters at 300 kPa and 15°C and leaves at 25°C.
Neglecting any pressure drops, determine (a) the mass flow rate of the cooling
water required and (b) the heat transfer rate from the refrigerant to water.

hy = 62.982 kI/kg h,= 10483 KI/kg h, = 303.87 ki/kg h, = 100.88 kl/ke

SOLUTION: Tsactg
1 This is a steady-flow process since there is 300 kPa
no change with time at any point and thus O
Amcy = 0 and AEcy = 0. l

2 The kinetic and potential energies
are negligible, ke = pe = 0.

3 Heat losses from the system are negligible 9 : - 1:
and thus Q=0. 70°C E: :
4 There is no work interaction involved. 1 MPa || |
| I O
Mass balance. m = 1, : __________ | :
for each fluid stream since there is no mixing. Thus ?
i, = i, = @
- 25°C
My, = iy, =
Energy balance: o 0 (steady)
Ein o Eﬂl.ll = _dE!;}'slcm"{dr = 0

E" - Euut

n
mhy, + ishy = mshy, + mghy  (since Q = 0. W = 0, ke = pe = 0)
m, (hy, — h,) = mp(hy — hy)

m, (62,982 — 104.83) kKI/Kg = (6 Kg/min)[(100.88 — 303.87) KI/kg]

m,, = 29.1 kg/min
(b) To determine the heat transfer from the refrigerant to the water, we have
to choose a control volume whose boundary lies on the path of heat transfer.
All the assumptions stated earlier apply, except that the heat transfer is no lon-
ger zero. i



0 (steady)
- L = dE,./dt =0 R.134a .

system

E . =E

in out

Q, i, + mp, = mh,

Control volume
boundary

EXAMPLE

The electric heating systems used in many houses consist of a simple duct
with resistance heaters. Air is heated as it flows over resistance wires. Con-
sider a 15-kW electric heating system. Air enters the heating section at
100 kPa and 17°C with a volume flow rate of 150 m3min. If heat is lost
from the air in the duct to the surroundings at a rate of 200 W, determine
the exit temperature of air.

SOLUTION:

1 This is a steady-flow process since there Ope=200W 4
is no change with time at any point and thus il ininini
Amcy =0 and AEcy = 0. .’ll ___Ez_:_?____i
2 Air is an ideal gas. , : «
3 The kinetic and potential energy changes } I ) ,
are negligible, Ake = Ape = 0. | I,=17°C | Wein= 15 kW
4 Constant specific heats at room temperature | Py =100kPag”| ||
can be used for air. } 13
e I
0 (steady) T
E — E — dE Idt =0 L'fl = 150 m*/min

in out syslem

At temperatures encountered in heating and air-conditioning applications,
Ah can be replaced by c, AT where ¢, = 1.005 kJ/kg-°C-
Ein = Euul
W,. + mh, = Q,, + mh, (since Ake = Ape = 0)
Wf.il'l o Qqul = mf‘p[Ti o TJ:r



From the ideal-gas relation, the specific volume of air at the inlet of the duct
IS

RT,  (0.287 kPa-m*/kg-K)(290 K)
P, 100 kPa

vV, = = 0.832 m/kg

The mass flow rate of the air through the duct is determined from

. V, 150 m*/min (I min
m g

= 3 ; ) = 3.0 kg/s
v, 0.832 m/kg\ 60 s
(15 kI/s) — (0.2 kl/s) = (3 kg/s)(1.005 kI/kg-"CxT, — 17)°C
T, = 21.9°C

5-28 The diffuser in a jet engine 1s designed to decrease the
kinetic energy of the air entering the engine compressor with-
out any work or heat interactions. Calculate the velocity at the
exit of a diffuser when air at 100 kPa and 30°C enters it with
a velocity of 350 m/s and the exit state is 200 kPa and 90°C.

d _ : A0 (steady) _
Ein - Ecut - ﬂEsystﬂn =0
\—\Y,—rl' N > &

Rateofnetenergy trmsfer  Rate of changein intemal kinetic,

byheat, work andmass potential etc. energies

E.

in = ‘EDIJT

ii(hy +V2 1 2) = imi(h, +V5/2) lggffa '/:1;/ 200 kPa
> 90°C

Solving for exit velocity,

[ 5 5
Vo =V +2(hy — f,:g)]ﬂ - [Vl2 +2¢, (T —TZ)]G

0.5
2.2
=| (350 m/s)® + 2(1.007 kJ/kg - K)(30 — 90)1([1000 il H

1kI/kg

=40.7mls



5-30 Steam enters a nozzle at 400°C and 800 kPa with a
velocity of 10 m/s, and leaves at 300°C and 200 kPa while
losing heat at a rate of 25 kW. For an inlet area of 800 cm?,
determine the velocity and the volume flow rate of the steam
at the nozzle exit.

v =038429 m'/kg v, =1.31623 m’/kg
h =3267.7 kl/kg h, =3072.1 kl/kg

Energy balance: \
S f _ ; A0 (steady) _
i~ Pou — " 400°c STEAM 300°C

Rateofnetenergy trmsfer Rateofchaugeiﬁintﬂllal,kiﬂeﬁ& 800 kPa

byheat, work and mass potential etc_energies —_— 200 kPa
3 - 10 m/s
E in = E out 0
2 2 =

n}[ h+ V%) = Jf.{hl +V71] +Q,, since I = Ape = 0)

V2 13
L — 2+

< put
2 2 m

or hy +

The mass flow rate of the steam 1s

= iAIVI = ! ;—(0.08 m?>)(10 m/s) = 2.082kg/s
2 0.38429m"/s
Substituting.

3267.7kI/kg +

(10 m/s)* ( 1kl/kg

! J = 3072.1k/ke +

Vi ( 1kl/kg L 25Kl
1000m?%/s? "

2 11000 m?/s?
——7V, =606m/s

The volume flow rate at the exit of the nozzle 1s

U, =itv, = (2.082ke/s)(1.31623 m’ /kg) = 2.74m°/s



5—-44 Refrigerant-134a enters an adiabatic compressor as
saturated vapor at —24°C and leaves at 0.8 MPa and 60°C.
The mass flow rate of the refrigerant is 1.2 kg/s. Determine
(a) the power input to the compressor and (b) the volume
flow rate of the refrigerant at the compressor inlet.

v, =0.17398 m’/kg /7y =235.94kl/kg h, =296.82kl/kg

- - i : A0 (steady) _
:Ein o Enu! - é“Es*j,'s'rf:l:ll =0
Ein = Enut

W, +mh, =mh, (since Q= Ake = Ape =0)
Wy = 1it(, — ;)
Substituting,

W, =(1.2kg/s)296.82—235.94)kJ/ke = 73.06 kJ/s

(b) The volume flow rate of the refrigerant at the compressor inlet 1s

U, =iy, =(1.2ke/s0.17398 m*/kg) =0.209m>/s

5—46 Steam flows steadily through an adiabatic turbine. The
inlet conditions of the steam are 4 MPa, 500°C, and 80 m/s, and
the exit conditions are 30 kPa, 92 percent quality, and 50 m/s.
The mass flow rate of the steam is 12 kg/s. Determine (a) the
change in kinetic energy, (b) the power output, and (¢) the turbine
inlet area.

v, =0.086442m" /kg hy =3446.0kl/’kg hy, =2437.7kl/kg

2

B (50 111.-"'5]1 — (80 mv/s)? 1 kl/kg
2 1000 m?/s?

Ake =

=-1.95kJ/kg



AQ (steady) -0
system -

~F = AE

iy + V72 12) =W, +1i(hy +V3/2) (since O = Ape =0)

_ P22
W, .. = —m[f?z —hy + %J

4]

Then the power output of the turbine is determuned by substitution to be

W, =—(12ke/s)(2437.7—3446.0— 1.95)kT/kg =12.123kW =12.1 MW

o

(c) The inlet area of the turbine 1s determined from the mass flow rate relation.

P AT, 4, = vy _ (12 kg..-'s)(e.osc;gz m>/kg)
41 14 80 m/s

—0.0130 m°

5-71 Liquid water at 300 kPa and 20°C is heated in a
chamber by mixing it with superheated steam at 300 kPa
and 300°C. Cold water enters the chamber at a rate of
1.8 kg/s. If the mixture leaves the mixing chamber at 60°C,
determine the mass flow rate of the superheated steam
required.

hy = 8391klkg h, =3069.6kI’kg h; = 251.18 kl/kg

A0 (steady) _

My — Moy = Ay 0
My, = Mgy —> N + 111, = 11
Energy balance:
E . E _ ﬂ.E &0 (steady) —0
~in out - system -
Ein - Eout

iyl 4+ myhy = Mzl (since O =W =Ake = Ape = 0)



Thermoaynamics. ... ASSISE_LeC. Mohamed .j.m. He
=20C &
Combining the two. m = 1.8 kg/s
. . L H0
tinghy +1inyhy = (viy + 70 )y (P =300 kPa)
T, = 60°C

T, = 300°C /

N, = ﬁml iy

 ohy—h,

83.91-251.18)kJ/k |
_ KIS | S ke/s) = 0.107 Kkes

7,
© (251.18—-3069.6)k]/kg

Example
e: Water is flowing in a pipe that changes diameter from 20 to 40 mm. If the water in

the 20-mm section has a velocity of 40 m/s, determine the velocity in the 40-mm
section. Also calculate the mass flux.

AR [ﬂ%ﬂ‘“ﬂl T8RNy = 10mys

2
= pAV, = (mﬂﬂ}[-”'—{ofﬁ)(m) = 12.57 kg/s



Specific Heats
We know from experience that it takes different

amounts of energy to raise the temperature of 1 kg 1 kg
identical masses of different substances by one fron Water
20 — 30°C 20 — 30°C
degree.
-
For example, we need about 4.5 kJ of energy to
45K 41.8KkJ

raise the temperature of 1 kg of iron from 20 to
30°C, whereas it takes about 9 times this energy (41.8 kJ to be exact) to raise the
temperature of 1 kg of liquid water by the same amount. Therefore, it is desirable to
have a property that will enable us to compare the energy storage capabilities of
various substances.

This property is the specific heat. The specific heat
is defined as the energy required to raise the

temperature of a unit mass of a substance by one

degree.

In thermodynamics, we are interested in two kinds

of specific heats: specific heat at constant volume '\: jol:mm :icl(’::mm
cv and specific heat at constant pressure cp. AT = 1c: AT = 16

kJ kJ
i ifi = 2 =
Physically, the specific heat at constant volume cv § €,=312 /oo €= 320 e

can be viewed as the energy required to raise the
temperature of the unit mass of a substance by one 3.12K S.19kJ
degree as the volume is maintained constant. The energy required to do

the same as the pressure is maintained constant is the specific heat at constant
pressure cp.

The specific heat at constant pressure cp is always greater than cv because at constant
pressure the system is allowed to expand and the energy for this expansion work must

also be supplied to the system.

€y, = (_) ¢ = oT
aT/, P



.“;

)
= (77),

p
= the change in enthalpy with
temperature at constant
oy, pressure
e

N
i

"

ll c

"C,

v

)
=57

= the change in internal energy
with temperature at
constant volume

.

INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF IDEAL GASES:
We defined an ideal gas as a gas whose temperature, pressure, and specific volume

are related by:

Pv = RT
Using the definition of enthalpy and the equation of state of an ideal gas, we have:
h=u+ Pv
! } h=u+ RT
Pv = RT

the internal energy and enthalpy of an ideal gas can be expressed as:

du = C, dT U, — u, = Cu.nrg'{rf — Tl} ﬂ]\.]f'rl\il}
dh = c, dT hy — hy = Cpae(Tr — T (Ki/kg)

Specific Heat Relations of Ideal Gases:
A special relationship between cp and cv for ideal gases can be obtained by

differentiating the relation h = u + RT, which yields:

dh = du + RdT

Replacing dh by ¢,dT" and du by ¢ dT and dividing the resulting expression
by dT, we obtain

c,=c¢,+ R (klkgK)

¥



At this point, we introduce another ideal-gas property called the specific heat ratio Kk,

defined as:

EXAMPLE

Determine the enthalpy change for 1 kg of nitrogen which is heated from 300 to
1200 K by assuming constant specific heat.

Assuming constant specific heat (1.042kJ/kg - °C ) the enthalpy change
is found to be

Ah=C AT =1.042x(1200—-300)=938 kl/kg

The First Law Applied to Various Processes:

1) THE CONSTANT-TEMPERATURE PROCESS
2) THE CONSTANT-VOLUME PROCESS

3) THE CONSTANT-PRESSURE PROCESS

4) THE ADIABATIC PROCESS

5) THE POLYTROPIC PROCESS

THE CONSTANT-TEMPERATURE PROCESS

For the isothermal process a gas that approximates an ideal gas, the internal energy

depends only on the temperature and thus AU = 0 for an isothermal process; for such

a process the energy equation is:

O=W

—

Using the ideal-gas equation PV = mRT, the work can be found to be:



Vs
W=| Pav

L dV V, P
= mRT Ay _ mRT In—== mRT In—-
"V v P,

where we used RV, =PF,V,.

THE CONSTANT-VOLUME PROCESS

The work for a constant-volume process is zero, since dV is zero. For such a process

the first law becomes:
O=AU

For a gas, approximated by an ideal gas with constant Cv, we would have:

Q=mC,(1,-1T,) or q=C,(1,-T))

THE CONSTANT-PRESSURE PROCESS

The first law, for a constant-pressure process is to be:

0=AH

For a process involving an ideal gas for which Cp is constant there results:

Q=mC (T,-1,)

THE ADIABATIC PROCESS
the first law for the adiabatic process is:

-AW =Au

if an ideal gas can be assumed with constant Cv:




S T v
?In—*:=-In—%
R T 0,
which can be put in the forms:
RIC, k—1 % k
L_[o) _[n)] (& o P_(n
T, o, v P P o,

EXAMPLE

A piston-cylinder arrangement contains 0.02 m? of air at 50°C and 400 kPa. Heat
is added in the amount of 50 kJ and work is done by a paddle wheel until the
temperature reaches 700°C. If the pressure is held constant, how much paddle-
wheel work must be added to the air? Assume constant specific heats.

Solution
Q-W=m(u,—u,) or Q- W, sae =m(hy —Iy)
=mC,(1,—1))

To find m we use the ideal-gas equation. It gives us

PV 400 000x0.02
RT 287x%(50+273)

m= =0.0863 kg

From the first law the paddle-wheel work is found to be

Wpaddle = Q_ ”?Cp (TZ o Tl )
=50-0.0863x1.0x(700-50)=-6.096 kJ



EXAMPLE

Calculate the work necessary to compress air in an insulated cylinder from a

volume of 2 m® to a volume of 0.2 m*. The initial temperature and pressure are
20°C and 200 kPa, respectively.

Solution
process is adiabatic due to the presence of the insulation (we usually assume an

adiabatic process anyhow since heat transfer is assumed to be negligible). The
first law is then written as

-W=m(u,—u,)=mC_(T,-1T))

The mass is found from the ideal-gas equation to

PV 200x2

m= = =4.757 kg
RT 0.287(20+273)
— 1.4-1

V.
T,=T,|—+ :2‘;‘3i =736 K

V, 0.2

Finally,
kJ
W =-4.757 kg| 0.717 " (736 —-293) K=-1510 kJ

EXAMPLE

Air flows through the supersonic nozzle shown. The inlet conditions are 7 kPa
and 420°C. The nozzle exit diameter is adjusted such that the exiting velocity is
700 m/s. Calculate (a) the exit temperature, (b) the mass flow rate, and (c) the
exit diameter. Assume an adiabatic quasiequilibrium flow.

Solution
(a) To find the exit temperature the energy equation is used. It is,
using Ah= CPAT,

V? %
7‘ +C,T, = 72 +C,T,



We then have, using Cp = 1000 J/kg-K,

V2 _y2 2 2
r, =V g 20O - 2550C
2C, 2 %1000

Note: If T| is expressed in kelvins, then the answer would be in kelvins.

(b) To find the mass flow rate we must find the density at the entrance. From
the inlet conditions we have

p, = b __ 000 0350 kg/m’
RT, 287x693

The mass flow rate is then

= pAV =0.0352% 7 x0.1> X400 = 0.442 kg/s

(c) To find the exit diameter we would use p,A,V, = p,A,V, ., the continuity
equation. This requires the density at the exit. It is found by assuming

adiabatic quasiequilibrium flow. with p=1/v, we have

T 1/(k=1) 59g \M(14-D
=p |2 :0.0352[‘—} =0.01784 kg/m’
p=n( 7] 028
Hence.
> .0352x.2°
poPdi 032X 27XA0 _ 45 Ly _0212m or 212mm

C
* p,V,  0.01784x700

EXAMPLE
Liquid sodium, flowing at 100 kg/s. enters a heat exchanger at 450°C and exits

at 350°C. The C;} of sodium is 1.25 kJ/kg-°C. Liquid water enters at 5000 kPa
and 20°C. Determine the minimum mass flow rate of the water so that the water
just vaporizes. Also, calculate the rate of heat transfer.

Solution
The energy equation is used as

m(h,—h,)=m_(h ,=h,) or mC (T, -T,)=m_(h,,—h,)

sTphTs 5



h, =88.65 kJ/kg h,, =2794 kJ/kg
100 x1.25%x(450—350) = m, (2794 — 88.65). somy, = 4.62 kg/s
The heat transfer is found using the energy equation applied to one of

the separate control volumes:

O =i, (h,—h,)=462X(2794-88.65)=12500 kW  or 125 MW

EXAMPLE

An insulated rigid tank initially contains 1.5 Ibm of helium at 80°F and
50 psia. A paddle wheel with a power rating of 0.02 hp is operated within
the tank for 30 min. Determine (a) the final temperature and (b) the final
pressure of the helium gas.

¢, = 0.753 Btu/lbm-°F.

(a) The amount of paddle-wheel work done on the system is
2545 Btu/h

W,, = W, A7 = (0.02 hp)(0.5 h}( ) — 2545 Btu

L hp
Ei o E{Jul = J“F-:‘|5'.3,'5;t4_‘r11
Net energy transfer Change in internal, kinetic,
by heat. work, and mass potential, ete., energies
Wein = AU = m(uy, — u)) = mc, (T, — T))

2545 Btu = (1.5 1bm)(0.753 Btuw/Ibm-"F)(T, — 80°F)
T, = 102.5°F

(b) The final pressure is determined from the ideal-gas relation

PV, PV,
T, T,
where V, and V, are identical and cancel out. Then the final pressure
becomes
50 psia P,

(80 + 460) R (1025 + 460)R

P, = 52.1 psia



EXAMPLE .

A piston—cylinder device initially contains 0.5 m? of nitrogen gas at 400 kPa
and 2/7°C. An electric heater within the device is turned on and is allowed
to pass a current of 2 A for 5 min from a 120-V source. Nitrogen expands
at constant pressure, and a heat loss of 2800 J occurs during the process.
Determine the final temperature of nitrogen.

c, = 1.039 kl/kg-K for nitrogen at room temperature.

| 1 KJ/s
W o= VIAf = (120 V)2 A)X5 %60 ) —25 ) = 72 k)
‘ [ & AN ”(moom)

The mass of nitrogen is determined from the ideal-gas relation:
PV (400 kPa)(0.5 m?)
~ RT, (0297 kPa-m¥/ke-K)(300 K)

if 28007

m = 2245k

g

— E = AE

ot yslem

E.

in

- -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, ete., energies

Wa.in o Quul o Wrb,ﬂul = AU
W, — 0, =3AH =mh, — Iy = .nu‘w?p{fi"2 —T)

72k] — 2.8 KJ = (2.245 kg)(1.039 kI/kg K)(T, — 27°C)

T, = 56.7°C

EXAMPLE

A piston—cylinder device initially contains air at 150 kPa and 2/7°C. At this
state, the piston is resting on a pair of stops, as shown in Fig. 4-32, and the
enclosed volume is 400 L. The mass of the piston is such that a 350-kPa
pressure is required to move it. The air is now heated until its volume has
doubled. Determine (a) the final temperature, (b) the work done by the air,
and (c) the total heat transferred to the air.

(a) The final temperature can be determined easily by using the ideal-gas
relation between states 1 and 3 in the following form:
PV, P.V, (150 kPa)(V) (350 kPa)(2V))

rd

T, T, T 300K T,




T, = 1400 K
(b) The work done could be
= (V, — V)P, = (0.4 m*)(350 kPa) = 140 m*-kPa

W, = 140 kJ we
(c) the energy balance on the)ns and observations, .
Cen . =
system between the initial and final states (process 1-3) P, =150 kPa :
Ein o E«urul = iEﬁ}'ﬁ[Em T' =2LC ¢:
Net energy transfer Change in internal. kinetic, =
by heat. work, and mass potential, ete.. energies

On — Wyou = AU = m(u; — uy)
The mass of the system can be determined from the ideal-gas relation:

v (150 kPa) (0.4 m?)
~ RT, (0287 kPa-m*/kg-K) (300 K)

m = 0.697 kg

|u, =21407kl/kg u, = 111352kl/kg  (GIVEN)

Thus,
Q,, — 140kJ = (0697 kg)[(1113.52 — 214.07) kl/kg]
Q, = 767 k]

HOMEWORK

5-29 Air at 600 kPa and 500 K enters an adiabatic nozzle
that has an inlet-to-exit area ratio of 2:1 with a velocity of
120 m/s and leaves with a velocity of 380 m/s. Determine
(a) the exit temperature and (b) the exit pressure of the
air.  Answers: (a) 437 K, (b) 331 kPa

The enthalpy of air at the inlet temperature of 500 K 1s i, = 503.02 kJ/kg



5-37 Refrigerant-134a enters a diffuser steadily as saturated
vapor at 600 kPa with a velocity of 160 m/s, and it leaves at
700 kPa and 40°C. The refrigerant is gaining heat at a rate
of 2 klJ/s as it passes through the diffuser. If the exit area
is 80 percent greater than the inlet area, determine (a) the
exit velocity and (b) the mass flow rate of the refrigerant.
Answers: (a) 82.1 m/s, (b) 0.298 kg/s

v, =0.034335m’ kg~ v, =0.031696 m’/kg
hy =262.46 kl/kg hy =278.59 kl/kg

5-48 Steam enters an adiabatic turbine at 10 MPa and
500°C and leaves at 10 kPa with a quality of 90 percent.
Neglecting the changes in kinetic and potential energies,
determine the mass flow rate required for a power output of
5 MW. Answer: 4.852 kg/s

Iy =3375.1kl/kg -h, = 2344.7kl/kg

5-50 Helium is to be compressed from 105 kPa and 295 K
to 700 kPa and 460 K. A heat loss of 15 kJ/kg occurs during
the compression process. Neglecting Kinetic energy changes,
determine the power input required for a mass flow rate of
60 kg/min.

¢, =5.1926 kl’kg'K

P, =700 kPa
15 kl/kg T, =460 K

P,=105 kPa
T,=295K



5-71 Liquid water at 300 kPa and 20°C is heated in a
chamber by mixing it with superheated steam at 300 kPa
and 300°C. Cold water enters the chamber at a rate of
1.8 kg/s. If the mixture leaves the mixing chamber at 60°C,
determine the mass flow rate of the superheated steam
required. Answer: 0.107 kg/s

My = 8391kl/kg h, =3069.6kI/kg /3 = 251.18 kl/kg

5-76 A heat exchanger is to heat water (¢, = 4.18 kl/kg-°C)
from 25 to 60°C at a rate of 0.2 kg/s. The heating is to be
accomplished by geothermal water (¢, = 4.31 kl/kg°C)
available at 140°C at a mass flow rate of 0.3 kg/s. Determine
the rate of heat transfer in the heat exchanger and the exit
temperature of geothermal water.

5-78 A thin-walled double-pipe counter-flow heat exchan-
ger is used to cool oil (¢, = 2.20 kl/kg-°C) from 150 to 40°C
at a rate of 2 kg/s by water (¢, = 4.18 kJ/kg-°C) that enters at
22°C at a rate of 1.5 kg/s. Determine the rate of heat transfer
in the heat exchanger and the exit temperature of water.

Hot oil
2 kgfsllSD”C
Cold
water
— S —
1.5 kg/s
22°C

l-ﬂlﬂ”C



5-81 Refrigerant-134a at 1 MPa and 90°C is to be cooled
to 1 MPa and 30°C in a condenser by air. The air enters at
100 kPa and 27°C with a volume flow rate of 600 m*/min
and leaves at 95 kPa and 60°C. Determine the mass flow rate
of the refrigerant. Answer: 100 kg/min

Air
V; = 600 m*/min
P5 = 100 kPa 1
Ty =27°C
R-134a :
—
P, =1MPa )

T, = 90°C
—

P, =95 kPa 1 P,=1MPa
T, = 60°C T, = 30°C

The gas constant of air is 0.287 kPa.m’/kg.K
The constant pressure specific heat of air is ¢, = 1.005  kJ/kg-°C

hy =324.66kI/kg  h, =93.58kI/ke

5-99 A 4-m X 5-m X 6-m room is to be heated by an elec-
tric resistance heater placed in a short duct in the room. Ini-
tially, the room is at 15°C, and the local atmospheric pressure is
98 kPa. The room is losing heat steadily to the outside at a rate
of 150 kJ/min. A 200-W fan circulates the air steadily through
the duct and the electric heater at an average mass flow rate of
40 kg/min. The duct can be assumed to be adiabatic, and there is
no air leaking in or out of the room. If it takes 20 min for the
room air to reach an average temperature of 25°C, find (a) the
power rating of the electric heater and (b) the temperature rise
that the air experiences each time it passes through the heater.

The gas constant of air is 0.287 kPa.m’/kg.K
The specific heats of air at room temperature are ¢, = 1.005 and ¢, = 0.718 kl’/kg'K



5-107 Water is heated in an insulated, constant-diameter
tube by a 7-kW electric resistance heater. If the water enters
the heater steadily at 20°C and leaves at 75°C, determine the
mass flow rate of water.

The specific heat of water at room temperature 1s ¢ = 4.18 kI/’kg-°C
S

WATER
20°C —> 75°%C

7KW

5-141E Nitrogen gas flows through a long, constant-diam-
eter adiabatic pipe. It enters at 100 psia and 120°F and leaves
at 50 psia and 70°F. Calculate the velocity of the nitrogen at
the pipe’s inlet and outlet.

The specific heat of nitrogen at the room temperature iss ¢, = 0.248 Btw/lbm-R

5-172 Refrigerant 134a enters a compressor with a mass
flow rate of 5 kg/s and a negligible velocity. The refrigerant

enters the compressor as a saturated vapor at 10°C and leaves
the compressor at 1400 kPa with an enthalpy of 281.39 kl/kg
and a velocity of 50 m/s. The rate of work done on the refrig-
erant is measured to be 132.4 kW. If the elevation change
between the compressor inlet and exit is negligible, determine
the rate of heat transfer associated with this process, in kW.

h =256.22kI/kg :hy=1281.39 kl/kg

1400 kPa
50 mv/s

5 kg/s
10°C
sat. vap.



1.6 Heat Transfer

Heat is transferred between two objects by
virtue of temperature difference. In practice,
we note that after pouring hot water in a cup,
the water cools down and the cup becomes
warmer over time. This indicates that thermal
energy is moving from the water to the cup,
and the heat transfer process continues until
both are at the same temperature. Similarly, if
two solid objects at different temperatures
brought into contact, heat will flow from the
hotter body until both objects attain the same
temperature. The above two examples indicate
the existence of different mechanisms for heat
transfer. Here we ask questions, how did heat
flow from water to the cup? How did it flow
from one solid object to another?

The examples also indicate that time is very
important in the heat exchange process. Thus,
the rate of heat transfer is actually the main
controlling factor of the heat exchange process.
Accordingly, we can state that heat transfer is
the science that deals with the determination of
the rate of heat transfer, which is the amount
of heat flow per unit time. In addition, heat
transfer analysis provides information about
the temperature gradient within a system as
well as the time required for heating or cooling.
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1.7 Heat Transfer Modes

There are three methods of heat transfer,
conduction, convection and radiation.

1.7.1 Conduction

It is the transfer of thermal energy from the
more energetic particles to the adjacent less
energetic ones of a substance. It may also
occur between two solid objects in contact;
particularly when the surfaces of the solid
objects are in good physical contact. Fluids,
that are liquids and gases, are much less
conductive than solids. Conduction does not
involve transfer of material; in fact, the
energy transfer is caused by the collision of
vibrating atoms as well as the free
movement of electrons in the solid. Some
materials are good conductors compared to
others, for example steel is a good conductor
whilst wood is a poor conductor. The ability
of materials to conduct heat is governed by a
property known as thermal conductivity
denoted k in W/m.K or W/m.’C. The higher
the value of the conductivity the more heat is
conducted, for example, the thermal
conductivity of copper is 0.4 kW/m.K and of
water is 0.000613 kW/m.K, indicating that
copper is a good conductor and water is
poor. In practice, the rate of heat
transfer g in W depends on the temperature
difference AT, the geometry of the object
determined by the characteristic length,
which is Ax for a flat plate, as well as the
thermal conductivity k. In fact, temperature
difference is the driving force for all heat
transfer modes. Fourier’s Law correlates the
parameters by equation (1.12) which is
applied to evaluate the rate of heat transfer
for one dimensional steady state conduct-

ion.
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Steady state means that temperature
difference does not vary with time.
However, if the temperature varies with
time, transient conduction will prevail. It is
also called unsteady state conduction and it
engages complicated mathematical analysis.
Additionally, in many industrial applications,
heat may be transferred in more than one
direction. In this case, the analytical solution
to evaluate the temperature distribution
becomes fairly complex. Note that solving
transient-three  dimensional conduction
may require the employment of numerical
techniques and computers to provide an
approximate solution.

Conduction plays an essential part in heat
transfer analysis for many engineering
applications. Good examples are the design
of heat exchanges, boilers, air-conditioning
systems and thermal insulation.

Insulating materials exhibit low values of
thermal conductivity; typical examples for
buildings and industrial furnaces are: Glass
fiber, Mineral wool, Cellulose, Polyurethane
and Polystyrene (Styrofoam). Note that, it is
quite common to encounter calculations of
insulation thickness involving combined
conduction with other modes of heat
transfer such as convection or radiation.

1.7.2 Convection

is the transfer of heat by movement of the
fluid from a hotter to a cooler spot. Hence,
the bulk motion of a gas or liquid is a
necessity for convective heat transfer to
take place. In practice, convection is
accomplished by forcing a fluid across
objects of different geometrical shapes.
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Let us look at the cooling of a hot surface by
a current of air. Heat is first conducted from
the surface to the layer of air adjacent to the
surface, and then it is carried away from the
surface by convection. This mode of heat
transfer depends on temperature difference
as well as on the motion of the fluid.

Two common types of convection exist: one
is natural convection or free convection,
which is characterized by the movement of
fluid caused by buoyancy forces due to the
temperature difference. The second type is
forced convection caused by forcing a fluid
by a pump or a fan over the surface. The
rate of convective heat transfer is
determined by Newton’s cooling Ilaw
expressed by the equation
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q=hA(T,—T) (1.13)

h is the heat transfer coefficient in W/m?>.K
or W/mZ2.°C, A is the surface area in m?, T, is
the temperature of the surface and T,is the
temperature of the fluid. It is worth noting
here that the heat transfer coefficient h is
not a property of the fluid, and its value
should be determined experimentally for the
setup understudy.

Natural convection is demonstrated by
heating the space inside a room. If a heater
is placed in a corner inside a room, the air
gets warmer and moves upward with the
cooler air moving downward setting up
warm currents around the space. Forced
convection is more popular in industry, and
pumping water into heat exchanger tubes is
a typical example.
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1.7.3 Thermal Radiation

itis the energy emitted by matter due to
temperature. . All materials, solids, liquids and
gases, radiate heat at a temperature above 0 K.
Radiation is made up of electromagnetic waves
with relatively long wave length compared to
other forms of radiation such as ultraviolet or
visible light. In contrast to convection and
conduction, the transfer of radiation does not
require an intervening transport medium; a
good example is the travel of sun light to earth.
Thermal radiation travels in vacuum at the
speed of light without being subjected to any
effect. An incident beam of radiation on a
surface may undergo reflection, or absorption,
or transmission, or the three phenomena
simultaneously, see Figure 1.5. Radioactive
heat transfer is the predominant mode of heat
transfer at high temperatures. The amount of
radiation emitted or absorbed by a solid object,
at a given temperature, is determined by the
value of the surface emissivity € or absorptivity
a. The value of both properties is in the range 0
<e<land O0< a <1 Abodythat have an
emissivity € = 1 is called blackbody.

The maximum rate of radiation emitted by an
object Qmax in W is known as blackbody
radiation; it is given by Stefan-Boltzmann law
as

Qmax = O AT54

In fact, the real surface emits less radiation
than the blackbody at the same temperature,
and the rate of radiation q....: is expressed as

Qemit = €0 ATs‘
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where € is the emissivity of the surface, T. is
the absolute temperature of the surface
expressed in K, A is the surface area in m” and

o is the Stefan-Boltzmann constant whose
value is 5.67 x 108 W/m2.K+*.

A blackbody is also a perfect absorber of
radiation and hence has an absorptivity
equal toone a=1.

The value of emissivity and absorptivity
depends on temperature and wavelength;
however, average values are commonly used
to evaluate radiation. According to Kirchhoff’s
law, the two average values are equal (€ = ).
Evaluation of radiate heat transfer is based on
the exchange of radiation between surfaces or
between a surface and the surrounding
atmosphere. This is common in in the design
of some industrial furnaces, where we find
radiation exchange between the walls is
essential. On the other hand, the design of
combustion chambers involves radiative
exchanges between surfaces and combustion
gases. Thus, the emission and absorption of
radiation by gases may affect the design
calculations.

The net rate of radiation heat transfer Qne: is
given by the equation
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T.. is the surrounding temperature in K.

There are many applications for radiation heat
transfer, particularly in industry; examples are
furnaces and heating systems. Solar energy
system analysis and design involves radiation
as well as other modes of heat transfer. The
field of radiation is also important in space
research.
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1.8 Combined Heat Transfer Modes

Heat transfer may occur in one of three
modes, conduction, radiation or convection.
However, it is quite common to have more
than one mode occurring simultaneously.
Depending on the type of medium or material,
we may experience one or two modes taking
place at the same time. For example, heat
transfer through vacuum takes place by
radiation and through opaque solids by
conduction. Nevertheless, conduction and
radiation may occur simultaneously in
semitransparent solids such as glass.
Furthermore, heat transfer from the surface
of a solid material to the surrounding may
involve convection and radiation. However, if
we include heat transfer through the material
by conduction, we will have all three
mechanisms involved. Likewise, heat transfer
through stagnant gases is normally
accomplished by both conduction and
radiation. But, for moving gases, convection
will be the dominant mode, plus some
radiative exchange. So far, we noticed that
only two modes of heat transfer can occur in a
single medium. For the simultaneous
occurrence of the three modes, another
medium is required; a good example is heat
exchanges between a metal plate and the
ambient air.

1.9 Applications of Heat Transfer

Domestic equipment such as electric cookers,
water heaters, fridges, air conditioning
systems and car radiators are some of the
popular means of heating and cooling. The
three modes of heat transfer may well be
involved in the design of these appliances.
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2.1 Fourier’s Law

Fourier’s law states that the rate of conductive
heat transfer through a material is propo-
rtional to the negative of the temperature
gradient and to the area at right angle to the
direction of heat flow. The law was developed
from experimental data, by Joseph Fourier, in
the nineteenth century; it is expressed for one-
dimensional conduction as:

o< - A £

Qx e
dT
=-kA—
Qx dx

q, = Time rate of heat transfer in W

A = Area in m” perpendicular to the direction
of heat flow

k = Thermal conductivity in W/m.K

dT
ot Temperature gradient in K/m

Fourier’s law is applicable to all matter, Solids,
liquids and gases, assuming that:

One dimensional-steady conduction
Constant thermal conductivity
No internal heat generation

e Constant temperature gradient

Fourier’s law can also be applied to conduction
through solid of different shapes.
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2.2 Conduction through Plane Walls

Let us apply Fourier's law to a plane wall as
shown in Fig 2.1
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Conduction through a plane wall s steall jlaall & Jua A

For steady one dimensional conduction and
constant thermal conductivity equation (2.1)
can be integrated to yield

Equation (2.2) is used to evaluate the rate of
heat transfer through a plane wall. Also the
equation provides the heat flux defined as the
rate of heat transfer per unit area q, in W/m?,

q
QX=TX

Ala gl o (e g 2aly ray i iTe Jooa gll el
Joanih (2.1) skl ALISa Uiy, jlaiall 2348 2yl

e

(2.2)

50 pall U Jane jlaie paadl (2.2) Aol p2ais
A jla Loyl Alaladll 228 miady (o gluna jlaa o) DA
o Sl padl NG Jona gt 5 g ) Gl ssn]

AW/m2) adlas g6 (qx“) 234y Aalwall5oa ¢

(2.3)



Example 2.1

The temperature of the inner surface of an
industrial furnace wall is 1100°C and that of
the outer one is 850°C. The wall is made of
bricks having thermal conductivity of 0.71
W/m.K. If the wall is 18 cm x 50 cm x 1.5 m,
calculate the rate of heat loss through the wall,
Evaluate the heat flux and the amount of heat
lost in one hour?
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Solution
Given:
20 cm
50cm
Find:

Heat loss g, and heat flux q-

Assumptions:
1. One dimensional-steady conduction.
2. Constant thermal conductivity.
3. Nointernal heat generation.
4. Constant temperature gradient.

1.5m

T, =1100°C -] T.=850°C

Gy

e—!

L=20cm spalan! wu sllaall
(ax ) @' oall Gl y (q) o)l ol

sl a8y

,.JI.}“ s;.‘lal ﬁu‘ %l;_)‘_);.“ J;\.‘,E“
‘;.3_)\_);1‘ 3.3!.4,411 JL\LCA}L’:

Sl (Aol a sl issag ae
Ssaldl (D 5_)\);]‘ Jas EJ.L': s:s_,f:

BN R



Analysis:

Step1

Convert the units of all known quantities to

the Sl system.

The height of the wall,

The width of the wall,

The temperatures,

Step 2

—=05m
100
20
—=0.2m
100

T1=1100+273=1373K
T,=850+273=1123K

We apply Fourier’s law to find the heat loss,

Step 3

Qx:'kA

g.=-0.71(1.5x0.5)

To— Ty
L

1123~ 1373

We calculate the flux using equation (2.3):

q
Qx =Tx

| 665.625
T 1.5x%05

X

equation (2.
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= 665.625 W
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= 887.5 W/m?



Step 4

We determine the amount of heat lost in
one hour which is 3600 s:

Heat lost = 665.625 W (J/s)

Comments:

1.

Note of heat quantity is expressed in
units of J or kJ, and the heat transfer
rate in W or kW which is J/s or kl/s. The
units of the heat flux are W/m? or
kwW/m>.

l.__.l?
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3600 ) saal s Aclu 850 p8kall 5 ) pall Aas
Al
Heat lost in 1 hour= 665.625 x 3600 = 2.396 x 10°J
=2369 kJ
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2. The temperature difference in Kelvin has
the same value in Celsius.
Exercise:

If the thickness of the wall in example 2.1 is

increased to 23 cm, what will be the percen -

tage saving in energy?
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Heat Conduction:
Problem:

A brick wall is 0.2 m thick and has an area of 10 m2. The temperature on the inner surface is
25°C and on the outer surface is 5°C. If the thermal conductivity of the brick is k = 0.6 W/m
°C, calculate the rate of heat transfer through the wall.

Solution:

Using Fourier's Law of Conduction:

kA(Ty — T3)

Q= T
Where:
«c k=06W/m- -°C
- A=10m?
-1y — T, =25—5=20°C
- L=02m
Q — 956 xol.g x 20 :% — 600 W

Result: 600 W of heat is lost from the room
to the outside.

Conduction + Composite Wall Resistance:
Problem:

A composite wall consists of two layers: a brick layer 0.15m thick with k. = 0.7 W/m °C, and
an insulation layer 0.05m thick with k. = 0.04 W/m °C. The wall area is 20m2. The inside
temperature is 22°C and the outside temperature is -3°C. Calculate the rate of heat transfer.

Solution:

Total thermal resistance for layers in series:

L L
Riotar = By + Ry = 1= +IU_2A

. 0.15 __ o
B = 018 — Q0107 QW

__ 0.05 _ o
Ry = 2% —0.0625°C/W

Riotar = 0.0107 + 0.0625 = 0.0732 °C'/W

_ AT __22—(-3) _ 25 __
Q= Ritt _0.0732 ~ 0.0732 341.5W



Heat Convection
Problem:

An electric heater has a surface area of 0.3 m? and its surface temperature is 80°C. It is placed
in a room where the air temperature is 20°C. The convective heat transfer coefficient is h = 15
W/mz.°C. Calculate the heat lost by convection.

Solution:
Using Newton's Law of Cooling:

Q=15x%x0.3x(80—20)=15x0.3 x60=

Result: 270 W is transferred from the heater
to the air.

Thermal Radiation

A blackbody with an area of 0.5 m2 is at 500 K in a room whose walls are at 300 K. Calculate
the net radiative heat transfer. Stefan-Boltzmann constant. c = 5.67 x 107 W/m?. Ka.

Solution:

For a blackbody € =1:
Q=e0A(T{ —T3)

Q=1x5.67x10"°% x 0.5 x (500" — 300%")
500% =16.25 x 100
300" = 8.1 x 10?
Q =2.835 x 107® x (6.25 x 10'° — 8.1 x 10

Q=2.835x10"% x 5.44 x 100 ~ 1542 W

Result: ~1542 W radiated by the body.



Mixing + Specific Heat
Problem:

2 kg of water at 80°C is mixed with 3 kg of water at 20°C in an insulated container. What is the
final equilibrium temperature? Specific heat of water ¢ = 4186 J/kg.°C.

Solution:
Heat lost by hot water = Heat gained by cold water
™ C(Tl — Tf) == 77’7,2C(Tf — T_z)

Cancel ¢ from both sides:

2 < (80 —Ty) =3 =< (Ty — 20)
160 — 27 = 37y — 60
160 + 60 = 577
Ty=220 —44°C
Result: 44°C is the equilibrium temperature.
Phase Change + Heating
Problem:
What is the amount of heat required to convert 0.5 kg of ice at -10°C to water at 30°C.
Cice = 2100 J/kg.°C, Cwater = 4186 J/kg.°C, Latent heat of fusion of ice L¢= 3.34 x 10° J/Kkg.
Solution:
Three stages
1. Heating ice from -10°C to O°C:

Q1 — ;.. AT'— 0.5 < 2100 < 10= 10, .

2. Melting ice at O°C:

Qs> =mL ;= 0.5 < 3.34 < 10° = 167, 000 J

3. Heating water from O°C to 30°C:

3 =— MTNCpater DT — 0.5 < 4186 < 30 — 6!

Qiotar =— 10, 500 + 167, 000 + 62, 790 — 240

Result: 240.3 kJ approximately.



Conduction Through a Glass Window
Problem:

A single-pane glass window has an area of 2.5m? and a thickness of 5mm. The temperature on
the inner surface is 18°C and on the outer surface is 2°C. The thermal conductivity of glass is k
= 0.8 W/mK. Find the heat loss through the window.

Solution:

Q _ EAAT _ 08x25x(18-2)
- L 0.005

_08x25x16 __ 32 __
Q o 0.005 ~0.005 6400 W

Result: 6400 W. This is why double glazing
is used!






THE SECOND LAW OF THERMODYNAMICS:
INTRODUCTION TO THE SECOND LAW

In Chaps. 4 and 5, we applied the first law of thermodynamics, or the conservation of

energy principle, to processes involving closed and open systems.

As pointed out repeatedly in those chapters, energy is a conserved property, and no
process is known to have taken place in violation of the first law of thermodynamics.
Therefore, it is reasonable to conclude that a process must satisfy the first law to
occur.

It is common experience that a cup of hot coffee left in a cooler room eventually
cools off. This process satisfies the first law of thermodynamics since the amount of
energy lost by the coffee is equal to the amount gained by the surrounding air. Now
let us consider the reverse process—the hot coffee getting even hotter in a cooler
room as a result of heat transfer from the room air. We all know that this process

never takes place.

A cup of hot coffee does not get
hotter in a cooler room.

As another familiar example, consider the heating of a room by the passage of
electric current through a resistor. Again, the first law dictates that the amount of
electric energy supplied to the resistance wires be equal to the amount of energy

transferred to the room air as heat. Now let us attempt to reverse this process. It will



come as no surprise that transferring some heat to the wires does not cause an

equivalent amount of electric energy to be generated in the wires.

Heat

l—mﬁnﬂl

Transferring heat to a wire will not
generate electricity.

Finally, consider a paddle-wheel mechanism that is operated by the fall of a mass.
The paddle wheel rotates as the mass falls and stirs a fluid within an insulated
container. As a result, the potential energy of the mass decreases, and the internal
energy of the fluid increases in accordance with the conservation of energy principle.
However, the reverse process, raising the mass by transferring heat from the fluid to

the paddle wheel, does not occur in nature.

Transferring heat to a paddle wheel
will not cause it to rotate.



THERMAL ENERGY RESERVOIRS

A hypothetical body with a relatively large thermal energy capacity (mass x specific
heat) that can supply or absorb finite amounts of heat without undergoing any change
in temperature. Such a body is called a thermal energy reservoir, or just a reservaoir.
The atmosphere, for example, does not warm up as a result of heat losses from
residential buildings in winter. Likewise, mega joules of waste energy dumped in
large rivers by power plants do not cause any significant change in water
temperature.

A body does not actually have to be very large to be considered a reservoir. The air in
a room, for example, can be treated as a reservoir in the analysis of the heat
dissipation from a TV set in the room, since the amount of heat transfer from the TV
set to the room air is not large enough to have a noticeable effect on the room air
temperature.

A reservoir that supplies energy in the form of heat is called a source, and one that
absorbs energy in the form of heat is called a sink Thermal energy reservoirs are
often referred to as heat reservoirs since they supply or absorb energy in the form of

heat.

CThermal energy)
Source
) =

== o

B’ Heat

Heat

Thermal energy
Sink

A source supplies energy in the form
of heat, and a sink absorbs it.



HEAT ENGINES
Work can easily be converted to other forms of energy, but converting other forms of

energy to work is not that easy. The mechanical work done by the shaft shown in Fig.
for example, is first converted to the internal energy of the water. This energy may
then leave the water as heat. We know from experience that any attempt to reverse
this process will fail. That is, transferring heat to the water does not cause the shaft to

rotate.

~a Work No work .4

Work can always be converted to
heat directly and completely, but the
reverse is not true.

From this and other observations, we conclude that work can be converted to heat
directly and completely, but converting heat to work requires the use of some special

devices. These devices are called heat engines.

Heat engines differ considerably from one another, but all can be characterized by the
following: They receive heat from a high-temperature source (solar energy, oil

furnace, nuclear reactor, etc.).
1. They convert part of this heat to work (usually in the form of a rotating shaft).
2. They reject the remaining waste heat to a low-temperature sink (the

atmosphere, rivers, etc.).



Heat

: W,
engine

net.out

'Low-temperature
Sink

Part of the heat received by a heat
engine is converted to work, while the
rest is rejected to a sink.

Heat engines and other cyclic devices usually involve a fluid to and from which heat
Is transferred while undergoing a cycle. This fluid is called the working fluid.
The work-producing device that best fits into the definition of a heat engine is the

steam power plant. The schematic of a basic steam power plant is shown in Fig.



/System boundary

“Energy sink
ch as the atmospher

Schematic of a steam power plant.

The various quantities shown on this figure are as follows:

Qin = amount of heat supplied to steam in boiler from a high-temperature source
(furnace)

Qout = amount of heat rejected from steam in condenser to a low temperature sink
(the atmosphere, a river, etc.)

Wout = amount of work delivered by steam as it expands in turbine.

Win = amount of work required to compress water to boiler pressure

The net work output of this power plant is simply the

‘Vncl.out

difference between the total work output of the plant

Heat
~ engine

and the total work input

W = W

net,out ot

— W, (k)



The net work can also be determined from the heat transfer data alone. The four
components of the steam power plant involve mass flow in and out, and therefore
should be treated as open systems. These components, together with the connecting
pipes, however, always contain the same fluid No mass enters or leaves this
combination system, which is indicated by the shaded area thus, it can be analyzed as
a closed system. Recall that for a closed system undergoing a cycle, the change in
internal energy AU is zero, and therefore the net work output of the system is also

equal to the net heat transfer to the system:

wﬂ-‘.‘[.lﬁhﬂl = Qm o Q(]u‘[ {L\-J}I

Thermal Efficiency

The fraction of the heat input that is converted to net work output is a measure of the
performance of a heat engine and is called the thermal efficiency i,

For heat engines, the desired output is the net work output, and the required input is
the amount of heat supplied to the working fluid. Then the thermal efficiency of a

heat engine can be expressed as:

Net work output

Thermal efficiency = :
Total heat input

7
ﬁ net.out

Q.

A1

M —

Qnul
9,

=in

M — I=



Source

Heat input
100k] 100 kJ

47 Net

work work
output output
20kJ 30kJ

Cyclic devices of practical interest such as heat engines, refrigerators, and heat
pumps operate between a high-temperature medium (or reservoir) at temperature TH
and a low-temperature medium (or reservoir) at temperature TL. To bring uniformity
to the treatment of heat engines, refrigerators, and heat pumps, we define these two

quantities:

QH = magnitude of heat transfer between the cyclic device and the high temperature
medium at temperature TH
QL = magnitude of heat transfer between the cyclic device and the low temperature

medium at temperature TL

Notice that both QL and QH are defined as magnitudes and therefore are positive
quantities. The direction of QH and QL is easily determined by inspection. Then, the
net work output and thermal efficiency relations for any heat engine can also be

expressed as



Wnct.uul = QH - QL

Wnu[.nul _ . Q,r,
QH QH

N —

The thermal efficiency of a heat engine is always less
than unity since both QL and QH are defined as positive

quantities. E w-(emperature reservol

Thermal efficiency is a measure of how efficiently a heat engine converts the heat
that it receives to work. Heat engines are built for the purpose of converting heat to
work, and engineers are constantly trying to improve the efficiencies of these devices
since increased efficiency means less fuel consumption and thus lower fuel bills and

less pollution.

EXAMPLE

Heat is transferred to a heat engine from a furnace at a rate of 80 MW.
If the rate of waste heat rejection to a nearby river is 50 MW, determine the
net power output and the thermal efficiency for this heat engine.

0, =80 MW and Q, = 50 MW
The net power output of this heat engine is
Wou = O — O, = (80 — 50) MW = 30 MW
Then the thermal efficiency is easily determined to be

W,
m.?w"l _ 30 MW = 0.375 (or 37.5%)
0,, 80 MW

M —



The Second Law of Thermodynamics: Kelvin—Planck Statement

We have demonstrated earlier a heat engine must reject some heat to a low-
temperature reservoir in order to complete the cycle. That is, no heat engine can
convert all the heat it receives to useful work. The Kelvin—Planck statement of the

second law of thermodynamics, which is expressed as follows:

It is impossible for any device that operates on a cycle to receive heat from a
single reservoir and produce a net amount of work.

The Kelvin—Planck statement can also be expressed as no heat engine can have a

thermal efficiency of 100 percent.

REFRIGERATORS AND HEAT PUMPS

We all know from experience that heat is transferred in the direction of decreasing
temperature, that is, from high-temperature mediums to low temperature ones. This
heat transfer process occurs in nature without requiring any devices. The reverse
process, however, cannot occur by itself.

The transfer of heat from a low-temperature medium to a high-temperature one
requires special devices called refrigerators. Refrigerators, like heat engines, are
cyclic devices. The working fluid used in the refrigeration cycle is called a
refrigerant. The most frequently used refrigeration cycle is the vapor-compression
refrigeration cycle, which involves four main components: a compressor, a

condenser, an expansion valve, and an evaporator, as shown in Fig.



800 kPa
30°C

Condenser

- Expansnon

-' valve
120 kPa
_25°C

Compressor

£ ‘ u/ncl.in

The refrigerant enters the compressor as a vapor and is compressed to the condenser
pressure. It leaves the compressor at a relatively high temperature and cools down
and condenses as it flows through the coils of the condenser by rejecting heat to the
surrounding medium. It then enters a capillary tube where its pressure and
temperature drop drastically due to the throttling effect. The low-temperature
refrigerant then enters the evaporator, where it evaporates by absorbing heat from the
refrigerated space. The cycle is completed as the refrigerant leaves the evaporator and
reenters the compressor.

A refrigerator is shown schematically in Fig. Here QL is the magnitude of the heat
removed from the refrigerated space at temperature TL, QH is the magnitude of the
heat rejected to the warm environment at temperature TH, and Whet i is the net work

input to the refrigerator.



" Warm environment
at TH > TL

" Cold refn'gerated'
space at T

Coefficient of Performance

The efficiency of a refrigerator is expressed in terms of the coefficient of
performance (COP), denoted by COPr. The objective of a refrigerator is to remove
heat (QL) from the refrigerated space. To accomplish this objective, it requires a

work input of Wyetin. Then the COP of a refrigerator can be expressed as

Desired output 0,

COP, = -
" Required input W,

This relation can also be expressed in rate form by replacing QL by Q°. and Whet i, by
We net,in-

The conservation of energy principle for a cyclic device requires that

Wnel.in — QH o QL (kJ)



Then the COP relation becomes:

Q; 1

Ou — O QWO — 1

Notice that the value of COPR can be greater than unity. That is, the amount of heat

removed from the refrigerated space can be greater than the amount of work input.

Heat Pumps

Another device that transfers heat from a low-
temperature medium to a high temperature one is the
heat pump, shown schematically in Fig.

Refrigerators and heat pumps operate on the same

cycle but differ in their objectives. The objective of a
refrigerator is to maintain the refrigerated space at a
low temperature by removing heat from it. The
objective of a heat pump, however, is to maintain a
heated space at a high temperature. This is
accomplished by absorbing heat from a low

temperature source, such as well water or cold

" Cold outdoors
at 4°C

outside air in winter, and supplying this heat to the

high-temperature medium such as a house

The measure of performance of a heat pump is also expressed in terms of the

coefficient of performance COPHP, defined as

Desired output Q
COP,p = .

Required input W,

which can also be expressed as:



Q0
QH_QL ]_QL"IIQH

COP,, = COP, + 1

This relation implies that the coefficient of performance of a heat pump is always

greater than unity since COPg is a positive quantity.

EXAMPLE

The food compartment of a refrigerator, shown in Fig. , Is maintained at
4°C by removing heat from it at a rate of 360 kJ/min. If the required power
input to the refrigerator is 2 kW, determine (a) the coefficient of perfor-
mance of the refrigerator and (b) the rate of heat rejection to the room that
houses the refrigerator.

COP, =

0, 360 thnin( [ kKW )
' 2 kW 60 kJ/min

net.in
60 kJ/min

). = 0, + W... = 360 kJ/min + (2 kW
Oy = 0O, net.in min + ( )( [ KW

) = 480 kJ/min

Food compartment
4°C



EXAMPLE

A heat pump is used to meet the heating requirements of a house and main-
tain it at 20°C. On a day when the outdoor air temperature drops to —2°C,
the house is estimated to lose heat at a rate of 80,000 kJ/h. If the heat
pump under these conditions has a COP of 2.5, determine (a) the power
consumed by the heat pump and (b) the rate at which heat is absorbed from
the cold outdoor air.

. Oy _ 80,000Kk]/h
Woan = cop T 25

= 32,000 kJ/h (or 8.9 kW)

HP

Dutdoor air at —2°

O, = Oy — Woyin = (80,000 — 32,000) ki/h = 48,000 kJ/h



The Second Law of Thermodynamics: Clausius Statement

There are two classical statements of the second law—the Kelvin—Planck statement,

which is related to heat engines, and the Clausius statement, which is related to

refrigerators or heat pumps. The Clausius statement is expressed as follows:

It is impossible to construct a device that operates in a cycle and produces
no effect other than the transfer of heat from a lower-temperature body to a

higher-temperature body.

REVERSIBLE AND IRREVERSIBLE PROCESSES

The second law of thermodynamics states that no heat engine can have an efficiency

of 100 percent. Then one may ask, what is the highest efficiency that a heat engine

can possibly have? Before we can answer this question, we need to define an

idealized process first, which is called the reversible process.

The processes that were discussed at the beginning of this
chapter occurred in a certain direction. Once having taken
place, these processes cannot reverse themselves
spontaneously and restore the system to its initial state. For
this reason, they are classified as irreversible processes.
Once a cup of hot coffee cools, it will not heat up by
retrieving the heat it lost from the surroundings. If it could,
the surroundings, as well as the system (coffee), would be
restored to their original condition, and this would be a

reversible process.

(a) Frictionless pendulum

ib) Quasi-equilibrium expansion
and compression of a gas

A reversible process is defined as a process that can be reversed without leaving any

trace on the surroundings



That is, both the system and the surroundings are returned to their initial states at the
end of the reverse process. This is possible only if the net heat and net work exchange
between the system and the surroundings is zero for the combined (original and
reverse) process. Processes that are not reversible are called irreversible processes.

Reversible processes actually do not occur in nature. That is, all the processes

occurring in nature are irreversible.

THE CARNOT ENGINE

The heat engine that operates the most efficiently between a high-temperature
reservoir and a low-temperature reservoir is the Camot engine. It is an ideal engine
that uses reversible processes to form its cycle of operation; thus it is also called a
reversible engine. We will determine the efficiency of the Carnot engine and also
evaluate its reverse operation. The Carnot engine is very useful, since its efficiency

establishes the maximum possible efficiency of any real engine.

The cycle associated with the Carnot engine is shown in Fig, using an ideal gas as the

working substance. It is composed of the following four reversible processes:

1 - 2: Heat is transferred reversibly from the high-temperature reservoir at the
constant temperature TH. The piston in the cylinder is withdrawn and the volume

Increases.

(1) —(2)

Energy
source
at Ty

Oy

(a) Process 1-2
2 - 3: An adiabatic reversible expansion. The cylinder is completely insulated so that
no heat transfer occurs during this reversible process. The piston continues to be

withdrawn, with the volume increasing.



Insulation

(5 Process 2-3

3 - 4: An isothermal compression. Heat is transferred reversibly to the low-
temperature reservoir at the constant temperature TL. The piston compresses the

working substance, with the volume decreasing.

(4) «<—(3)

(c) Process 3-4

4 - 1: An adiabatic reversible compression. The completely insulated cylinder allows
no heat transfer during this reversible process. The piston continues to compress the
working substance until the original volume, temperature, and pressure are reached,

thereby completing the cycle.

& d
e

I

Insulation

S O A
R e T e

i) Process 4-1

The P-V diagram of this cycle is shown in Fig. Remembering that on a P-V diagram
the area under the process curve represents the boundary work, we see that the area
under curve 1-2-3 is the work done by the gas during the expansion part of the cycle,

and the area under curve 3-4-1 is the work done on the gas during the compression



part of the cycle. The area enclosed by the path of the cycle (area 1-2-3-4-1) is the

difference between these two and represents the net work done during the cycle.

Being a reversible cycle, the Carnot cycle is the most efficient cycle operating
between two specified temperature limits. Even though the Carnot cycle cannot be
achieved in reality.

Applying the first law to the cycle, we note that

QH - QL = Wi

where QL is assumed to be a positive value for the heat transfer to the low-

temperature reservoir.

This allows us to write the thermal efficiency for the Carnot cycle as:

_Ow-0 . Q0
L Ou Oy




where QH is heat transferred to the heat engine from a high-temperature reservoir

at TH, and QL is heat rejected to a low-temperature reservoir at TL.

For reversible heat engines, the heat transfer ratio in the above relation can be
replaced by the ratio of the absolute temperatures of the two reservoirs. Then the

efficiency of a Carnot engine, or any reversible heat engine, becomes

This relation is often referred to as the Carnot efficiency. This is the highest
efficiency a heat engine operating between the two thermal energy reservoirs at

temperatures TL and TH can have.

EXAMPLE

A Carnot heat engine, shown in Fig. , receives 500 kJ of heat per cycle
from a high-temperature source at 652°C and rejects heat to a low-temperature
sink at 30°C. Determine (a) the thermal efficiency of this Carnot engine and
(b) the amount of heat rejected to the sink per cycle.



gh-temperature rese
at T, = 652°C

wW-temperature rese
at T; = 30°C

(a) The Carnot heat engine is a reversible heat engine,

_q r, ] (30 + 273) K
hn i (652 + 273) K
(b) The amount of heat rejected Q; by this reversible heat engine is easily
determined
e (30 + 273)K

O T, Ot ev (652 + 273) K( ) J

= 0.672




THE CARNOT REFRIGERATOR AND HEAT PUMP
The Carnot engine, when operated in reverse, becomes a heat pump or a refrigerator,
depending on the desired heat transfer. The coefficient of performance for a heat

pump becomes:

COPyp = Ou = Qn = !
Wnct QH — QL 1 - TL/TH

The coefficient of performance for a refrigerator takes the form:

COPy = O __ 9 1

Wnﬂ QH - QL - TH/TL -1

EXAMPLE A Carnot engine operates between two temperature reservoirs
maintained at 200 °C and 20 °C, respectively. If the desired output of the engine is 15
kW, as shown in Fig., determine the heat transfer from the high-temperature reservoir

and the heat transfer to the low-temperature reservoir.

The efficiency of a Carnot engine is given by

' T
ﬂ=i.—_1——f‘-

Qu Ty

This gives, converting the temperatures to absolute

temperatures,

: W 15 . ) ,

Using the first law, we have

Q, =Qy— W=3942 - 15 = 24.42 kW.




EXAMPLE A refrigeration unit is cooling a space to -5°C by rejecting energy to the
atmosphere at 20°C. It is desired to reduce the temperature in the refrigerated space
to -25°C. Calculate the minimum percentage increase in work required, by assuming

a Carnot refrigerator, for the same amount of energy removed.

For a Carnot refrigerator we know that

Q]

COP =5 = 71—

For the first situation we have
W, = QL(TH,*’TL - 1) = QL(293/268 - 1) = 0.09330Q,

For the second situation there results
W, =0,(293/248 - 1) = 01810,

The percentage increase in work is then

Wz - wl — UJSIQL - O.UQBSQL
W, 0.09330,

)(1[}0} = 94.0%

A refrigerator is rated at a COP of 4. The refrigerated space that it cools requires a peak
cooling rate of 30000 kJ /h. What size electrical motor (rated in horsepower) is required for

the refrigerator?
The definition of the COP for a refrigerator is COP = Q, /W,.,. The net power required is then

W o= ok = 2R L 9 083kW or 2.793 hp

A Carnot heat engine produces 10 hp by transferring energy between two reservoirs at 40 °F
and 212 °F. Calculate the rate of heat transfer from the high-temperature reservoir.

The engine efficiency is

T, 500



A heat engine operates on a Carnot cycle with an efficiency of 75 percent. What COP would a
refrigerator operating on the same cycle have? The low temperature is 0°C.,

The cfficiency of the heat engine is given by n = 1 — T, /T,,. Hence,

T, 273

Tu= 125 = T=o75 = 092K

The COP for the refrigerator is then

T, 273
COP = 7t = 55 75 = 03333

6-18 The thermal efficiency of a general heat engine is
35 percent, and it produces 60 hp. At what rate is heat trans-
ferred to this engine, in kJ/s?

. W . J/s =35Y%
o, = ue =5011p[ﬂ ?45?1,1;5]:123'(‘”5 T b
My 0.35 Lhp 60 hp

6-19 A 600-MW steam power plant, which is cooled by a
nearby river, has a thermal efficiency of 40 percent. Determine
the rate of heat transfer to the river water. Will the actual heat
transfer rate be higher or lower than this value? Why?

., 600 MW
Oy = —20 = — =150 MW

Nin

The rate of heat transfer to the river water is determined from the first law relation
for a heat engine.

O; = Oy — W, .., =1500—600 = 900 MW

In reality the amount of heat rejected to the river will be lower since part of the
heat will be lost to the swrrounding air from the working fluid as it passes
through the pipes and other components.



6-20 A heat engine that pumps water out of an under-
ground mine accepts 700 kJ of heat and produces 250 kJ of
work. How much heat does it reject, in kJ?

Applving the first law to the heat engine gives
O; =0y —W,_, =700kT - 250kT=450kJ

6-21 A heat engine with a thermal efficiency of 45 percent
rejects 500 kJ/kg of heat. How much heat does it
receive?

Woet =T m
Qg —49r “NMwm9H
which when rearranged gives
qr  500kl/kg

= = =909kJ/kg
1-n, 1-045

qu

6-22 A steam power plant with a power output of 150 MW
consumes coal at a rate of 60 tons/h. If the heating value of
the coal is 30,000 kl/kg, determine the overall efficiency of
this plant.

The rate of heat supply to this power plant is
On =Myl 1y coat
— (60,000 kg/h X30.000 kI/kg)=1.8x10° kJ/h
=500 MW
Then the thermal efficiency of the plant becomes

W;]_et__ﬂuf _ ].5{] W

- = = (0.300=30.0%
(o 500 MW

Mn =

6-23 An automobile engine consumes fuel at a rate of
22 L/h and delivers 55 KW of power to the wheels. If the fuel
has a heating value of 44,000 kJ/kg and a density of 0.8 g/cm?,
determine the efficiency of this engine.



The mass consumption rate of the fuel is
Mg = (V) g = (0.8 kg/L)(22 L/h) =17.6 kg/h
The rate of heat supply to the car is
QH = M o1 HV coal
=(17.6 kg/h)(44.000 kI'kg)
=774.400k]I/h=215.1kW
Then the thermal efficiency of the car becomes

Wnef,mﬂ _ 55 kKW

= =0.256=25.6%
Oy  215.1kW

N =

6-38 Determine the COP of a refrigerator that removes heat
from the food compartment at a rate of 5040 klJ/h for each
kW of power it consumes. Also, determine the rate of heat
rejection to the outside air.

o 50401{1!11[ 1kW J

W,

et 1KW | 3600kI/h

The rate of heat rejection to the swrrounding air. per KW of power consumed. is
determined from the energy balance.

Oy = O +W,open = (5040 kI/h) + (1% 3600 kI/h) = 8640 kJ/h

etin
6-39 Determine the COP of a heat pump that supplies
energy to a house at a rate of 8000 klJ/h for each kW of
electric power it draws. Also, determine the rate of energy
absorption from the outdoor air.

cop,, =2 =8U00k.]xh[ 1KW J=2.22
Woein  1kW  (3600kI/h

The rate of heat absorption from the swrrounding air, per KW of power consumed. is
determined from the energy balance.

O; = Oy — Wpeys = (8.000kI/h) — (1)(3600 kI/h) = 4400kJ/h

6—42  An air conditioner removes heat steadily from a house at a
rate of 750 kJ/min while drawing electric power at a rate of 6 kW.
Determine (a) the COP of this air conditioner and (b) the rate of
heat transfer to the outside air.



(a) The coefficient of performance of the air-conditioner (or
refrigerator) is determined from its definition,

O,  750k¥V/min{ 1kW
COPg = — = —— [=2.08
Waetin 6 kW | 60 kJ/min

b) The rate of heat discharge to the outside air is determined from the
energy balance.

QH = QL Wi = {?50 kJ.f’11ﬂ11)+ (6= 60kI/min)=1110 KJ/min

netin

6-43 A food department is kept at —12°C by a refrigerator
in an environment at 30°C. The total heat gain to the food
department is estimated to be 3300 kJ/h and the heat rejec-
tion in the condenser is 4800 kJ/h. Determine the power input
to the compressor, in kW and the COP of the refrigerator.

Win=0r—9;
=4800-3300=1500kJ/h
1kW
=(1500 kI/h) ———— |=0.417kW
3600 kI/h
The COP is
), 3300kJ/h
cop=2L — =2.2
W, 1500kV/h
6-78 A heat engine operates between a source at

477°C and a sink at 25°C. If heat is supplied to
the heat engine at a steady rate of 65,000 kJ/min, determine
the maximum power output of this heat engine.

The highest thermal efficiency a heat engine operating between two specified
temperature limits can have is the Carnot efficiency. which is determined from
T 208K

_ R S —0.600 or 60.0%
Mt waox =T T (477 +273) K

Then the maximum power output of this heat engine is determined
from the definition of thermal efficiency to be

W petout = i Oz =(0.600)(65.000 kI/min) = 39,000 kT/min=653 kW



6-81 A heat engine receives heat from a heat source at
1200°C and has a thermal efficiency of 40 percent. The
heat engine does maximum work equal to 500 kJ. Deter-
mine the heat supplied to the heat engine by the heat
source, the heat rejected to the heat sink, and the tempera-
ture of the heat sink.

Applying the definition of the thermal efficiency and an energy (
balance to the heat engine. the unknown values are determined as follows:
W, 5
0,, =ee 30K _ 455014 :
Ttn

Or =0 —Woe =1250-500=750kJ

T, T,
Moy =1 — ———>040=1— £ >T; =883.8K=611°C

Ty (1200+273) K

6-91 A Carnot refrigerator operates in a room in which
the temperature is 22°C and consumes 2 kW of power when
operating. If the food compartment of the refrigerator is to be
maintained at 3°C, determine the rate of heat removal from
the food compartment.

- The coefficient of performance of a Carnot refrigerator depends on the
temperature limits in the cycle only. and is determined from
1 1

COPg . = = —145
1,/ )-1 (22+273K)(3+273K)-1

The rate of heat removal from the refrigerated space is determined from the
definition of the coefficient of performance of a refrigerator.

O, = COPW,,.. = (14.5)2 kW) =29.0 kW = 1740 KJ/min

netin

6-92 An air-conditioning system operating on the
reversed Carnot cycle is required to transfer heat from a
house at a rate of 750 kJ/min to maintain its temperature
at 24°C. If the outdoor air temperature is 35°C, determine
the power required to operate this air-conditioning system.



COPg ¢ = = =27.0
(/1) -1 (35+273K)(24+273K)-1

The power input to this refrigerator is determined from the definition of
the coefficient of performance of a refrigerator.
- ' 750 kJ/min
7, 9

— =27.8kI/min=0.463 kW
COP, . 27.0

netin

6-93 An inventor claims to have developed a heat pump
that produces a 200-kW heating effect for a 293 K heated
zone while only using 75 KW of power and a heat source at
273 K. Justify the validity of this claim.

Applying the definition of the heat pump coefficient of performance.

' 200 KW
COPyp = On_ _ =2.67
Woia  75KW

The maximum COP of a heat pump operating between the same temperature
limits is
1 1

COP = - —147
e T, /T, 1-(273K)/(293K)

Since the actual COP is less than the maximuim COP. the claim is valid.

6-94 A heat pump operates on a Carnot heat pump cycle
with a COP of 8.7. It keeps a space at 24°C by consum-
ing 2.15 kW of power. Determine the temperature of the
reservoir from which the heat is absorbed and the heat-
ing load provided by the heat pump.

The temperature of the low-temperature reservoir is

T, 297K
COPyp . =——= >8.7 = T, =263K
: Ty —T; (207 -T;)K
The heating load 1s
Oy O -
COP === ——87= >0y =18.TkW
R gy 2.15kW O



6-100 A refrigerator operating on the reversed Car-
not cycle has a measured work input of 200 kW and
heat rejection of 2000 kW to a heat reservoir at 27°C.
Determine the cooling load supplied to the refrigera-
tor, in kW, and the temperature of the heat source, in °C.

Applying the definition of the refrigerator coefficient of performance.
O; = O —Wyein =2000—200=1800kW
Applying the definition of the heat pump coefficient of performance.
O, _1800KW _
200kKW

COPp =—
W,

netin

The temperature of the heat source is determined from

T_.i'_'. T_.i'_'.
T, -T, 300-T,

> T; =270K =-3°C



Entropy

Entropy which is a measure of molecular disorder, or randomness
molecular as a system becomes more disordered, the positions of the
molecules become less predictable and the entropy increases. Thus, it is
not surprising that the entropy of a substance is lowest in the solid phase

and highest in the gas phase.

Another important inequality that has major consequences in

thermodynamics is the Clausius inequality and is expressed

f};@so
T

Clausius realized in 1865 that he had discovered a new thermodynamic
property, and he chose to name this property entropy. It is designated S

and is defined as
o0
ol = (%) (KI/K)
int rev

Entropy per unit mass, designated s, 1is an intensive property

and has the unit kJ/kg-K.

The entropy change of a system during a process can be determined by

integrating

as=s.— 5= [(22)



Ex: During the isothermal heat addition process of a
Carnot cycle, 900 kJ of heat is added to the working fluid
from a source at 400C. Determine (a) the entropy change of
the working fluid, (b) the entropy change of the source, and

(c) the total entropy change for the process.

i B —
7 Al 9500 kI
: nfia 900 kJ
NSy = Qs _ Qntis SOK ooy
Tﬂuid Tﬂuid
) 000 kJ
(b) ASsou.rce = Qsource - T L ‘ =-1337kJ/K

I;ource Z;mm_‘e 673K

(¢) Thus the total entropy change of the process is
Sgen = ASioat = ASqyig + ASsgueee =1.337-1.337=10



1- Iso-choric process (constant volume)

a/for perfect gas

5Q = 6W + 8U wher W =0

8Q =CvéT =T

T,
As =Cv*xLn —

T,
PV _ PV,

b T;

T, _ P

Tl_Pl

P
SAs=Cvo»ILn —
3 B

b/for steam

The change in entropy in the reversible process.

AN

(b)




2- Iso-baric process (constant pressure)

Al/for perfect gas
8Q = W + 8U
8Q =PSv+CvéT =T

8Q v
T w ey
Pv = RT

P _R

T W

5Q Sv 8T
—=R—+Cv—
T v

s2 vz Su T: §T
J’ 8s = Rf e Cvf B —
Sy vy = Ty T

Va2 Tz
As=RLn —+ Cvin —

v, 7 )
PV, PV,
5
V, T,
%

V3 Uy
As=RLn —+Cvin —
1 L5

v
As;(R+Cv)an—2

1

As = Cpln 22 Y
™ kg.K
b/for steam
k
As =5, -5, —]

kg.K




Ex: Two kg of air is heated at constant pressure of 200 kPa to
500°C . Calculate the entropy change if the initial volume is 0.8m3.

PV, 200 %*0.8
1" mR ™ 2%0.287

15
As = m [CLn (—)]
5
773

AS = 2 * 1.046 * Ln (—) = 2.1341 kJ/K,

27T8.7

=278.7 K

3) Constant Temperature process (Isothermal Process)

A/for perfect gas
5Q = SW + 8U

8Q = PSv + CvdT =T
50Q Sv sT
?=P?+Cv?
Pv = RT

P R

T V

Science T1=T2 ,8T =0

50 &
—_— = R — -
T [ 74



Sz vz 5
f os = Rf s
- vy v

L
As=RLn —-

vy
PV, PV,

T T;

AS=RLn%:

P2

b/for steam

kJ

As = S — 85 .kg_K

Ex: (0.0368) kg of gas has volume (0.03 m?) and pressure (1.05 bar) and

temperature (15°C) . This gas is compressed isothermally to (4.2 bar).
Calculate the change in entropy and work don. Take R=0.297 kJ/kg.K

AS = —mR Ln i1

Py
AS 0.0368 * 0.29 L e
= —U. - s —
* 105
kj
AS = —0.01516 —
kg
Q =TAS
Q = 288(—0.01516)
Q =—4.37kJ]

W=Q=-437kJ



_0.036 = 0.297 + 288

T = 420
V, = 0.007 m’

W = 0.036 * 0.297 = 288Ln

0.007
0.03
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